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ABSTRACT 

 

 
To improve the design of prostheses surfaces, our research group investigates how 

biocompatible polyelectrolyte multilayers (PEMUs) can be constructed to serve as coatings for 

biomedical implants, providing a versatile, inexpensive, and potentially efficient solution to 

create anti-bacterial, anti-inflammatory, and biologically selective surfaces. More specifically, 

this dissertation research investigates how individual cells and cell sheets adhere and migrate on 

PEMUs constructed to have uniform and gradients of modulus and how individual cells and 

gram negative bacteria, Escherichia coli, adhere to PEMUs constructed to have an anti-adhesive 

surface chemistry. In this investigation, PAH/PAA PEMUs are shown to be biocompatible 

compared to the soluble polycation PAH at concentrations above 0.1mM. Soluble PAH 

concentrations at 1 and 10mM cause irreversible damage to the plasma membrane of smooth 

muscle, A7r5, and bone, U2OS, cells. 

 

Additionally, adhesive and motile responses of cells are dependent on PEMU surface 

chemistry. Cells on PEMUs terminated with the polycation PAH relocalize their focal adhesions 

to their cell periphery and are highly motile compared to cells cultured on PAA terminated 

PEMUs and uncoated glass coverslips. To investigate effects of PEMU modulus on cell adhesion 

and motility, PEMUs were made with the polyanion PAA (poly(acrylic acid)) modified with a 

photosensitive 4-(2-Hydroxyethoxy) benzophenone (PAABp) and the polycation PAH 

(poly(allylamine hydrochloride)). UV irradiating PAH/ PAABp PEMUs forms covalent bonds 

between PE layers and consequently increases its Young’s Elastic Modulus, while retaining 

innate surface chemistry. Individual cells and cell sheets detect differences in PEMU modulus 

and respond by varying morphology and behavior. These PAH/PAABp PEMUs modulate the 

adhesion, spreading, and migration of individual cells, specifically smooth muscle , bone, and 

fibroblast cells. PAABp containing PEMUs were constructed to have either a shallow (~5MPa 

mm-1) or a steep (~50MPa mm-1) modulus gradient. Only smooth muscle cells durotax along 

steep modulus gradients toward increasing modulus and orient toward increasing modulus on 

shallow modulus gradients. In contrast, bone cells discriminately adhere to the stiffest region of 

both steep and shallow modulus gradients and fibroblasts show no difference in behavior along 

any region of the gradients. Epithelial sheets, isolated as primary explants of fish epithelial tissue 
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from the scales of fish Poecilia sphenops (Black Molly) and Carassius auratus (Comet 

Goldfish), orient toward increasing modulus on steep modulus gradient. Cell sheets collectively 

durotax near the ~90MPa region of the gradient toward increasing modulus.  

 

Surfaces with substantial zwitterionic functionality (possessing a net neutral surface charge due 

to equal contribution of both positive and negative charges in polymer side groups) have been 

shown to effectively prevent cell and protein attachment. PEMUs built with PAH 

(poly(allylamine hydrochloride)) and PAA (poly(acrylic acid)) containing the AEDAPS 

zwitterionic group 3-(2-(acrylamido)-ethyldimethyl ammonio) propane sulfonate (PAH/PAA-co-

AEDAPS PEMUs) and a new benzophenone crosslinker to stiffen the thin film were shown to 

prevent rat aortic smooth muscle (A7r5) and mouse fibroblast (3T3) cells attachment, but failed 

to prevent irreversible attachment of biofilm-forming gram-negative bacteria Escherichia coli, 

strain ATCC-8739. AEDAPS containing PEMUs are hydrophilic and have increased 

nanoroughness of ~10nm. ‘Super soaking’ AEDAPS PEMUs incorporates more zwitterions into 

the PEMU and significantly maximizes the surface presentation of PAA-co-AEDAPS, which 

promotes early attachment of bacteria, but eventually, causes a gradual decrease in bacteria 

attachment with increasing incubation time. This investigation provides further insight into the 

possible application of PEMUs as bioselective thin film coatings, which may have potential for 

use in biomedical applications. 
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INTRODUCTION 

 

 
Tuning PEMU Physical Properties to Modulate Cell Responses 

Surface chemistry and mechanical properties of implantable biomaterial are two critical factors 

behind implant rejection, poor assimilation of implants to host tissue, impaired wound healing 

around implants, and inadequate implant success. During wound healing, microenvironmental 

modulus is a leading factor in directing adhesion and movement of single cells and cell sheets to 

close the wound and ultimately promote tissue healing. Biomaterials designed to have varying 

moduli are capable of directing cell migration in a process known as durotaxis. Additionally, 

surface chemistry of biomaterials is a leading factor in clinical complications arising after 

implantation such as inflammation due to activation of the foreign body reaction and infections 

due to adherent bacteria. Cells can detect the mechanical properties and surface chemistry of 

their microenvironment. They adapt their morphological responses to their underlying 

microenvironment. The tunable physical properties of polyelectrolyte multilayer (PEMU) make 

these thin film coatings a viable alternative for current day biomedical coatings. PEMUs can be 

manufactured inexpensively and these coatings are highly versatile and can potentially be an 

efficient solution to create anti- bacterial, anti-inflammatory, and biologically selective surfaces. 

This dissertation research investigates how individual cells respond to PEMUs constructed to 

have varying surface chemistry and modulus. Individual cells and cell sheets were studied to 

evaluate migration on PEMUs constructed to have gradients of modulus. In addition, individual 

cells and gram negative Escherichia coli bacteria were analyzed for adhesive morphologies on 

PEMUs constructed to have what was predicted to be an anti-adhesive surface chemistry.  

 

Chapter 1 provides an overview of how PEMUs are constructed to have varying surface 

chemistries and moduli and investigates the mechanotransduction processes involved in cell 

adhesion and motility, cellular processes involved in collective cell migration, and durotaxis on 

specific PEMUs. Chapter 2 describes findings demonstrating the biocompatibility of PEMUs 

utilized in this investigation and how their surface chemistries can direct cellular responses. 

Chapter 3 presents findings demonstrating the cell type specific durotactic response of individual 

mammalian cells to PEMUs containing compliance gradients. Chapter 4 presents results 

demonstrating durotaxis of cell sheets toward increasing stiffness on PEMUs containing shallow 
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compliance gradients and the increased cellular tension induced by PEMUs. Chapter 5 

summarizes findings showing the cell-resistant capabilities of anti-adhesive PEMUs, but 

attachment of gram negative bacteria to these PEMUs. Chapter 6 summarizes findings of this 

dissertation research and discusses the scientific significance of these results. 

 

Advantage of collective cell migration. Functioning as a collective, cells that communicate 

and respond to each other establish a functional entity that has a higher sensitivity to external 

signals than do individual cells. Together, the integrated cells make more robust extensions and 

protrusions, generating more force and traction on substratum and can detect guidance stimuli 

more acutely. Compared to individual cell migration responses, a cell collective coordinates their 

motility response to guidance cues uniformly. Together, they regulate their intercellular 

responses to elicit a macro scale reaction, which guides migration of the collective toward 

stimulatory cues such as increasing microenvironment modulus.1 Figure 1 illustrates how 

interconnected edge cells migrate as a collective, modulating their forward direction of 

migration. Intercellular response of single cell migration is localized, limiting polarity across the 

individual cell. During collective migration, the signal and intercellular response is processed by 

leading cells and consequently translated via chemical or mechanical signaling to adjacent cells, 

eliciting a larger and more expanded response throughout the collective. Polarity is achieved 

both by individual leading cells and through the collective mass, designating a front and back 

end throughout the entire cell cluster during motility. As a collective, a signaling output can be 

distributed throughout all cells in the group guiding each cell toward the desired destination and 

regulating intercellular responses accordingly.2 Additionally, each cell in the collective will 

measure and evaluate guidance signals. Together these cells, compared to a single cell, can 

sample a larger area.1-2 Since every cell of the collective is providing input regarding guidance 

cues from their external environment, the group can disregard local fluctuations in cues and 

respond as a coordinated unit toward the global guidance cues.1 The key advantage of collective 

migration lies in preservation of, or enhancement of, spatial information regarding where the 

higher concentration of attractant is perceived.1  

 

Epithelial sheets-collective cell migration. Cells migrating collectively as a sheet and cells 

migrating independently share similar biological characteristics. Inherent differences lie in their 
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ability to affect each other mechanically and through signaling. As a group, the individual cells 

within the collective cell sheet are subjected to additional regulation and constrictions that create 

additional relationships amongst the collective cells that control cell morphology and motility 

guidance.2 For a group of motile cells to undergo collective cell migration, the group must 

coordinate migratory activities.1-4  

 

Three important characteristics must be present for a group of migrating cells to be considered 

undergoing collective migration: cells must remain physically and functionally attached to each 

other through stable junctions, multicellular polarity and ‘supracellular’ organization of actin 

cytoskeletons capable of generating protrusion and contraction must be present, and the moving 

cell group must be capable of structurally modifying the tissues along their migration pathway 

(via pathway remodeling/clearing or deposition of basement membranes).3 These characteristics 

work together to generate emergent sensory/responsive properties for the collective. Migrating 

collectively, cells can keep a tissue/multicellular structure intact when moving or remodeling cell 

type distribution during dynamic tissue reorganization.2 During translocation, collective cell 

sheets can drag along other cells, some which may not be motile, and incorporate them into the 

tissue.2  

  

Wound healing migration requires epithelial sheets to migrate toward stimulus. Injury to 

skin triggers activation of various cells that release cytokines, remodel ECM, sprout blood 

vessels, and close the wound via epithelial cell sheet migration.5 As epithelial sheets migrate to 

close the opening, their unified contractile forces pull the skin tissue together, and they deposit 

newly synthesized mature connective tissue to form a scar.5 The remodeled ECM, which 

includes fragments of ECM components proteolyzed by metalloproteinases, stimulates biological 

activities that influence cell survival, differentiation of myofibroblasts, ECM synthesis and 

turnover, wound angiogenesis and scar remodeling.1-2,5 ECM-cell focal contacts of cells along 

the front edge of the cell sheet are exposed to the opening and generate actin-rich lamellipodia, 

which extend outward toward the exposed injury. These lamellipodia structures contain α2β1 or 

αVβ3 integrins and interact with collagen or fibrin rich wound surfaces to pull on the substratum 

and create tension at the wound site.2 Cells along the front edge (also known as leader cells) are 

sensing the exposed wound opening. These ‘edge’ cells are interconnected to internal cells (also 
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known as follower cells), which are located behind the front edge of the tissue. These internal 

cells have α6β1 integrins interacting with basement membrane secreted by the leading ‘edge’ 

cells.2  

 

Interaction between EGF (epidermal growth factor), secreted by cells in this tissue front, and 

EGF receptors (EGFR), establish autocrine and paracrine signaling, enhancing polarity of the 

leading ‘edge’ cells, driving sheet migration of the epithelium forward.2 Surrounding stromal 

fibroblasts signal keratinocyte sheets to continue migration by secreting stimulatory FGF 

(fibroblast growth factor) and keratinocyte growth factor TGFβ. These stimulatory factors trigger 

activation of intercellular mitogen activated protein kinase (MAPK) signaling, propagating a 

stimulatory protein cascade throughout the migrating sheet.2  

 

The migrating epithelial sheet is able to maintain a robust mechanical tension throughout the 

sheet due to the interconnectiveness of cells and traction along the secreted basement ECM.1-2 

Cells in these sheets migrate, while remaining connected to each other via cadherins cell-cell 

adhesions, which are stabilized by the cortical actin cytoskeleton and intermediate filaments.1-4
 

Cells within the sheet are undergoing plithotaxis, an emergent property within a monolayer of 

cells requiring transmission forces across cell-cell junctions, which help direct the individual 

cells within the monolayer to migrate along the local orientation of the maximal principal stress, 

or equivalently, minimal intercellular shear stress.
6 

 

Durotaxis (mechanotaxis)-mesenchymal gradient directed migration. Cell or tissue 

migration toward a modulus gradient is defined as durotaxis, which is a form of mechanotaxis. 

Durotaxis is a cellular phenomenon caused by generation of mechanical forces between a cell 

and its substratum that directs a cell’s migratory trajectory when placed on a modulus gradient.7-

12 A variety of cell lines durotax toward an increasing gradient of modulus within their range of 

detection.13-19 Li, S. et al.19 illustrated this ability of cells to migrate toward an increasing 

mechanical force with bovine aortic endothelial cells (BAECs) exposed to shear stress. BAECs 

reorganize their FAs and cytoskeleton toward increasing shear stress, inducing a migration 

toward the stimulus.19 Vascular smooth muscle cells have also been observed to durotax toward 

increasing modulus when cultured on substrates containing gradients of modulus.10 Underlying 
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substrate rigidity can sufficiently direct cell migration.11,20 FAK and actin are localized and 

reorganized toward applied shear stress allowing the cell to reorganize their cytoskeleton and 

FAs toward the direction of the shear stress, directing migration toward the mechanical 

stimulus.19 

 

A general mechanism of cell motility is modeled after fibroblast motility, which follows a 

defined series of sequential events directing movement towards an external stimulus. Cell 

migration is typically induced by both positive and negative guidance signals, prompting 

movement toward a particular direction. Termination or absence of external guidance cues 

(chemical or physical) can abolish migration or promote random movement.2 Polarization of 

signaling and structural elements within cells creates a transitional front and back region.2 

Integrin activation triggers activation of Cdc42 and Rac21-22, which up regulates Arp2/3 

nucleation of actin filaments at the leading edge, establishing cell polarity as activation of Rho 

increases at the lagging edge and stimulates formation of FAs.23-26 Motility starts mechanistically 

with membrane expansion and varying combinations of cytoplasmic protrusions driven by actin 

polymerization (e. g. lamellipodia, filopodia, pseudopodia) coupled with local cortical blebbing 

push the cell membrane foward.2,27-28 Lamellipodia form at the front end of a moving cell. 

Extension of the plasma membrane provides an expanded cellular surface where new FAs form 

to provide traction on the substratum.28 Rho activation and stress fiber formation by formin 

stimulates myosin II contraction at the rear, subsequently pushing the cell forward.24,29 Cellular 

migration requires reorganization of cytoskeletal proteins between the leading and lagging edge 

of a cell to generate movement. Signaling between the front and back of the cell requires 

coordinated regulation of Cdc42, Rho, and Rac.30 A vast array of chemical and mechanosensory 

cues serve as guides, working individually or together, to trigger numerous intercellular signaling 

pathways directing cell migration. 

 

Sensing physical properties of extracellular environment via mechanotransduction. Each 

cell type in the human body has an optimal environmental niche, which includes ideal physical 

properties such as substrate modulus. Figure 2 illustrates the range of elasticity corresponding to 

both individual cells and tissues. Soft tissues are also viscoelastic (containing both viscous and 

elastic properties)
31-33

, an additional variable to the environmental niche of individual cells. Cells 
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sense the physical properties of their environment through shear, compressive, and tensile stress. 

Figure 3 shows the three types of environmental stresses cells can sense and highlights tensile 

stress as the main sensory pathway relevant to this research. During detection of tensile stress 

cells use myosin II interaction with actin filaments in stress fibers to generate contractile force, 

which establishes tensile stress directly on adaptor proteins that are attached to integrins 

anchored to the ECM and indirectly on the underlying PEMUs. Cells on viscoelastic PEMUs 

may be sensing a fourth type of physical stress, tensile-shear stress, which is modeled in Figure 3 

(boxed with a red dash outline). Acto-myosin contraction along stress fibers producing force on 

FAs as they mature and localize centripally
36

, would be expected to deform PEMUs due to their 

viscous and elastic properties.  

 

Under stress certain adaptor proteins such as vinculin and talin partially deform, changing 

confirmation, exposing protein binding sites, 34-35 to which kinases bind and convert the 

mechanical stimuli into a signal cascade.35-41 When myosin II is no longer producing force and 

stress is relieved, the adaptor protein domains refold to block the kinase binding sites. Figure 4 

illustrates the dynamic role of adaptor proteins, specifically vinculin, during 

mechanotransduction. Activation of focal adhesion kinase (FAK) in FAs is regulated by ECM 

rigidity and ultimately affects downstream signaling pathways involved in cell proliferation, 

survival, migration, and metastasis.42-43 Cells cultured on a flexible matrix inhibit the activation 

of FAK through down regulation of Rho/ROCK stimulation.42 On these softer surfaces, FAs 

disassemble (or never form) reducing a cell's overall tensile stress and inhibiting adaptor protein 

interactions, redirecting biochemical signaling pathways regulating mechanosensory gene 

expression.42 Inversely, cells cultured on stiffer surfaces assemble FAs and recruit a vast array of 

adaptor and scaffold proteins to the FA protein network.43 The SH3 domain of p130Cas binds to 

FAK, which phosphorylates the protein promoting the SH2 mediated binding of Crk to p130Cas. 

Downstream signaling of p130Cas increases activity of Rac (Rho GTPase family protein), 

increasing membrane ruffling and lamellipodia formation, cell motility, or invasion.43 FAK also 

binds with and phosphorylates paxillin additionally promoting SH2 mediated binding of Crk to 

paxillin.43 As more FAs develop, adaptor proteins localize to the protein complex and stress fiber 

actomyosin contraction facilitates further localization of adaptor and scaffold proteins triggering 

increased activation of monomeric Rho and assembly of actin stress fibers in cells.44-48 Increased 
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integrin activation promotes the formation of additional FAs, thus, increasing tensile tension 

throughout the cell triggering activation of scaffold proteins that coordinate upregulation of 

Rho/ROCK GTPase activity and consequently stabilize a self-sustaining Rho/ROCK positive 

feedback loop.35,44,48-50 

 

Focal adhesions-cellular attachments to ECM by integrin activation. Cells respond to 

changes in modulus, stress, and elasticity of microenvironments by remodeling their 

cytoskeleton.51 Cells can adhere to their underlying substratum by forming adhesion junctions 

that contain integrin transmembrane receptors. F-actin stress fibers in the cytoskeleton are 

connected through adaptor (dynamic functional regulators) and scaffold (spatial signal 

coordinators) proteins to the cytoplasmic domain of activated integrins that are bound to 

extracellular matrix (ECM) proteins such as fibronectin. This external binding to ECM 

establishes the junction known as a focal adhesion (FA).52-55 Focal complexes (FCXs, immature 

FAs), focal adhesions (FAs, mature FAs), fibrillar adhesions (FABs), and supermature focal 

adhesions (‘supermature’ FAs or ‘fibronexus’) are the four types of cellular adhesions illustrated 

in Figure 5 involved in integrin mediated cell anchorage.  

 

FCXs develop with increased activation of Rac and Cdc42 and minimal Rho activation.26,36 

FCXs can mature into FAs upon activation of Rho.36 FCXs integrate and form FAs as more 

integrins are activated at the cell periphery. Gradually, FAs localize centrally (toward the center 

of the cell) and are moderate in size (range between 1-6 µm long). FAs anchor actin stress fibers 

within the cellular cytoskeleton36,56-57 and these cellular protein complexes are identified by their 

size, lower tensile stress, and by lack of tensin, α5β1 integrins, and α-SMA (α-smooth muscle 

actin) along stress fibers.25,36,56-58 FABs are dynamic structures capable of remodeling ECM 

proteins. Tensin is a unique adaptor protein associated only with FABs consisting of α5β1 

integrins.59 These adhesion structures arise from the medial ends of FAs and are associated with 

ECM fibronectin fibrils. FABs translocate fibronectin fibrils centripetally upon activation of 

actomyosin contractions.59-60 These adhesions lack vinculin, paxillin, and αvβ3 integrin.58-60 

Supermature FAs develop as a result of tensile forces generated by actomyosin contraction of 

stress fibers and external forces (ex. shear stress, tensile stress, and compressive stress), which 

cause FAs to fuse together and incorporate FABs with increasing intracellular tensile stress.53-54 
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These adhesions are large structures, approximately 8-30µm long, and have a specific protein 

composition consisting of adaptor proteins (vinculin, paxillin, tensin), integrins (αvβ3 and α5β1), 

and α-smooth muscle actin (α-SMA) in associated stress fibers.58 Incorporation of α-SMA is 

unique to stress fibers connected to ‘supermature’ FAs and allows these adhesion structures to 

sustain and generate a higher tensile force than in the other three cellular adhesions.58
  

 

Comparing bacterial and mammalian cell adhesion. Both mammalian cells and bacteria 

utilize specific and nonspecific adhesion mechanisms to attach to their underlying substratum 

and to neighboring cells. As shown in Table 1, bacteria utilize non-specific binding mechanisms 

to attach to surfaces during both early and late stages of adhesion. The flagellae and motile 

surface pili propel planktonic (free-swimming, non-adherent) bacteria to the surface of their 

substratum, where electrostatic and Van der Waals attractive forces establish a reversible 

attachment between the bacteria and the underlying substratum.61-62 This early adhesion is driven 

by non-specific adhesion mechanisms. Similarly, electrostatic and Van der Waals forces are also 

known to play a role in early cellular adhesion. Glycoproteins have been shown be key cell 

membrane structures driving this non-specific adhesion.63 Lee, M. H. et al.64 using self-

assembled monolayers (SAM) of alkylsilanes terminated with epoxide carboxyl (COOH), amine 

(NH2), and methyl (CH3) groups demonstrated a strong adhesion when cells are cultured on 

amine terminated surfaces. Cells generated stronger adhesive forces on NH2 surfaces compared 

with surfaces coated with the RGD, the tri-peptide sequence motif in fibronectin that drives 

integrin binding and cell attachment. Lee, M. H. et al65 also showed how the negative charge of 

biomaterial surfaces and nano-roughness can drive or alter absorption of binding proteins and 

their interactions with specific binding mechanisms of cells, such as integrin-fibronectin 

interactions. 

 

Additionally, bacteria have other physical parameters driving their non-specific binding to both 

biotic and abiotic surfaces. The surface charge of the bacteria is determined by the composition 

of lipopolysaccarides (LPS), which help drive the initial electrostatic interaction between the 

bacteria and the substratum.61 For example, bacteria possessing LPS containing the O-antigen 

were found to be more hydrophobic, while those lacking the O-antigen were less hydrophobic.61 

Mid-exponential-phase bacteria have a more uniform surface charge (equal distribution of 
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positive and negative charges), which increases electrostatic repulsion. Yet, stationary-phase 

bacteria have a higher degree of local charge hetergenetiy, which helps reduce this electrostatic 

repulsion, making these bacteria more adhesive.66 In this investigation stationary-phase bacteria 

were utilized to determine potential adhesiveness to PEMUs constructed to have a protein and 

cell-resistant surface chemistry. The physical properties of the substratum also have an effect on 

the non-specific binding of bacteria. It has also been shown that increasing surface roughness 

and hydrophobicity increases bacterial attachment and biofilm development.61,67-70 Increasing 

shear forces in the environment or ionic strength have been shown to have a negative effect on 

bacterial attachment and biofilm formation, while increasing concentrations of certain nutrients 

and cations actually enhances bacterial attachment to abiotic surfaces.61  

 

Early attachment is reversible and bacteria can easily release from the substratum. Over time 

these early attachments become more stable and the early reversible attachment of bacteria 

becomes irreversible and involves increased attachment along the long axis of the bacteria cell 

body and the surface. Adhesion to the surface matures when bacteria begin to secrete 

extracellular polymeric substances (EPS), which consist of polysaccharides, DNA, and 

proteins.71-73 Production of EPS is enhanced in bacteria in the stationary-phase of growth.61,66,74 

This EPS helps develop microcolonies, which grow by additional aggregation of bacteria, 

recruitment of planktonic bacteria into the aggregate, and expansion through clonal growth. 

Eventually these microcolonies grow into macrocolonies, which release bacteria to re-enter the 

planktonic state, restarting the adhesion-to-biofilm attachment and maturation cycle.75-76  

 

Designing polyelectrolyte multilayers to direct cellular durotaxis. Polyelectrolyte 

multilayers (PEMUs) are thin coatings built layer by layer with alternating pairs of 

polyelectrolytes (PEs).77-78 Varying parameters such as the specific types of PE used, number of 

layers, and degree of layer crosslinking yields PEMUs with a wide variety of surface and bulk 

chemical and physical properties, making them advantageous for generation of biomedical 

coatings.14,77-84 The PEMUs used in this investigation were built layer-by-layer with the 

polyanion PAA (poly(acrylic acid)) modified with a photosensitive 4-(2-Hydroxyethoxy) 

benzophenone (PAABp), and the polycation PAH (poly(allylamine hydrochloride)). 

Photoactivation of the PAABp generates covalent crosslinks between the layers, increasing 
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surface modulus.85 Varying the time of crosslinking generates uniform modulus surfaces, and 

photoactivation through an optical gradient mask generates modulus gradients.85 Only 5% of 

PAA is modified with the photosensitive group, allowing for an overall modulus change after 

UV irradiation, while maintaining a net surface charge. Figure 6 illustrates how PEMUs are 

constructed and how gradients of modulus are built into these PEMUs. 

 

This investigation comprehensively compares individual and collective cellular behavior in 

response to changes in PEMU modulus by analyzing three variables: cell attachment and 

spreading, durotaxis on steep and shallow modulus gradients, and the role of cell tension during 

durotaxis. Additionally, this investigation also used PEMUs containing the zwitterionic group 3-

(2-(acrylamido)-ethyldimethyl ammonio) propane sulfonate (AEDAPS). These AEDAPS-

containing PEMUs have also been shown to be both protein and cell resistant and have been 

shown to be capable of modulating immune responses.86-95 In this investigation we utilize these 

cell-resistant PEMUs to compare adhesion of individual cells with gram negative bacteria, E. 

coli.  
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Figure 1: Environmental guidance cues direct collective migration. A gradient of surface 

modulus (indicated by shades of gray) serves as an environmental guidance cue that elicits a 

directional response (red lines indicate intensity and localization of response strength). Frontal 

cells in sheets (A, 1) respond to the environmental guidance cue as a collective compared to a 

single cell (A, 2). Collective cell sheet guidance (B) has a cluster of 8 edge cells, which are 

migratory cells (outer cells) and 2 internal cells that are non-migratory. Cells within the 

collective can individually respond to a localized signal as do single cells and the highest level of 

attractant is at the front of the cell and membrane protrusions, lamellipodia, which push the cell 

forward, toward the attractant. Cells in the collective (A, 1) or cluster (B) perceive the attractant 

as a gradient of intensity (purple in A, 1 and shades of blue in B; increasing shade of blue 

indicates increasing intensity). Each cell measures the local concentration of attractant and gives 

a proportional and delocalized signal toward the gradient of attractant (e.g. modulus). The 

direction of movement is encoded in the collective or cluster and less significantly in individual 

cells. Intensity of forward movement is indicated by the size of the red arrows for the collective 

and single cell (A) and for each cell in the cluster (B). Modified from Rorth, P. et al.
1
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Figure 2: Optimal environmental modulus is cell type specific. Each cell type has a unique 
optimal rheology and modulus, which corresponds to their native environmental niche (A) 
modified from Paszek, M. J et al. 96 These different cell types encompass soft tissues, which also 
have their own unique elasticity and also posses viscoelastic properties (B) modified from 
Discher, D. E et al.33 In this study the range of elasticity corresponding to the cell types and 
tissues used (fibroblast, smooth muscle, and bone cells and epithelial cell sheets) are boxed with 
a red dash outline.  
 

A Rheology and stiffness optimum is cell type dependent.
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Figure 3: Cells sense three types of physical stress and may sense a fourth. Cells can sense 
compressive, shear, and tensile stress. In this study the main type of stress presumed to play a 
key role in modulus sensing is tensile, which is boxed with a red outline. However, cells on 
viscoelastic PEMUs may instead sense tensile-shear stress. A tensile-shear stress model is boxed 
with a red dash outline. Acto-myosin contraction along stress fibers, which are anchored to 
PEMUs through FAs, generates tensile stress. Additionally, as FAs mature these protein 
structures are moved away from the periphery of the cell toward its center36 generating shear 
stress on the PEMUs, which likely are deformed due to their viscous and elastic properties. 
Figure modified from Butcher, D. T. et al. 97 
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Figure 4: Partial unfolding of vinculin mediates mechanotransduction. An inactive integrin 

(1) can be activated via outward-in (2) or inward-out (3) signaling pathways. When active, 

integrins bind an adaptor protein talin near its N-terminus FERM (band 4.1, ezrin, radixin, and 

moesin) domain with three subdomains, F1, F2, F3; subdomain F3 has the highest affinity for 

integrin β tail and can sufficiently activate integrins and binds FAK along the rod region on  its 

C-terminus. Additionally, adaptor protein vinculin plays a dynamic role in FAs. When integrin is 

inactive (1), cytoplasmic vinculin can remain auto-inhibited (inactive); its Vh and Vt domains 

interact. When active, vinculin binds to talin along its VBS regions (4). When bound, its Vh 

domains binds talin and the Vt domain is free to bind phospholipids and actin microfilaments. 

Internal tensile stress (4, black arrows, acto-myosin contraction; red arrows pointing away from 

microfilaments, pulling forces) are produced against external tensile stress (4, red arrows 

pointing up, away from integrins, i.e modulus). This tensile strain causes talin to stretch, 

increasing exposure of talin’s VBS region, which strengthens vinculin-talin interactions. 

Vinculin can bind or release as mechanical load changes in FAs. Lack of tensile stress allows for 

phospholipids to compete with F-actin for available Vt domains causing increased destabilization 

of the protein complex, releasing vinculin and activating its auto-inhibition. Modified from 

Zeigler, W. et al
98

 and Bouvard, D. et al.
99
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Figure 5: Four types of cellular adhesions involved in integrin mediated cell anchorage. 
Focal adhesion complexes (FCXs) (A), focal adhesions (FAs) (B), fibrillar adhesions (FABs) 
(C), and supermature focal adhesions (supermature FAs) (D) are the four types of cellular 
adhesion involved in integrin mediated cell anchorage. As cell spreading and adhesion increases 
FCXs mature into FAs as they integrate with each other upon integrin activation. These FAs 
sustain and maintain low tensile stress and as the cell continues to spread and more FAs form, 
FABs arise from the medial end of stress fibers. FAs are characteristically identified by their lack 
of adaptor proteins tensin and α-SMA along stress fibers. FABs are dynamic adhesion structures, 
which remodel ECM proteins. They attach to extracellular matrix (ECM) fibronectin fibrils. 
These adhesion structures translocate fibronectin fibrils centripetally upon actomyosin 
contractions. They are characteristically identified for their lack of vinculin, paxillin, and αvβ3 
integrins. FAs further mature increasing cellular spreading and adhesion by fusing together with 
other FAs and incorporating FABs to create supermature FAs. These structures generate and 
sustain the highest tensile stress of the four adhesion types. They are characteristically identified 
by the presence of vinculin, tensin, paxillin, α-SMA, and αvβ3, α5β1 integrins.  
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Figure 6: Layer-by-layer build up of PEMUs and modulus gradients. Clean glass coverslips 
are mounted on a robot, which rotates at 200 rpms and dips the coverslips into alternating 
solutions of oppositely charge polyelectrolytes with rinsing steps in between. Unprimed 
coverslip surfaces are net negatively charged and are dipped into the polycation solution first. 
The coverslips are then washed in water to remove any excess unbound polymer from the 
surface before dipping into the polyanion solution. Polyelectrolyte multilayers (PEMUs) are built 
one layer at a time; each layer is an oppositely charged polymer (A). Electrostatic interactions 
between layers create a strong attraction and helps create a stable thin coating on the glass 
coverslip. PEMU built to have a modulus gradient are constructed with PAH and PAABp (B). 
PAABp is a photosensitive polyelectrolyte, which upon UV irradiation creates free radicals, 
which covalently crosslink layers of PEMUs. A steep modulus gradient of ~50MPa mm-1 is 
created using an edge mask, where half of the PEMU is exposed to UV and the other half is not. 
The steep modulus gradient is 2mm in length (C). A shallow modulus gradient of ~5MPa mm-1 
is created using an optical density mask, where the entire PEMU is exposed to UV through a 
continuous neutral density filter. The shallow modulus gradient is 20mm in length (D).  
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Table 1: Comparing mammalian cellular and bacterial adhesion to surfaces. 

Cellular Adhesion 
Non-specific 

 

 Van der Waals interactions with substrate 
and cell surface structures (ex. 
oligosaccharides). 

 Cell Surface glycoprotein attraction to 
sugars, amino acids, and peptides (ex. 
RGD). 

 Degree of cell adhesion on SAM 
containing substrate surfaces as follows: 
CH3<COO-<<NH3

+; generating greater 
adhesion forces on SAMs containing 
NH3

+ compared to surfaces coated with 
RDG peptide.64 
 

Specific 
Early Stages of Adhesion 

 

 Activation of integrins upon binding with 
ECM proteins. 

 Triggers activation of Cdc42 and Rac21-22, 
up regulating Arp2/3 nucleation of actin 
filaments at the leading edge. 

 Cell polarity established as activation of 
Rho increases at the lagging edge and 
stimulates formation of FAs.23-26 

 Acto-myosin contractions generate 
intracellular tensile stress increasing 
activation of Rho, which helps integrate 
FCXs, maturing these adhesion structures 
into FAs.23,26,100 

 FAs anchor actin containing stress fibers 
and localize centrally along cells. 
 

Late Stages of Adhesion 
 

 Cells connect with neighboring cells via 
cell-cell junctions and motility decreases. 

 FABs remodel underlying ECM. 
 Continued increase of intracellular tensile 

stress helps form supermature FAs. 
 

 

Bacterial Adhesion 
Non-specific 

Early Stages of Adhesion 
 

 Electrostatic interactions drive initial 
reversible attachment to cell and surface 
substrates. 

 Hydrophobic and rough substrate surfaces 
increase bacterial attachment and promote 
formation of biofilms. 

 Increasing shear forces and ionic strength 
negatively affects attachment. 

 LPS create the surface charge of 
bacteria.101 

 Stationary bacteria are more adhesive than 
mid-log-phase bacteria due to higher 
degree of local charge heterogeneity.66  
 

Late Stages of Adhesion 
 

 Bacteria form irreversibly attached 
microcolonies on substrate surfaces 
encased in a polymeric matrix of sugars, 
DNA, and proteins. 

 Microcolonies mature into 
macroclononies, which release bacteria to 
re-enter the planktonic state, restarting the 
adhesion cycle.  
 

Specific 
 

 Pilus and Fimbria, surface appendages, 
which attach bacteria to other bacteria, 
substrate surfaces, or host cells. 

 Fimbriae contain adhesins, protein 
structures that interact with certain 
molecules and amino acids driving 
attachment.  

 FimH adhesin on Fimbria type I 
selectively binds D-mannose. 

 Term pili is reserved for surface 
appendages used during conjugation. 
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CHAPTER 1 

 

CYTOTOXICITY OF FREE VERSUS MULTILAYERED 

POLYELECTROLYTES 

 
 

Introduction 

Layer-by-layer deposition of polyelectrolytes, with variables such as polymer pairing, layer 

number, covalent cross-linking, and deposition ionic strength and pH, can produce surfaces with 

a wide variety of properties suitable for bio-interfaces.
14,77-78

 Biofunctional applications of 

PEMUs can be optimized by “tuning” the rigidity, hydrophobicity, temperature sensitivity, 

charge density, porosity, topology, and chemical composition of multilayers.
15,86-87,102-103

 One 

possible application for PEMUs would be to improve the bio-interface of implantable materials. 

The surface composition of implants affects protein adsorption and inflammatory responses as 

well as cell adhesion, motility, phenotype, and gene expression,
104-107

 as in the case of restenosis 

after endovascular stent implantation.
108-110

 Inferior cell adhesion to titanium and its alloys used 

in orthopedic implants frequently results in osseointegration failures that cause loosening of the 

implants.
111

 Controlling the behavior and phenotype of cells via the surface properties of in vivo 

substrate may lead to the improvement of biomedical devices such as coronary stents and 

orthopedic, spine, and retinal implants.
107

  

 

Extensive work on a variety of PEMUs has shown that cells grow and proliferate on both 

negative and positive-capped films,
112-113

 although a few multilayers do not support cell 

attachment and/or growth
113-115

. Some components of multilayers, particularly polycations, may 

be cytotoxic
116-118

 and are valued as antibacterial agents.
102,119-122

 Although using such 

polyelectrolytes for cell substrates would appear to be contraindicated, the kinetic irreversibility 

of polyelectrolyte complexation in PEMUs yields stable multilayered films, which eliminate 

cytotoxicity.
78,84

 On the other hand, possible polymer “leaching” from PEMUs over extended use 

could affect cell viability. The mobility of polyelectrolytes is known to be enhanced by the 

presence of salt.
79,81,83,123

 Additionally, some films are designed to be degraded by cells to release 

embedded factors
15

 and other films can be made selectively toxic to bacterial cells while 

supporting the growth of mammalian cells.
102,106

 Previous investigations of solution 



19 

polyelectrolyte cytotoxicity have shown that polymer molecular weight and charge density, 

especially positive charge density, are key cytotoxicity parameters, but cytotoxicity of commonly 

used polyelectrolytes to various cell types remains poorly understood.
124-125

 

 

The limited number of reports on encapsulating cells with multilayers, compared to growing 

them on pre-formed PEMUs, illustrates the problems in contacting cells with polycations. For 

example, Diaspro et al.
126

, using low molecular weight PAH, were able to encapsulate a 

eukaryotic organism (S. cerevisiae, yeast cell), that maintained its proliferative and metabolic 

functions. However, the ruggedness of the S. cerevisiae cell wall was probably critical to success 

in this experiment. More recently, Kadowski et al.
127

 found severe toxicity of PAH to fibroblasts, 

but were able to deposit multilayers on these cells only using a low molecular weight isomer of 

polylysine where the positive charge resides next to the backbone of the polymer. 

 

While the literature contains reports of cell proliferation on PEMUs, we have observed 

consistent differences between cell growth on standard plastic or glass and on PEMUs. The 

present study had several goals. First, we investigated the cytotoxicity of the negatively charged 

PAA and the positively charged PAH in solution. Then we compared the behavior of the same 

cells to the same polyelectrolytes immobilized in PEMUs. To differentiate the effect on cell 

proliferation due to the surface charge, and those due to changes in mechanical properties of the 

substrate
128

 we compare “thin” and “thick” PEMUs. The smooth muscle A7r5 cells and human 

osteosarcoma U2OS cells tested represent cell types commonly associated with surfaces of 

coronary and orthopedic implants. In addition, these cell lines have been used extensively to 

investigate characteristics of smooth muscle cell and osteoblasts-like cells and there is a rich 

literature on each cell line. Both of these cell lines are of mammalian origin and highly adhesion-

dependent.  

 

Materials and Methods 

Materials. Poly(ethyleneimine) (PEI; 50% w/v in water; molecular weight = 7.5 x 105 Da), 

poly(allylamine hydrochloride) (PAH; molecular weight = 7 x 104 Da), and poly(acrylic acid) 

(PAA; 35% wt% in water; molecular weight = 1.0 x 105 Da) were used as received from Sigma-

Aldrich (Saint Louis, Mo, USA). Polyelectrolyte solutions for PEMU buildup were 10 mM with 
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respect to the monomer repeat unit in 25 mM Tris-Cl solutions at pH 7.4. Alamar Blue 

(Invitrogen, Carlsbad, CA, USA) and a Live/Dead Cell Double Staining Kit (Calbiochem, EMD 

Chemicals, Gibbstown, NJ, USA) were used according to the suppliers’ recommendations.  

 

Solution polyelectrolytes. 1.0 M stock solutions of PAH and PAA, made in 18MΩ deionized 

water (DIH2O) were used to make 10 mM and 1 mM solutions of PAH and PAA in cell growth 

media. The 1 mM solutions were serially diluted with culture media to make solutions of 0.1 

mM, 0.01 mM, and 0.001 mM PAH and PAA. The pH of all solution polyelectrolyte solutions in 

culture media was adjusted to the pH of the normal growth media used for each cell line. 

 

Buildup of polyelectrolyte multilayers. Glass cover slips (micro cover glass, 18 mm diameter 

circle No. 1, VWR) were cleaned in “piranha” solution consisting of 70/30 mixture by volume of 

concentrated H2SO4 and 30% H2O2 in water for 20 minutes (caution: piranha is a strong oxidizer 

and should not be stored in closed containers), thoroughly rinsed in DIH20, and then dried with a 

stream of nitrogen. The layer-by-layer build up of polyelectrolyte multilayers was performed 

either manually in culture dishes (BD Falcon Multiwell Flat-bottom Plates, BD Biosciences, San 

Jose, CA) or by a robot (StratoSequence V, nanoStrata Inc., Tallahassee, FL, USA). For manual 

coating, cleaned cover slips were first immersed in 10 mM PEI, rinsed with DIH2O, and dried 

with a stream of nitrogen directly in wells of tissue culture plates. Buffered 10 mM 

polyelectrolytes solutions were added to the culture dishes for a 10 minute coating period before 

rinsing with DIH2O for three 1 minute intervals. For robot PEMU production, the glass cover 

slips were coated by immersion in buffered 10 mM PEI solution for 30 minutes, rinsed in 

DIH2O, and dried with a stream of nitrogen. The PEI coated cover slips were mounted on a shaft 

that rotated at 300 rpm with a fixed dipping time of 10 minutes in buffered polyelectrolyte 

solutions, followed by rinsing with DIH2O for three 1 minute intervals. After build up of 

polyelectrolyte multilayers, cover slips were submerged in 150 mM NaCl, 25 mM Tris-Cl; buffer 

at pH 7.4 for 24 hours, rinsed with DIH2O, and dried. Apparent Young’s modulus of multilayers 

PEI(PAA/PAH)1PAA, PEI(PAA/PAH)2 was estimated below 50 MPa and 

PEI(PAA/PAH)21PAA, PEI(PAA/PAH)22 was estimated above 200 MPa.85 
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PEMU nomenclature. PEMUs are designated as A(B/C)x (an odd number of layers) or 

A(B/C)xB (an even number of layers), in which A is the initial coating of polyelectrolyte (PEI in 

this investigation), B (PAA) is the first layer, C (PAH) is the second layer in paired 

polyelectrolyte bilayers, and the subscript (x) is the number of B/C paired bilayers. PEMUs with 

an odd number of layers are terminated with PAH. Those with an even number of layers are 

terminated with PAA. 

 

Cell culture and microscopy. Both the A7r5 rat aortic smooth muscle cells (originally ATCC 

CRL-1444)and the U2OS osteosarcoma cells (originally ATCC HTB-96) were obtained from 

American Type Culture Collection, but propagated as cell lines in the lab for several years. For 

the experiments described herein, the A7r5 cells were cultured in high glucose (4500 mg L-1 

glucose) Dulbecco’s modified Eagle medium with L-glutamine (which contains 1.8 mM CaCl2 

and 1 mM MgSO4 for a total divalent cation concentration of 2.8 mM), pH 7.6 (Sigma-Aldrich) 

supplemented with 1.5g L-1 sodium bicarbonate (recommended for culturing at 5% CO2 

conditions), 10% fetal bovine serum (Standard Hyclone Animal Sera, Thermo Scientific, 

Waltham, MA), 100 units mL-1 penicillin G, 100 µg mL-1 streptomycin, 0.25 µg mL-1 

amphotericin B (Antibiotic-Antimycotic) and 10 µg mL-1 gentamicin (Gentamicin Reagent) 

(both from Invitrogen). The U2OS cells were cultured in Dulbecco’s Modified Eagle’s 

Medium/Nutrient Mixture F-12 Ham with L-glutamine (which contains 1 mM CaCl2, 0.2 mM 

MgCl2, and 0.5 mM MgSO4, for a total divalent cation concentration of 1.7 mM) and 15 mM 

Hepes, pH 7.3 (Sigma-Aldrich) supplemented with 1.2g L-1 sodium bicarbonate, 10% Cosmic 

Calf Serum (Thermo Scientific), 100 units mL-1 penicillin G, 100 µg mL-1 streptomycin, 0.25 µg 

mL-1 amphotericin B and 10 µg mL-1 gentamicin. Both cell lines were cultured at 37°C with 5% 

CO2 (Water Jacket CO2 incubator Nu-4750, NuAire, Plymouth, MN, USA).  

 

Cells were imaged with a Nikon Ti-E inverted microscope using a Nikon Intensilight C-HGFI 

and a Cool Snap HQ2 camera from Photometric and Nikon TS100 Tissue Culture and Nikon 

DS-Ri1 camera. Adhesion characteristics on PEMUs were determined by measuring the cell 

surface area and the surface area coverage of vinculin-containing focal adhesions. Lamellar 

motility was assessed by kymography of recorded live cells. 
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 Alamar Blue assay. For analysis of solution polyelectrolyte effects on cell metabolism, both 

A7r5 and U2OS cells were plated at 1 x 104 cells per well in BD Falcon 96 multiwell flat-bottom 

plates (BD Biosciences) containing 100µL of growth media. The cells were incubated at 37 °C 

with 5% CO2 for 24 hours. After this initial incubation period, the growth media was removed 

and replaced with 100µL of growth media containing polyelectrolytes followed by the addition 

of 10µL of Alamar Blue. Alamar Blue is a sensitive oxidation/reduction fluorescent and 

colorimetric indicator
129-131

, which is used in this investigation to measure cellular metabolism. 

The ratio of the Alamar Blue reduction means values for each experimental condition are 

compared to the control samples for each cell line tested. Both cell lines were incubated in the 

presence of 0 mM, 0.001 mM, 0.01 mM, 0.1 mM, 1 mM, and 10 mM PAH and PAA for 24 

hours. For analysis, 90µL of cellular growth media from each well was transferred into 96-Well 

optical-Bottom Plates (Thermo Fisher Scientific, Pittsburg, PA, USA) and reduced Alamar Blue 

was determined as follows: PEMU effect on cell metabolism was determined with cells grown 

on PEMU-coated cover slips in BD Falcon 12 multiwell flat-bottom plates. The following 

surfaces were tested: culture dish (uncoated plastic), piranha cleaned bare cover slip (glass), and 

cover slips coated with PEI(PAA/PAH)1PAA, PEI(PAA/PAH)2, PEI(PAA/PAH)21PAA, 

PEI(PAA/PAH)22. Both A7r5 and U2OS cells were plated at 1.25 x 105 cells per well (note: a 

well-growth area ratio of 0.32 cm2 to 4 cm2 for 96-well plates to 12-well plates was used to 

determine the number of cells seeded in a 12 well plate to cover the same amount of growth area 

as in the 96 well plates). The cells were incubated on the surfaces at 37 °C with 5% CO2 for 24 

hours in 1.25mL cell growth media. After the initial incubation period, the growth medium was 

replaced with fresh 1.25mL cell growth media containing 125 µL of Alamar Blue, and the cells 

were incubated for another 24 hours before analyzing reduced Alamar Blue.  

 

Reduced Alamar Blue in aliquots of the growth media was determined using a Molecular 

Devices SpectraMax MicroPlate Reader with the following parameters: fluorescence analysis, 

bottom well reading, excitation at 540nm (Alamar Blue excitation range 540nm-570nm), 

emission at 600nm (Alamar Blue emission range 580nm-610nm), automatic cutoff, sensitivity at 

six readings per well reporting average relative fluorescence units (RFUs). Two trials were 

conducted for each PEMU and polyelectrolyte concentration. Data was analyzed using SoftMax 

Pro software. The ratio of reduced Alamar Blue in each of the experimental samples compared to 
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controls (culture media without polyelectrolytes and tissue culture dish plastic) was plotted. 

Statistically significant differences from control samples were determined using the student T-

test (p <0.05). 

 

Cell counting for growth curves. Both A7r5 and U2OS cells were plated at 0.5 x 104 cells per 

well into BD Falcon 12 multiwell flat-bottom plate either directly onto the plastic or onto 

PEMU-coated cover slips. The cells were incubated in 2 mL of growth media at 37°C with 5% 

CO2 for 24 hours. After the initial incubation period, the normal growth media in the wells was 

removed and replaced with 2 mL of growth media containing solution concentrations of up to 10 

mM PAH and PAA as described above. The cells were incubated in the presence of these 

polyelectrolyte concentrations for up to 12 days. On days 1, 6, 8, and 12 of exposure to the 

solution polyelectrolytes and days 1, 3, 7, and 10 of exposure on PEMUs, the cells were 

harvested by adding 0.5mL of TrypLE (Invitrogen) at room temperature for 5 minutes and using 

a cell scraper (Corning, NY) to detach all the cells from substrate. The cells were counted using a 

Phase Hemocytometer (Hausser Scientific, Horsham, PA) and a Nikon TS100 Tissue Culture 

Phase Contrast Microscope. The total number of cells counted for each experimental condition 

was plotted against the number of days the cells were incubated under those conditions. Three 

trials were conducted for each PEMU and polyelectrolyte concentration. 

 

Live/Dead cell double staining. For analysis of solution polyelectrolyte and PEMU effects on 

cell proliferation/survival, both A7r5 and U2OS cells were plated at 0.5 x 104 cells per well into 

BD Falcon 12 multiwell flat-bottom plate and incubated for 4 days either on clean glass cover 

slips immersed in 2 mL of growth media containing concentrations of PAH and PAA 

polyelectrolytes up to 10 mM or PEMU-coated cover slips. On the fourth day of incubation, the 

Live/Dead Double Staining Kit was used according to the supplier’s recommendation (EMD 

Chemicals, Calbiochem, Gibbstown, NJ, USA). The kit uses a cell-permeable green fluorescent 

Cyto-dye (maximum excitation 488 nm; maximum emission 518 nm) to stain live cells and an 

impermeable red fluorescent dye propidium iodide, (maximum excitation 488 nm; maximum 

emission 615 nm) to stain dead cells. The cells were imaged using FITC and Texas Red filters. 

Nuclei area, perimeter, and cell counts for percentage of dead cells were calculated with ImageJ 

software. 
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Results and Discussion 

Effect of polyelectrolytes on cell metabolism. The effects of solution PAA and PAH at 

concentrations ranging from 0.001-10 mM in cellular growth media on the metabolism of A7r5 

and U2OS cells were compared to the effects of the same polymers immobilized in 

polyelectrolyte multilayers. To evaluate the effects of the solution polyelectrolytes, both cell 

types were allowed to attach to tissue culture plastic wells for 24 hours. The cells were incubated 

for an additional 24 hours in fresh growth media containing the various concentrations of PAA 

or PAH and Alamar Blue. The two cell types were also cultured for 24 hours in growth media 

containing Alamar Blue on PEMUs of 1, 2, 21, and 22 bilayers with a PAH or an additional PAA 

terminal layer. All assays were done in duplicates. After the 24 hour incubation period, the 

Alamar Blue reduction in the media for each sample was determined. 

 

Solution PAA and PAH elicited different responses on cell metabolism (Figure 7). At 0.1 mM, 

neither solution PAA nor PAH was toxic to either cell type (Figure 7, A). PAH above 0.1 mM 

caused metabolic activity in both cell lines to fall below 50% of the control cells. In contrast, 

concentrations of PAA above 0.1 mM caused no change in A7r5 cells and U2OS, except at 10 

mM PAA concentrations where U2OS cells demonstrate 40% increase in metabolic stress. This 

PAA-induced increase in metabolism may indicate that the higher PAA concentrations, while not 

lethal, causes metabolic cell stress.  

 

When grown on the thin PAA-terminated PEMU, both A7r5 and U2OS cells exhibited little 

metabolic difference from control cells grown on tissue culture plastic, but growth on the thin 

PAH-terminated surface decreased the metabolic activity of the U2OS cells by approximately 

30%. On the thicker PEMUs, both cell lines exhibited decreased metabolic activity, but the 

differences between the terminating polyelectrolytes were less pronounced, with only a 5% 

metabolic difference between cells grown on the thicker PAA- and PAH-terminated PEMUs. 

The improved biocompatibility of polycations when complexed with polyanions is clearly 

evident by comparing the results for 1 and 10 mM PAH in Figure 7B with those for the PEMUs. 

Little to no effect is shown for the metabolism of cells on PAH-containing PEMUs. 
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Phase contrast imaging of cells exposed to dissolved polyelectrolytes (Figure 8) revealed 

trends similar to those from the Alamar Blue assay. Morphology changes attributable to toxicity 

of solution PAH at high concentrations (1 mM and 10 mM) for both A7r5 and U2OS are clearly 

observed within the first 30 minutes following addition of media containing the polyelectrolytes. 

Following PAH extraction of the cell membrane and cell contents into floating globules, the 

globules become deposited across the culture dish. In contrast, solution PAA at similar 

concentration did not produce comparable destruction of cell membranes. Figure 8 (C and D) 

illustrates the destruction of cellular membrane of U2OS cells in the presence of 1 mM and 10 

mM PAH. 

 

Long term exposure to solution PAH/PAA polyelectrolytes or PEMUs effects on cell 

proliferation. To assess effects of PAA and PAH on A7r5 and U2OS cell proliferation, growth 

plots were constructed for cells exposed to different concentrations of both polyelectrolytes 

(Figure 9) and to thin and thick PAA- or PAH-terminated PEMUs (Figure 10). Compared to 

control cultures with no added polyelectrolyte, exposure to solution PAH and PAA caused a 

general reduction in cell proliferation over 12 days (Figure 9). Each tenfold increase in solution 

PAH concentration above 0.1mM caused approximately a 50% decrease in cell count for both 

cell types. Solution PAH at 1 mM and 10 mM killed all the seeded cells within 24 hours. In 

contrast, both cell types tolerate solution PAA much better than untreated cells. Exposure of 

U2OS cells to PAA at concentrations up to 1 mM result in no significant cell count difference 

compared to controls even after 12 days. At 10 mM PAA concentration, both U2OS and A7r5 

cell counts decreased after 12 days of exposure. However, unlike exposure to 10 mM PAH, both 

cell types maintained approximately 40% cell counts compared to control conditions. Although 

necrotic membrane destabilization occurs at PAH concentrations greater than 0.1 mM PAH in 

normal growth media (Figure 8), cell necrosis was not found at lower PAH concentrations, in 

which cells maintained normal metabolic activity (Figure 7) and proliferation (Figure 9). Using 

lower concentrations as well as lower molecular weight forms of PAH were key to early attempts 

to encapsulate cells with PEMUs.
116,118,126,132

 Similarly, Kadowaki et al. cultured fibroblast cells 

on films made with cytotoxic polycations (including PAH) with no adverse effects on cell 

proliferation or morphology.
127

 In contrast, polyelectrolyte films deposited on top of the cells 

decreased proliferation and reduced cell spreading .
127
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When incorporated into PEMUs, PAH and PAA have significantly less effect on proliferation 

of both cell lines, despite existing in locally high concentrations within the microenvironment of 

cell contact (Figure 10). Although both cell types proliferated on the PEMUs over 10 days, there 

were fewer A7r5 cells on both the thin and thick PEMUs than on the tissue culture plastic and 

glass cover slips by day 3. Exposure to the thick PEMUs caused the most significant differences 

in the total cell counts over the course of ten days. Although the PAH-terminated PEMUs 

yielded lower cell counts regardless of thickness, the difference in total cell count between the 

PAA- and PAH-terminated PEMU was less on the thick PEMUs. The cell morphology 

influencing characteristics that change most with increasing PEMU thickness are swelling and 

modulus. Mendelsohn et al.
133

 demonstrated that PAH/PAA PEMUs at 20 layers maintained 

overall cytophilic or cytophobic characteristics independent of the last polyelectrolyte deposited, 

because PEMU swelling influenced cells adhesion more. Similarly, Mehrotra et al.
134

 utilizing 

PDADMAC/PSS films correlated changes in cell adhesion with changes in a films modulus as 

film thickness increases. Both of these investigations highlight surface modulus as a predominant 

variable influencing cell adhesion. Analysis of surface topography (Figure 11) for the PEMUs 

we used showed roughness to be negligible regardless of film thickness. In addition, divalent 

cations can affect polyelectrolyte activity, but the difference between the 2.8 mM total divalent 

cation concentration in the A7r5 culture medium and the 1.7 mM total concentration in the 

U2OS cell culture medium was judged insignificant for these studies and not tested for effect on 

cell adhesion to PEMUs. 

 

PEMU effect on cell survival. To determine whether exposure to PEMUs has a direct 

cytotoxic effect on the cells, cell death for both cell types on PAH/PAA PEMUs and varying 

concentrations of solution polyelectrolytes (Figure 12) was assessed with a dual fluorescence dye 

staining kit that stains live cells with a membrane permeable green fluorescent Cyto-dye and 

dead cells also with a membrane impermeable propidium iodide red fluorescent dye. Uptake of 

both dyes into cells with compromised plasma membranes stains nuclei orange-red. After four 

days in culture, few dead cells were found on any of the PEMUs tested, but the thin 

PEI(PAA/PAH)1PAA and PEI(PAA/PAH)2 PEMUs had a lower total cell death percentage than 
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the thicker PEI(PAA/PAH)21PAA and PEI(PAA/PAH)22 PEMUs. The thick PAH-terminated 

PEMU had the highest percentage of dead cells (Figure 13). 

 

Survival of the majority of cells even on the thick PAH-terminated PEMU indicates that 

incorporation of PAA and PAH into a PEMU neutralizes PAH cytotoxicity through the 

formation of stable polyvalent polycation-polyanion interactions that inhibit the membrane 

destructive forces illustrated in Figure 8. Stable incorporation in a PEMU also likely prevents 

possible internalization of toxic amounts of polyelectrolyte by mechanisms such as endocytosis, 

the mechanism by which cationic liposomes facilitate the uptake of DNA into cells for 

transfection.
135

 

 

The metabolic activities, cell growth curves and cell survival rates point toward a consistent 

picture for the impact of polyelectrolytes on the two cell types: in solution, the toxicity of PAH is 

clearly seen by a the lack of metabolic output (Figure 7) and cell growth (Figure 9). The cause of 

this toxicity is clearly revealed in the micrographs in Figure 8 (C and D), which show wholesale 

mobilization and then redeposition of membrane components. The polyanion has less effect on 

cell metabolism and growth. In fact, Figure 7 indicates accelerated metabolism, which may be a 

result of cell stress, yet the growth curves in Figure 9 show few differences when compared to 

the control except for the very highest concentration of PAA (10 mM).  

 

When incorporated in multilayers, the toxic effects of PAH are clearly attenuated, but the 

metabolic rate and growth curves are somewhat lower on PEMUs than on the control uncoated 

substrates. The concept of “toxicity” must be used with caution, however, as there is little 

evidence of cell damage on PEMUs (Figure 13). The two cell lines investigated here depend on 

adhesion for growth, survival and proliferation. Thus, factors that directly or indirectly influence 

adhesion will also control growth and anoikis - apoptosis caused by lack of adhesion. Adhesion 

is a prerequisite in preventing apoptosis and maintaining biological functions such as growth, 

motility, and survival.
136

 It has been well established that PEMU type controls adhesion
112-113

 

and morphology (including phenotype)
107,112,115

 and ultimately proliferation
113-114,116

. An 

important component of this control is the mechanical modulus of the surface, with stiffer 

substrates favoring adhesion.
137-140

 Because the apparent modulus of the film is coupled to the 
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modulus of the substrate,
85,140

 thinner films have greater apparent modulus than thicker ones. 

This would explain the decrease in metabolic activity (Figure 7) and the lower growth rates 

(Figure 10) of the cells on the thicker compared to the cells on the thinner PEMUs. Cells are able 

to detect the thickness and modulus of compliant substrates via adhesion-induced 

deformations
141

 and, as demonstrated by Mehrotra et al.
134

, change in cellular adhesion on 

PDADMAC/PSS films correlated to changes in film modulus and thickness. Cells on thin 

PEMUs will “feel” a stiffer substratum possibly because of reduced traction-induced 

displacements caused by supportive mechanical contributions of the stiffer substrate underneath 

the film.
141

 Adjustments to focal adhesion size and morphology in response to change in the 

effective modulus, maintains a homeostatic energy level.
134

 Increasing PAH/PAA PEMUs 

thickness decreases modulus
85

 and for both cell types cultured on these films (greater than 20 

layers) swelling also influenced cell adhesion.
133

 Inspection of the morphology of cells also 

reveals differences in adhesion behavior. For example, cells on the thicker PEMUs (Figure 13) 

were more clustered, indicating poorer adhesion and more self-association. By day 10, cells on 

thicker PEMUs exhibited the same degree of slower growth regardless of the top layer (Figure 

10). Another indicator of differential adhesion is the apparent difference in nucleus size between 

the cells on the PEMUs and those on the control plastic and glass surfaces (Figure 14). The 

apparently smaller diameters of the nuclei in the images of the cells on the PEMUs, especially 

the thicker PEMUs, indicate that the nuclei are less compressed than in the better spread cells on 

the control surfaces. Greater cell death percentages for both cell types were observed for cells on 

thicker PEMUs (Figure 14), however, unlike the necrotic cell death observed with increasing 

concentrations of solution PAH (Figure 8) dead cells were determined to have undergone 

anoikis, an apoptotic cells death resulting from a reduction of cellular adhesion. Cells 

demonstrated typical morphological characteristics of anoikis (Figure 12)-fragmented nuclei, 

rounded cell bodies, dendritic extensions and blebbing of the plasma membrane (indicating poor 

adhesion).
13,142-143

 

 

More subtle morphological differences in surface charge were seen for thinner PEMUs. For 

example, terminating PEMUs with PAH appeared to favor cell adhesion over PAA. Despite the 

significant solution cytotoxicity of PAH, cell types cultured on the PAH-terminated 

PEI(PAA/PAH)2 (Figure 15, A3 and B3) had prominent vinculin-containing focal adhesions in 
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lamellipodia and robust tensin-containing fibrillar adhesions that terminated in the focal 

adhesions, especially in the A7r5 cells. In both cell lines cultured on the PAA-terminated 

PEMUs (Figure 15, A2 and B2), tensin was less extensively organized and the fibrillar adhesions 

were confined to the center of the cell and most did not extend to the vinculin-containing focal 

adhesions. Interestingly, the vinculin and tensin localization of the A7r5 cells grown on PAA-

terminated PEMU more closely resemble those characteristics of cells on uncoated glass cover 

slips, whereas the characteristics of the U2OS cells PAH-terminates PEMU more closely 

resembled those of the U2OS cells on glass. In all cases tested, the PEI initial layer had no 

detectable negative effect on cell growth. In contrast to cell adhesive morphology on thicker 

PEMUs (Figure 16), cells on thin films exhibited morphologies and behavior consistent with a 

stiffer environment due to finite substratum thickness.
141

 Importantly, these morphological 

differences were not observed in either cell type grown in media containing ‘non-necrotic’ 

solution polyelectrolyte concentrations (Figure 17).  

 

Toxicity mechanism. The toxicity of lipid and polymeric cations against Gram-positive and 

Gram-negative bacteria has been exploited for many decades in antiseptic formulations.
119

 For 

cationically modified surfaces, a minimum charge density is required for effective bactericidal 

action.
120

 For multilayer surfaces terminated by a polycation such as PAH, antibacterial activity 

can be enhanced by adjusting deposition conditions to provide uncomplexed PAH repeat units at 

the surface.
102,121

 Release of cytoplasmic material on exposure indicates polycations are 

cytotoxic, not merely cytostatic, and provides insight into the possible role directing cytotoxicity 

of cells exposed to soluble PAH.
117-118

 

 

Conclusion 

Analysis of polyelectrolyte effects on A7r5 and U2OS cell metabolism, proliferation, and 

survival demonstrated that solution positively charged PAH was much more toxic to both cell 

types than was solution negatively charged PAA. Even at the lowest concentration (0.001 mM), 

solution PAH significantly decreased proliferation of both cell types. Necrotic cell disruption 

was clearly observed with increasing concentration of solution PAH. In contrast, PAA was well 

tolerated at concentrations up to 1 mM, a concentration at which PAA actually caused 

stimulation of metabolism in both cell types. Incorporation of the PAA and PAH polyelectrolytes 
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into PEMUs neutralizes the cytotoxic/cytostimulatory effects through the formation of stable 

polyvalent polycation-polyanion interactions, which effectively remove the availability of these 

components for membrane interactions or cell uptake. Slower cell growth on PEMUs, more 

apparent for the A7r5 line, is attributed to adhesion and morphological changes due to the 

substrate surface charge and/or the apparent modulus of the multilayer and not to direct toxic 

effects of the PEMUs.  

 

Built layer-by-layer, electrostatic interactions between negatively charged poly(acrylic acid) 

(PAA) and positively charged poly(allylamine hydrochloride) (PAH) polyelectrolytes formed 

stable cross-linkable polyelectrolyte multilayers (PEMUs). Upon heating, PAH/PAA PEMUs 

form irreversible amide bonds. Varying the terminating polyelectrolyte, the number of layers, 

and degree of thermal cross-linking in PAA /PAH PEMUs alters surface chemistry and 

compliant properties, inducing cellular adhesive and locomotive responses. Cell adhesion and 

motility induced by changes in bulk compliant properties and surface chemistry of native and 

thermal cross-linked PAH/PAA PEMUs were investigated using rat aortic smooth muscle A7r5 

and human osteosarcoma U2OS cells. Although there were differences between the cell types in 

magnitude of response, both cell lines spread more and had a greater percentage of focal 

adhesion coverage on the cross-linked PEMUs than on the native PEMUs. Intriguingly, there 

was no direct relationship between spread area and vinculin focal adhesion coverage for either 

cell line. The A7r5 cells, but not the U2OS cells, spread better on the thicker native PAH than 

PAA terminated PEMUs. Thermal cross-linking eliminated this preference, emphasizing the 

importance of surface modulus in controlling cell behavior. The U2OS cells were more 

elongated, had more active lamellipodia, and locomoted further on both the native and cross-

linked PAA PEMUs than on the native and cross-linked PAH PEMUs. These results demonstrate 

the utility of PEMUs as biocompatible surfaces that can control cell behavior. 
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Figure 7: Alamar Blue reduction ratios for cells in solution PAA and PAH polyelectrolyte 

and on PEMUs. The metabolism of A7r5 (triangles) and U2OS (squares) cells grown for 24 

hours on tissue culture plastic in the presence of solution polyelectrolytes PAA or PAH (A), or 

on PEMUs (B), was measured using an Alamar Blue reduction assay. The ratio of the mean 

Alamar Blue reduction value for each experimental condition to untreated controls are plotted for 

solution PAA and PAH concentrations between 0.001 mM and 10 mM (A) and for thin and thick 

PEMU layers terminated with PAA or PAH (B). Mean Alamar Blue reduction values are 

calculated from two experimental trials consisting of two independent samples for each 

condition. Statistically significant differences from control samples determined using the student 

T-test (p <0.05) are marked with an asterisk (*). 
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Figure 8: Phase contrast images of U2OS cells in solution PAH and PAA. U2OS cells after 
24 hour culture were treated for 30 min with normal growth media (A), media containing 10 mM 
PAA (B), 1 mM PAH (C), and 10 mM PAH (D). Scale Bar, 100 µm (A-D). Media containing 
10mM PAH after 24 hour incubation on culture dish plastic absent of cells. Scale Bar, 50µm. 
The boxed areas in the lower row of images are enlarged in the upper row of images. Yellow 
arrows point to settled ‘lipid’-containing droplets. 
 
 

 
 
Figure 9: Growth of A7r5 and U2OS cells in media containing various solution PAH and 

PAA polyelectrolyte concentrations. Total cell counts of A7r5 (A) and U2OS (B) cells on days 
1, 6, 8, and 12 of growth in the presence no added polyelectrolyte (a, gray) or solution PAA (b-f, 
red) and PAH (g-k, blue) at concentrations of 0.001 mM (b and g), 0.01 mM (c and h), 0.1 mM 
(d and i), 1 mM (e and j), and 10 mM (f and k). Both cell lines were seeded at 5.0 x 103 cells per 
well on day 0 (). Inset (B) day 1 plotted with different cell count scale. Star marked cell count 
columns are significantly different from those of control cells grown in the absence of added 
polyelectrolyte (P-value<0.05). 
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Figure 10: Growth of A7r5 and U2OS cells on thin and thick PEMUs terminated with PAA 

and PAH. Total cell counts on days 1, 3, 7, and 10 after seeding of A7r5 (A) and U2OS (B) cells 
on: (a, white) culture dish plastic, (b, gray) glass cover slip, (c, red) PEI(PAA/PAH)1PAA, (d, 
blue) PEI(PAA/PAH)2, (e, red) PEI(PAA/PAH)21PAA, and (f, blue) PEI(PAA/PAH)22 PEMUs 
on glass cover slips are plotted. Both cell lines were seeded at 5 x 103 cells per well on day 0 (). 
Inset (B) day 1 plotted with different cell count scale. Star marked cell count columns are 
significantly different from those of control cells grown on uncoated culture dish plastic (p-
value<0.05). 
 
 

 

 
Figure 11: PEMU Surface topography by AFM. PEI(PAA/PAH)1PAA (A), PEI(PAA/PAH)2 
(B), PEI(PAA/PAH)21PAA (C), and PEI(PAA/PAH)22 (D) PEMUs built layer-by-layer on 
silicon wafers surface topography obtained by AFM. Film thicknesses for PEMUs 
PEI(PAA/PAH)21PAA and PEI(PAA/PAH)22 (between 280-300nm) were obtained by AFM via a 
scratch method, whereas thicknesses for PEI(PAA/PAH)1PAA, PEI(PAA/PAH)2 (between 10-15 
angstroms) were obtained by ellipsometry. 
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Figure 12: Live/Dead double staining assay of A7r5 and U2OS cells grown in media 

containing various solution PAH and PAA polyelectrolyte concentrations. A7r5 (A1-A6) 
and U2OS (B1-B6) cells grown for four days in normal growth media (A1, B1), 10 mM PAA 
(A2, B2),0.001mM PAH (A3,B3), 0.01mM PAH (A4,B4), 0.1mM PAH (A5,B5), 1mM PAH 
(A6, B6) Both cell types grown in the presence of 0.001mM PAA to 1mM PAA, images not 
shown, resembled controls and those grown in 10mM PAH resemble 1mM PAH cytotoxicity. 
Cells were stained using the Calbiochem Live/Dead Double Staining Kit after the 4th day of 
exposure. Cyto-dye (green) and propidium iodide (red) staining of dead cells yielded orange-red 
nuclei. Panels are merged images of the Cyto-dye (green), propidium iodide (red) and phase 
contrast. Scale Bar, 100µm. 
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Figure 13: Live/Dead double staining assay of A7r5 and U2OS cells on thin and thick 

PEMU surfaces terminated with PAA and PAH. A7r5 (PA,GA, A1-A4) and U2OS (PB, GB, 
B1-B4) cells grown for four days on plastic culture dish (PA, PB), glass cover slips (GA, GB), 
PEI(PAA/PAH)1PAA (A1,B1), PEI(PAA/PAH)2 (A2,B2), PEI(PAA/PAH)21PAA (A3,B3), and 
PEI(PAA/PAH)22 (A4, B4) were stained using the Calbiochem Live/Dead Double Staining Kit. 
Cyto-dye (green) and propidium iodide (red) staining of dead cells yielded orange-red nuclei. 
Scale Bar, 100 µm. 
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Figure 14: A7r5 and U2OS cell nuclear area, nuclear perimeter, and cell death on PEMUs. 
A7r5 (triangles) and U2OS (squares) were cultured on tissue culture plastic, glass cover slips, 
and PEI(PAA/PAH)1PAA, PEI(PAA/PAH)2, PEI(PAA/PAH)21PAA, and PEI(PAA/PAH)22 
PEMUs for four days. Surface areas (A) and perimeters (B) of nuclei were measured using 
ImageJ software. The mean value (N=50) for each condition was determined. The mean values 
for the two cell types on plastic were arbitrarily set to 1.0, and the ratios of the other means to 
that value are plotted in A and B. Also plotted are the percentages of dead cells (N=50) for each 
PEMU condition (C). Statistically significant differences from control samples determined using 
the student T-test (p <0.05) are designated with an asterisk (*). 
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Figure 15: A7r5 and U2OS cells on PAH/PAA PEMU surfaces with PEI as the initial layer. 
A7r5 (A1-A3) and U2OS (B1-B3) cells cultured on uncoated glass cover slips (A1, B1), 
PEI(PAA/PAH)1PAA (A2, B2), and PEI(PAA/PAH)2 (A3, B3) surfaces for 48 hours, were 
stained for vinculin (red), tensin (green) and DNA (blue). Three panels under each of the major 
images (A1-B3) show higher magnification separate and merged images of the tensin (green) 
and vinculin (red) localization in the region of the arrow in the major image. Scale Bar, 20 µm. 
 
 

 
 

Figure 16: Differential Interference Contrast (DIC) images of A7r5 and U2OS cells on 

PEMUs. Surface morphology of A7r5 (A1-A5) and U2OS (B1-B5) cells cultured for 24 hours 
on glass (A1, B1), PEI(PAA/PAH)1PAA (A2, B2), PEI(PAA/PAH)2 (A3, B3), 
PEI(PAA/PAH)21PAA (A4, B4), and PEI(PAA/PAH)22 (A5, B5) PEMUs. Scale Bar, 100 µm. 
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Figure 17: A7r5 cells grown in media containing solution PAH and PAA polyelectrolyte 

concentrations. A7r5 cells (A-D) cultured on uncoated glass cover slips in the presence of 
normal growth media (A1), 10mM PAA (B), 0.1mM PAH (C) and 0.01mM PAH (D) after 32 
hours were stained for vinculin (green), actin (red) and DNA (blue). Both cell types grown in the 
presence of 1mM to 0.001mM PAA and 0.001mM PAH, (images not shown), resembled 
controls. Extensive cellular damage to cells grown in 10mM and 1mM PAH made samples 
unsuitable for immunofluorescent staining. Scale Bar, 20 µm. 
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CHAPTER 2 

 

POLYCATION: FROM CYTOTOXICITY TO ENHANCED ADHESION 

AND MOTILITY 

 

 
Introduction 

Modification of surface properties of implantable substrates to control cell phenotype and 

behavior in vivo may help promote cellular adhesion
105,144

, reduce osseointegration failures 

causing implant loosening
111

 and block scar tissue formation, such as glial scar formation 

observed upon implantation of neural electrodes
18

. Appling polymers to implantable medical 

devices improve interface compatibility in vitro and in vivo.
16-17,107,144-146

 Implant surface 

composition affects both whole body responses (inflammatory responses), cellular responses 

(adhesion, motility, and gene expression), and cellular microenvironment through protein 

absorption.
16-18,104-110,147

 Biofunctional applications of polyelectrolyte multilayers (PEMUs) 

reside in optimizing surface and bulk properties by “tuning” rigidity, hydrophobicity, 

temperature sensitivity, charge density, porosity, topology, and chemical composition of 

multilayers.
15,86-87,102-103

 Layer-by-layer deposition of polyelectrolytes with variables such as 

polymer pairing, layer number, covalent crosslinking, and deposition ionic strength and pH can 

produce surfaces with a wide variety of properties, creating a thin film coating with possible 

biofunctional applications such as improving the bio-interface of implantable materials.
14,77-

78,107,128,148-149
 

 

In this study, we further investigated the destabilization of cell membranes after treatment with 

soluble poly(allylamine hydrochloride) (PAH). The previous chapter (study, Martinez, J. S. et 

al.
150

) found soluble concentrations of PAH above 0.1mM were cytotoxic, causing necrotic cell 

death. In this investigation, PAH at concentrations greater than 0.25mM was found to strip a 

cell’s membrane and redeposit it onto the surface. Exposing pmCherry-c1 transfected U2OS 

cells resulted in accumulating surface deposits containing the fluorescent protein. Likewise, 

Rhodamine-PAH in solution was found to bind onto the cell membrane and over time redeposit 

onto the surface. Degree of demembranization and redeposition increased with soluble 
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concentration of PAH. Yet, when PAH is incorporated into polyelectrolyte multilayers (PEMUs), 

it promotes adhesion and motility of smooth (A7r5) and bone (U2OS) cells.  

 

In this study we found cell adhesion and motility responses are influenced by changes in 

PEMU compliance and surface chemistry. Cell types commonly associated with surfaces of 

coronary and orthopedic implants (smooth muscle A7r5 cells and human osteosarcoma U2OS 

cells) were cultured on crosslinked PEMUs of negatively charged poly(acrylic acid) (PAA) and 

positively charged poly(allylamine hydrochloride) (PAH) polyelectrolytes, which upon heating, 

form irreversible amide bonds.
107

 Cellular adhesion characteristics on PEMUs were determined 

by measuring the cell surface area and surface area coverage of vinculin-containing focal 

adhesions. Lamellar motility was assessed by kymography of recorded live cells. Altered surface 

chemistry and compliant properties established by varying the terminating polyelectrolyte, the 

number of layers, and degree of thermal crosslinking in PAA /PAH PEMUs induced distinctive 

level of adhesive and motility responses between cell types on charged surfaces and varying 

compliance. Overall both cell types spread more and had a great percentage of focal adhesion 

coverage on crossliked PEMUs, demonstrating the significance of surface compliance and 

surface chemistry in controlling cell behavior. These results demonstrate the utility of PEMUs as 

bio-interfaces capable of controlling cell behavior. 

 

Materials and Methods 

Reagents. Poly(ethyleneimine) (PEI; 50% w/v in water; monomer MW= 7.5 x 10
5
 Da), 

poly(allylamine hydrochloride) (PAH; MW= 7 x 10
4
 Da, dry), and poly(acrylic acid) (PAA; 35% 

wt% in water; monomer MW = 1.0 x 10
5
 Da) were obtained from Sigma-Aldrich (Saint Louis, 

Mo, USA). The polyelectrolytes used for PEMU buildup were made at 10mM with respect to the 

monomer repeat unit in 25mM Tris-Cl solutions at pH 7.4. A 10mg ml
-1

 of Rhodamine-PAH was 

created by labeling PAH with NHS-Rhodamine (Invitrogen). 

 

Solution polyelectrolytes. 1.0 M stock solutions of PAH and PAA, made in 18MΩ deionized 

water (DIH2O) were used to make 10 mM and 1 mM solutions of PAH and PAA in cell growth 

media. The 1 mM solutions were serially diluted with culture media to make solutions of 0.1 
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mM, 0.01 mM, and 0.001 mM PAH and PAA. The pH of all solution polyelectrolyte solutions in 

culture media was adjusted to the pH of the normal growth media used for each cell line. 

 

Buildup of polyelectrolyte multilayers and crosslinking. Glass coverslips (micro cover 

glass, 22x22 mm No. 1, Fisherbrand, Fisher Scientific, Pittsburg, PA, USA) were cleaned in 

“piranha” solution consisting of 70/30 by volume of concentrated H2SO4 and 30% H2O2 in water 

for 20 minutes, thoroughly rinsed in DIH20, and then dried with a stream of nitrogen gas. The 

layer-by-layer build up of polyelectrolyte multilayers was performed either manually in culture 

dishes (BD Falcon Multiwell Flat-bottom Plates, BD Biosciences, San Jose, CA) or by a robot 

(StratoSequence V, nanoStrata Inc., Tallahassee, FL, USA). For manual coating, cleaned 

coverslips were first immersed in 10mM PEI, rinsed with H2O, and dried with a stream of 

nitrogen gas directly in wells of tissue culture plates. Buffered 10mM polyelectrolytes solutions 

were added to the culture dishes for a 10 minute coating period before rinsing with H2O for three 

1 minute intervals. For robot PEMU build up, the glass coverslips were coated by immersion in 

buffered 10mM PEI solution for 30 minutes, rinsed in H2O, and dried with a stream of nitrogen 

gas. The PEI coated coverslips then were mounted on a shaft that rotated at 300 rpm with a fixed 

dipping time of 10 minutes in buffered polyelectrolyte solutions, followed by rinsing with H2O 

for three 1 minute in intervals. After build up of polyelectrolyte multilayers, coverslips were 

submerged in 25mM Tris-Cl, 150mM NaCl buffer at pH 7.4 for 24 hours, rinsed with H2O, and 

dried with a stream of nitrogen gas.  

 

Crosslinking PAH/PAA multilayers. After buildup of multilayers, PAH/PAA PEMUs were 

crosslinked as described in Mousallem et al. 
107

 at 215°C for 120 minutes. Heat treatment of 

PAH/PAA PEMUs forms amide bond between the carboxylate group of poly(acrylic acid) 

(PAA) and amine group of poly(allylamine hydrochloride) (PAH).
151-152

  

 

PEMU nomenclature. For the nomenclatures A(B/C)x (an odd number of layers) and 

A(B/C)xB (an even number of layers), A is the initial coating polyelectrolyte (PEI in this 

investigation), B (PAA) is the first and C (PAH) is the second in paired polyelectrolyte bilayers, 

and the subscript (x) is the number of B/C paired bilayers. PEMUs with an odd number of layers 
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are terminated with C (PAH). Those with an even number of layers are terminated with B 

(PAA). 

 

Cell culture and microscopy. Both the A7r5 rat aortic smooth muscle cells and the U2OS 

osteosarcoma cells were obtained from American Type Culture Collection (both maintained 

through numerous passages and stored frozen at -80°C in the lab over several years) were 

cultured on tissue culture plastic plates (TCP) in high glucose (4500mg L
-1

 glucose) Dulbecco’s 

modified Eagle medium with L-glutamine, pH 7.6 (Sigma-Aldrich) supplemented with 1.5g L
-1

 

sodium bicarbonate (recommended for culturing at 5% CO2 conditions), 10% fetal bovine serum 

(Standard Hyclone Animal Sera, Thermo Scientific, Waltham, MA), 100 units mL
-1

 penicillin G, 

100 µg mL
-1

 streptomycin, 0.25 µg mL
-1

 amphotericin B (Antibiotic-Antimycotic) and 10 µg 

mL
-1

 gentamicin (Gentamicin Reagent) (both from Invitrogen). The U2OS cells were cultured in 

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham with L-glutamine and 15mM 

Hepes, pH 7.3 (Sigma-Aldrich) supplemented with 1.2g L
-1

 sodium bicarbonate, 10% Cosmic 

Calf Serum (Thermo Scientific), 100 units mL
-1

 penicillin G, 100 µg mL
-1

 streptomycin, 0.25 µg 

mL
-1

 amphotericin B and 10 µg mL
-1

 gentamicin. Both cell lines were cultured at 37°C with 5% 

CO2 (Water Jacket CO2 incubator Nu-4750, NuAire, Plymouth, MN, USA).  

 

Cells used for staining were washed with pH 7.4 phosphate-buffered saline (PBS) at 37°C for 

three 5 minute washes and fixed with 3.7% formaldehyde in PBS for 15 minutes. Formaldehyde 

was removed and the cells were washed with PBS at room temperature for three 5 minute 

washes, treated for 10 minutes with 0.2% Triton x-100 in PBS, rinsed three times for 5 minutes 

each with 0.05% Triton x-100 in PBS, and incubated for 1 hour at 37°C in 10% goat serum 

prepared in 0.05% Triton x-100/PBS buffer in order to block nonspecific sites. After blocking, 

the staining protocol described in Moussallem et al.
107

 was followed using the primary antibodies 

Tns (H-300) anti-tensin rabbit polyclonal primary antibody (1:200 dilution), hVIN-1 mouse 

monoclonal anti-vinculin primary antibody (1:200 dilution) and the secondary antibodies Alexa 

568-goat anti-mouse IgM antibodies (1:200 dilution), and Alexa 488-goat anti-rabbit IgG 

antibodies (1:200 dilution) all diluted in 1% goat serum in 0.05% Triton x-100/PBS buffer. The 

coverslips were mounted with Pro-Long containing DAPI (Invitrogen) onto microscope slides 

and allowed to cure for 24 hours. The slides were stored at 4°C in the dark. Stained cells were 
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imaged with Nikon Ti-E inverted microscope using Nikon Intensilight C-HGFI and a Cool Snap 

HQ2 camera from Photometric.  

 

Cellular transfection with pmCherry-c1. To obtain a high concentration of pmCherry-c1 

plasmid (Clontech), which has been routinely utilized in the laboratory for several years, 

competent DH5α (Escherichia coli) cells were transformed and grown in selective media 

containing kanamycin at 50 µg mL
-1

. A plasmid maxiprep kit (Qiagen) was used to isolate the 

plasmid. U2OS were transfected with pmCherry-c1 using Lipofectamine® 2000 (Thermo Fisher 

Scientific) as described at a 5:2 lipid to DNA ratio. Cells were propagated in selective culture 

media containing 500 µg mL
-1

 of G 418 disulfate salt (Sigma Aldrich).  

 

Cellular surface and vinculin focal adhesion coverage. A7r5 and U2OS cells were cultured 

at 1 x 10
4
 cells per well (BD Falcon 6-well Multiwell Flat-bottom Plates, BD Biosciences, San 

Jose, CA) on layer-by-layer constructed PEMUs on Glass coverslips (micro cover glass, 22 x 22 

mm No. 1, Fisherbrand, Fisher Scientific, Pittsburg, PA, USA). Cultured for 48 hours, cells were 

then fixed and stained for vinculin and mounted with Pro-Long containing DAPI (Invitrogen) 

and allowed to cure for 24 hours. The slides were stored at 4 °C in the dark. Stained cells were 

imaged with Nikon Ti-E inverted microscope using Nikon Intensilight C-HGFI and a Cool Snap 

HQ2 camera from Photometric. Using ImageJ software images captured at 200x magnification 

were translated into binary channels for cellular surface area and vinculin focal adhesion for both 

cell lines. Approximately 100 cells at each condition were analyzed using ImageJ software for 

cellular surface area (analysis size restriction: 100 µm
2
 to 100,000,000 µm

2
) and vinculin focal 

adhesion contacts (analysis size restriction: 0.1 µm
2 

to 20 µm
2
). The ratio of celluar surface area 

at each experimental condition compared to controls (clean glass coverslip without PEMUs) and 

total vinculin focal adhesion area at each experimental condition compared to controls was 

plotted. Ratios comparing cellular surface area to total vinculin focal adhesion area proportions 

at each experimental condition compared to controls were also plotted. Statistically significant 

differences from control samples were determined using the student T-test (p <0.05). 

 

Cell motility and kymographs. Single tissue culture dishes 35mm (BD Falcon Tissue Culture 

Dish, Polystyrene, BD Biosciences, San Jose, CA, USA) were windowed using a bench drill 
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press with a ¾” Smooth-Finish Wood Boring drill bit (McMaster,Cleveland, OH, USA) and 

faceted with layer-by-layer constructed PEMUs on Glass coverslips (micro cover glass, 22 x 22 

mm No. 1, Fisherbrand, Fisher Scientific, Pittsburg, PA, USA) using a thin layer of adhesive 

glue (Gorilla Glue) and allowed to cure for 48 hours. The windowed culture dishes were rinsed 

thoroughly with DIH2O, quick rinsed with 70% ethanol, followed by several rinses with DIH2O 

and dried with a stream of N2 gas. A7r5 and U2OS cells were cultured at 1 x 10
4
 cells per culture 

dish.  

 

Cell motility was analyzed using Differential Interference Contrast (DIC) imaging. Cells were 

observed for 15 hours with an acquisition rate of 2 frames per hour at 100x magnification using 

Nikon Ti-E inverted microscope with a Cool Snap HQ2 camera from Photometric. The AVI files 

were uploaded with ImageJ software where cell mobility was tracked and analyzed for traveled 

distance. Progressive movement (measured as forward distance), total movement (all distances 

traveled), and speed for approximately 10 cells at each experimental condition were plotted. 

Statistically significant differences from control samples were determined using the student T-

test (p <0.05).  

 

Kymographs were constructed from Differential Interference Contrast (DIC) imaged AVI files 

of 45 minutes durations at an acquisition rate of 5 frames per minute at 200x magnification using 

Nikon Ti-E inverted microscope with a Cool Snap HQ2 camera from Photometric. Using Nikon 

Advance Elements software, cellular leading edge sections were constructed into kymographs, 

showing the progressive ruffling at each experimental condition. Kymographs display the 

passage of time along the x-axis and distance on the y-axis of the image, while showing the 

dynamic process of lamellipodia ruffling on a single image. Lamellapodia ruffling is assumed to 

positively correlate with increased cell mobility.
28,153

  

 

Confluency. A7r5 and U2OS cells were cultured at 1x10
4
 cells per well (BD Falcon 6-well 

Multiwell Flat-bottom Plates, BD Biosciences, San Jose, CA) on layer-by-layer constructed 

PEMUs on Glass coverslips (micro cover glass, 22 x 22 mm No. 1, Fisherbrand, Fisher 

Scientific, Pittsburg, PA, USA) for six days. Phase Contrast images of cellular confluency were 
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captured on 1
st
, 3

rd
, and 6

th
 day of culture using Nikon TS100 Tissue Culture and Nikon DS-Ri1 

camera.  

 

Results and Discussion 

Polycation induced demembranization and redeposition onto surface. Treatment with 

soluble polycation PAH at concentrations greater than 0.1mM is toxic to cells. The previous 

chapter (study Martinez, J. S. et al.
150

) showed soluble PAH, but not soluble PAA to be 

cytotoxic. PAH concentrations above 0.1mM destabilize the cell membrane causing necrosis of 

cells. To further analyze the destabilization of cell membranes after treatment with soluble PAH, 

untransfected and pmCherry-c1 transfected U2OS cells were cultured on tissue culture plastic 

(TCP) and uncoated glass coverslips. Membrane destabilization was observed at PAH 

concentrations above 0.1mM and ‘lipid’-containing droplets were detected on surface at 

concentrations above 0.25 mM (Figure 18). These droplets do not form in cell-free culture media 

after treatment with 0.25 mM PAH. Cells treated with 1mM PAA show no destabilization of 

their cell membrane or droplet deposition (Figure 18, A). Droplets forming 30 minutes after cells 

are treated with 1mM PAH fuse together to form larger droplets over time (Figure 18, B). U2OS 

cells transfected with pmCherry-c1 express intracellular fluorescent proteins. During Live Cell™ 

analysis of pmCherry-c1 expressing cells, the red fluorescent protein was released after treatment 

with 0.5mM PAH, leaving the cell stripped of its membrane after 30 minutes (Figure 18, C). 

Surface droplets were observed to contain fluorescent proteins (Figure 18, D).  

 

Additional time lapse imaging was conducted for U2OS cells treated with 0.375 mM of 

fluorescently labeled rhodamine-PAH. Within 15 seconds of adding rhodamine-PAH into the 

solution, the fluorescent PE is dispersed throughout the media and within minutes, rhodamine-

PAH binds to cell membranes (Figure 19). At 15 minutes rhodamine-PAH saturated the cell 

membrane and visible damage to the cell membrane is evident. Within 30 minutes, rhodamine-

PAH droplets settle onto the surface and accumulate onto the surface with time.  

 

The mechanistic model of toxicity depends on properties of the polycation. A surfactant-type 

quaternary ammonium with a 14-18 carbon hydrocarbon tail is thought to disrupt the physical 

properties of a membrane in part by insertion of the hydrophobic tail into the phospholipid 
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bilayer.
119

 While many other types of polymeric cations lack hydrophobic tails, they share a 

second feature of the proposed membrane disruption mechanism. This second activity is charge-

dependent displacement of stabilizing cations from the membrane surface.
119-120

 We refine this 

proposed model for cytotoxicity by suggesting that dehydration of the polycation, in addition to 

the ion exchange caused by polycation association with the plasma membrane creates, an 

entropic driving force for polycation-membrane association (Figure 20). In this model the 

mechanism requires lipid association with polyelectrolytes, which enthropically drives 

“extraction” from the membrane, forming vesicular structures with the polymer either as 

depicted (Figure 20) or perhaps with more space between the phospholipid heads, which are 

occupied by the polycation, accommodating packing of the two phospholipid tails and cellular 

components (such as the fluorescent mCherry protein observed in Figure 18 and depicted in 

Figure 20) in the core of the vesicle. The critical micelle formation of surfactant is about 100 

times lower in the presence of oppositely charged polyelectrolytes, yielding an estimated 

additional disruptive energy caused by polyelectrolyte-assisted micelle formation of about 11 kJ 

mol
-1

.
154

 In PEMUs, complexation of polycation with polyanion would inhibit this mechanism of 

membrane destabilization, thereby detoxifying the polycation.  

 

Immunofluorescent analysis of vinculin and tensin organization. Incorporating PAH into 

PEMUs eliminates the polycation toxicity and instead, drives adhesion of cells.
150

 Thermal 

crosslinking PAH/PAA PEMUs forms amide bond between the amine group of PAH and the 

carboxylate group of PAA (Figure 21). Thermal crosslinking PEMU increases stiffness, 

decreases thickness, and decreases net electrostatic charge.
107

 Both cell lines, rat aortic smooth 

muscle A7r5 cells and human osteosarcoma U2OS cells were cultured on native and thermal 

crosslinked PAH/PAA PEMUs for 48 hours and immunofluorescently stained for focal adhesion 

proteins vinculin and tensin and for DNA using Dapi (Figures 22). Compared to control surfaces 

(glass coverslip), both cell lines demonstrate a difference in focal adhesion proteins in the 

presence of native versus crosslinked PEMUs. On native PAH/PAA PEMUs (Figure 22), A7r5 

cells were observed to develop robust tensin fibrillar adhesions on PAH terminated surfaces 

compared to both PAA terminated PEMUs and control surfaces. In contrast, U2OS cells showed 

no significant difference in their tensin organization. Compared to control surfaces, both cell 

lines demonstrated differences in vinculin focal adhesion localization, where organization in the 
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cell depends on the terminating polyelectrolyte. When cultured on native PAH terminated 

PEMUs (Figure 22) vinculin containing focal adhesions were restricted to the periphery of the 

cells, while control and PAA terminated PEMUs had focal adhesion localized both along the cell 

edge and centrally. 

 

Upon thermal crosslinking PAH/PAA PEMUs at 215°C for 120 minutes after build up as 

described in Mousallem et al.
107

 formation of amide bonds between PAA and PAH layers 

increases
107,151-152

 and overall substrate stiffness increases compared to native, uncross-liked 

PAH/PAA PEMUs 
107

. Cells cultured on crosslinked PAH/PAA PEMUs compared to native 

PEMUs demonstrated an overall increase in vinculin containing focal adhesions and 

reorganization of tensin fibrillar adhesions (Figure 22). Both cells lines cultured on PAA and 

PAH terminated PEMUs had vinculin focal adhesion organization comparable to control 

surfaces (Figure 22). Interestingly, U2OS cells on crosslinked PEMUs, but not A7r5 cells, 

demonstrated a greater concentration of fibrillar organization at the leading edge with increased 

co-localization of vinculin and tensin containing adhesions compared to control surfaces (Figure 

22).  

 

Overall, thermal crosslinking PEMUs induced greater cell spreading and focal adhesion 

development in both cells lines compared to native surfaces (Figure 23). A7r5 cells demonstrated 

greater responsive sensitivity toward terminating polyelectrolyte layers on native PEMUs. U2OS 

did not demonstrate any terminating layer dependent response regarding localization of vinculin 

and tensin on native PEMUs (Figure 22). 

 

Comparison of cellular surface and focal adhesion coverage. Increasing the number of 

layers during buildup of multilayers increases substrate thickness, while decreasing 

stiffness.
107,134,155-156

 Thermal crosslinking increases overall stiffness of the substrate.
107,151-152

 

Cellular changes in surface area and total vinculin focal adhesion of both A7r5 and U2OS cells 

are observed on increasing layers of PAH/PAA PEMUs for native and thermal crosslinked 

surfaces (Figure 23, A and B). Ratios comparing the mean cellular surface or total focal adhesion 

area and control for over 50 cells at each PEMU were plotted. 
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Although, U2OS cells did not show any relocalization of vinculin and tensin on native PEMUs 

(Figure 22), these cells were smaller in size on native PAH-terminated PEMUs and contained 

lower adhesion coverage than cells cultured on native PAA-terminated PEMU (Figure 23). 

Greater fibrillar adhesion organization for both cell lines were observed on crosslinked PEMUs 

compared to control surfaces. Vinculin containing focal adhesions for A7r5 cells culture on 

PEMUs compared to control surfaces were smaller in size and had lower adhesion coverage 

compared to crosslinked PEMUs (Figure 23). Additionally, U2OS cells demonstrated the 

greatest sensitivity to increasing layer number of PAH/PAA PEMUs. U2OS cells had 

significantly reduced cell surface area and focal adhesions on native PAH terminated multilayers 

compared to A7r5 cells. Upon crosslinking, cytophobic phenotypes indicative of reduced cellular 

adhesion were rescued to ratios equal to or greater to those seen on control surfaces (glass cover-

slips). 

 

A7r5 were more adaptive, maintaining cellular surface areas on both native and crosslinked 

PEMUs comparable to controls (Figure 23). However, vinculin containing focal adhesions on 

native PEMUs were reduced. Cells cultured on crosslinked PEMUs maintained focal adhesion 

coverage areas significantly greater even compared to controls. Overall, both cell lines 

demonstrated reduction in morphological features indicative of cellular focal adhesions when 

cultured on native PEMUs. Increased cellular spreading and adhesion on crosslinked PEMUs 

was evident in both cell lines, morphological changes in cell spreading or development of greater 

focal adhesion coverage was cell type dependent. 

 

PEMU effect on cellular motility and confluency. Kymographs were constructed after 15 

hours of observing A7r5 (Figure 24, GA-A4) and U2OS (Figure 24, GB-B4) cells at a rate of 

two image frames per hour on controls (Figure 24, GA &GB), native (Figure 24, A1 & B1 PAH 

terminated; A3 & B3 PAA terminated), and thermal crosslinked (Figure 24, A2 & B2 PAH 

terminated; A4 & B4 PAA terminated) PEMUs. On control surfaces, both cell lines 

demonstrated high (A7r5) to moderate (U2OS) degree of leading edge ruffling. The ruffling 

dependent response toward terminating polyelectrolyte layer and crosslinking was cell type 

specific.  
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Analyzing kymographs for uncoated and PEMU coated surfaces revealed an increase in 

cellular movement for both A7r5 and U2OS on native PEMUs. A7r5 shows greater movement 

on native PAH-terminated PEMUs, compared to U2OS cells. The average number of projections 

observed in kymographs for A7r5 and U2OS cells on uncoated glass coverslips, native and 

crosslinked PAH-terminated PEMU, and native and crosslinked PAA-terminated PEMU were 

calculated. Table 2 shows ratios between PEMU and uncoated surfaces.  

 

Cell leading edge ruffling results from upregulation of activated Rho and ultimately linked to 

cell motility.
28,153,157-160

 Reduction in membrane ruffling provides some evidence of decreased 

motility and increased cellular adhesion.
25,30,161-165

 A7r5 cells showed the most active membrane 

ruffling when cultured on PAH terminated PEMUs, with a minimal reduction in activity caused 

by crosslinking the PEMUs. In contrast, U2OS ruffling was most active on native and 

crosslinked PAA terminated PEMUs. For both cell lines, crosslinking reduced the overall 

activity of membrane ruffling. 

 

Analysis of progressive cell movement in response to PEMU (Figure 25) also revealed cell-

type dependent responses. A7r5 cells demonstrated increase motility and overall speed on PAH 

terminated PEMUs, while U2OS were most motile on PAA terminated PEMUs. Crosslinking 

greatly eliminated this preference in A7r5 cells. Overall both cell types were more motile on 

native PEMUs. Crosslinking native PEMUs reduced overall motility. A7r5 demonstrated the 

greatest locomotive difference compared to control surfaces. For A7r5 cells the greatest motility 

occurs on native PAH terminated PEMUs. Motility results for both cell lines supported 

membrane ruffling activities illustrated in Figure 24.  

 

Analyzing cell coverage area with ImageJ (Figure 26), percentage of coverage were calculated 

for each surface condition.A7r5 (PA1-a6) and U2OS (PB1-b6) cellular confluency on varying 

PEMUs were observed on the 1
st 

(column 1&4), 3
rd

(column2&5) , and 6
th

 (column 3&6) day of 

culture (Figure 26). Table 3 shows the calculated percentage of coverage for A7r5 and U2OS 

cells on TCP, uncoated glass, native and crosslinked PAA-terminated PEMU, and native and 

crosslinked PAH-terminated PEMUs. Percent differences were calculated between each time 

period (1-6 days). Both cell types proliferated and were more confluent on native PAA-
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terminated PEMUs. When PEMUs were crosslinked the percentage of coverage for U2OS were 

similar for either terminating PE. However, A7r5 cells maintained a lower percentage of 

coverage when culture on PAH-terminated PEMUs, even after crosslinking. Proliferation for 

A7r5 cells on native PAH-terminated PEMUS was the lowest compared to all other conditions. It 

was also observed that PEMUs decreased overall proliferation in comparison to TCP and 

uncoated glass, with the exception of A7r5 cells uncultured on crosslinked PAA-terminated 

PEMUs, which had a significantly higher percentage of coverage after 6 days of culture.  

 

Compared to controls (Figure 26, PA, GA, PU, GU) both cell lines cultured on native and 

crosslinked PAA terminated PEMUs reached a slightly comparable confluency after nearly a 

week of culturing. Cells cultured on PAA terminated native and thermal crosslinked PEMUs 

demonstrated similar proliferative behaviors. However, both cell lines cultured on native PAH 

terminated demonstrated a reduction in cellular spreading for the first three days of culture. 

Increased cellular divisions facilitated increase cell spreading in U2OS cells as evident in image 

on 6
th

 day of culture (Figure 26, U6). Unlike cells cultured on control surfaces and PAA 

terminated PEMUs, A7r5 cells cultured on PAH terminated PEMUs did not reach confluency on 

day 6
 
(Figure 26, A6). Cells also exhibited decreased adhesions compared to cells on control 

surfaces (elongated cell membranes, overall reduction in spreading). Thermal crosslinking 

improved cellular adhesion for both cell lines on PAH terminated PEMUs. U2OS cells 

developed confluency, while A7r5 demonstrated a significant increase in total cell number, but 

an overall reduction in cell-cell adhesions compared to control surfaces. Overall, thermal 

crosslinking of PEMUs eliminated morphological differences in adhesion created by PEMU 

terminating surfaces. Cellular confluency provides insight into the different adhesive 

morphologies induced by native versus thermal crosslinked PAH/PAA PEMUs. Over time, cell 

concentration increases allowing cell cultures to reach increasing percentages of confluency. 

 

Conclusion 

Soluble PAH concentrations above 0.25 mM caused damage to cell membranes. Rhodamine-

PAH at concentration of 0.375 mM was observed to cause membrane damage, generating ‘lipid-

like’ droplets containing the fluorescent PAH that settled on the substrate. Additionally, U2OS 

cells expressing fluorescent mCherry sustained membrane damage after the addition of soluble 
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PAH at a concentration of 0.5 mM and formed droplets containing the fluorescent mCherry 

protein. Higher soluble PAH concentrations caused increased damage to cell membranes and a 

large accumulation of ‘lipid’-containing droplets. Time lapse imaging revealed formation of tiny 

vesicles leaving the cell membrane, which caused the cell membrane to swell and collapse. Over 

time, the cell was stripped of its lipid membrane leaving behind remnants of the cell nucleus and 

cytoplasmic structures, even at the highest tested concentration of soluble PAH. Incorporating 

PAH into PEMUs eliminates its toxicity. PEMUs are stabilized through electrostatic interactions 

between the PAH amine groups and the PAA carboxyl groups. Cells cultured on PAH-containing 

PEMUs adhere, spread, and proliferate. 

Varying the terminating polyelectrolyte, number of layers, and degree of thermal crosslinking 

during the layer-by-layer build up of negatively charged poly(acrylic acid) (PAA) and positively 

charged poly(allylamine hydrochloride) (PAH) created multilayers of altering surface chemistry 

and compliant properties. Changing surface chemistry and varying compliance, induced cell type 

specific responses in adhesion and motility in rat smooth muscle A7r5 cells and human 

osteosarcoma U2OS cells. A7r5 cells were the most adaptive cell type tested in his investigation. 

When cultured on native PAH-terminated PEMUs, A7r5 cells localized their vinculin and tensin 

containing FAs to the cell periphery. In turn, they were able to maintain a cell surface area and 

adhesion coverage comparable to uncoated coverslips, independent of the terminating PE. A7r5 

were also observed to be more motile on native PAH-terminated PEMUs, but less proliferative. 

In contrast, U2OS were less adaptive compared to the smooth muscle cells. No observable 

difference could be determined regarding localization of FAs. As a result, U2OS had smaller cell 

surface area and adhesion coverage with increasing number of layers for native PAH-PEMUs. 

U2OS cells were found to be slightly more motile on native PAA-terminated PEMUs, but no 

significant difference in cell proliferation were observed.  

Overall, thermal crosslinking increased cell spreading and focal adhesion coverage in both cell 

lines, demonstrating the significant role substrate compliance plays in cellular responses. On 

native PAH/PAA PEMUs, the magnitude of cellular response was dependent on cell type. The 

A7r5 cells spread more than U2OS cells on the thicker native PAH than on PAA terminated 

PEMUs. The U2OS cells were more elongated, had more active lamellipodia, and locomoted 

further on both the native and crosslinked PAA PEMUs than on the native and crosslinked PAH 
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PEMUs. Intriguingly, there was no direct relationship between spread area and vinculin focal 

adhesion coverage for either cell line. Confluency assays over the six day growth period, 

demonstrated biocompatibility of the PAH/PAA PEMUs with no adverse long term effect on 

cellular division, highlighting the “tunable” advantages of multilayers in controlling cell 

behavior at the bio-interface. 
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Figure 18: Demembranization of U2OS cells after treatment with soluble PAH. 

Redeposition of cellular membrane not observed in 1mM PAH treated media with no U2OS cells 
(A, row 1) or in media containing 0.1mM and 0.25mM PAH or 1mM PAA with cells (A, row 2, 
3, and 5). Cellular membrane redeposition observed after 1mM PAH treatment. Small vesicles 
form within 1 minute of treatment with 1 mM soluble PAH (A, row 4, column 1). Yellow arrows 
point to areas where ‘fat-like’ droplets form and enlarge with time (A, row 4). Scale Bar, 100µm.  
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Figure 18-continued: Demembranization of U2OS cells after treatment with soluble PAH. 

(B) Zoom-in of A, shows droplets enlarging and fusing with neighboring droplets over time. 
U2OS cells expressing fluorescent proteins (transfected with pmCherry-c1 plasmid) are observed 
to release the intracellular protein with time after treatment with 0.5mM PAH (C) and these 
proteins are redeposited onto the surface, contained in the ‘lipid-like’ droplets (D). Scale Bar, 
100µm.  
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Figure 19: Soluble rhodamine-PAH binds to U2OS cell membrane and redeposit onto 

surface. Time lapse images of 0.375mM Rhodamine-PAH treated U2OS cells shows the PE 
binding to the cell membrane 1-2 minutes reaching the highest binding concentration at 15 
minutes. After, Rhodamine-PAH containing ‘fat-like’ droplets appear 30 minutes after treatment 
and the number of droplets increase with time. Scale Bar, 100µm.  
 
 

 

 
Figure 20: Polyelectrolyte-assisted phospholipid vesicle disruption of a cell membrane. 
Entropy driven (by release of water and counterions) association of a positively charged 
polyelectrolyte with phospholipids disrupts the cellular membrane. Membrane disruption causes 
extracellular and intracellular fluid exchange, entropically driven by polyelectrolyte assisted 
vesicle formation. 
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Figure 21: Formation of amide bond after thermal crosslinking PAH/PAA PEMUs. 
Modified from Moussallem, M. D. et al,107 (A) thickness increases with increasing layer-by-layer 
buildup of PEMU. (B) FTIR analysis of PAH/PAA PEMUs with increasing time of 
thermalcrosslinking. Amide bond formation (open circles) increases with thermal crosslinking 
and signals for carboxylates decreases (open triangle and square). (C) Dry and wet thickness of 
PAH/PAA PEMUs decreases after crosslinking. (D). Stiffness increases with increasing time of 
crosslinking.  
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Figure 22: A7r5 and U2OS cells on native and thermal crosslinked PAH/PAA PEMU 

surfaces with PEI as the initial layer. A7r5 (column 1) and U2OS (column 2) cells cultured on 
uncoated glass coverslips (row 1), PEI(PAA/PAH)2 native (row 2) and thermal cross-linked 
(row3), PEI(PAA/PAH)1PAA native (row 4) and thermal cross-linked (row 5) surfaces for 48 
hours, were stained for vinculin (red), tensin (green) and DNA (blue). Three panels alongside 
major images show higher magnification separate and merged images of the tensin (green) and 
vinculin (red) localization in the region of the arrow in the major image. Scale Bar, 20µm. 
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Figure 23: Surface and Focal Adhesion (FA) Area of A7r5 and U2OS cells on native and 

thermal crosslinked PAH/PAA PEMUs. A7r5 (A) and U2OS (B) cellular surface area cultured 
on Glass Cover Slip (Control, black), Native (white), and Thermal Cross-linked (indicated as 
“Th-x”, shaded) PEMUs for 48 hours. The ratios of the mean cellular surface and total focal 
adhesion area for each cell type on increasing PEMU layers compared to an untreated control are 
plotted. Statistically significant cellular surface area (‡), vinculin focal adhesion (), and both 
cellular surface area and adhesion coverage (‡) differences from control samples, were 
determined using the student T-test (p <0.1).  
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Figure 24: Kymographs of A7r5 and U2OS cells on native and thermal crosslinked PAA or 

PAH terminated PEMUs. A7r5 (GA-A4) and U2OS (GB-B4) cells on glass coverslip (GA, 
GB), PEI(PAA/PAH)7 (A1-A2, B1-B2), and PEI(PAA/PAH)7PAA (A3-A4, B3-B4) with 
marked kymograph sections (a1-a20, b1-b20). Kymographs from both native (A1, A3, B1, B3) 
and thermal crosslinked (A2, A4, B2, B4) PEMU constructed for each cell line. Differential 
Interference Contrast (DIC) images capture for 15 hours at 2 frames per hour. Kymographs are 
boxed with a red dash outline. Each kymograph was cropped (boxed in black) to generate a 
higher contrast image, which was used to enhance ruffling outlines and calculate ruffling 
frequency with Image J (black and white image). Scale Bar 50 µm. 
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Table 2: Average frequency ratios of lamellipodia projections on PEMU to glass. 
Ratio of Average Projection Frequency per Kymograph 

A7r5 Cells U2OS Cells 

Surfaces PEMU:Glass Surfaces PEMU:Glass 

Glass 1.00 Glass 1.00 
15L-PAH 2.29 15L-PAH 2.30 
15L-PAH (BK) 1.41 15L-PAH (BK) 1.18 
16L-PAA 1.99 16L-PAA 2.83 
16L-PAA (BK) 1.28 16L-PAA (BK) 2.62 
*Ratios compare average frequency of lamellipodia projections. 

*Frequencies calculated from Kymograph (N=2). 
 
 

 
 

Figure 25: Movement of A7r5 and U2OS cells on native and thermal crosslinked PAA or 

PAH terminated PEMUs. Distance migrated of A7r5 and U2OS cells on glass coverslip 
(),PEI(PAA/PAH)7 (), and PEI(PAA/PAH)7PAA(∆), native (open) and thermal cross-linked 
(shaded) PEMUs. Ten cells were observed for each tested sample (N=2). Statistically significant 
cumulative distance differences between tested samples (from bracket end to arrow) were 
determined using the student T-test (p <0.05).  
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Figure 26: Confluency of A7r5 and U2OS cells on native and thermal crosslinked PAA or 

PAH terminated PEMUs. A7r5 (PA1-a6) and U2OS (PU1-u6) cells cultured on cellular culture 
dish (PA1-PA3, PU1-PU3), Glass Cover Slip (GA1-GA3, GU1-GU3), native (a1-a6, u1-u6) and 
thermal cross-linked (A1-A6, U1-U6) PEMUs: PEI(PAA/PAH)2 (a/A1-3,u/U1-3) and 
PEI(PAA/PAH)1PAA (a/A4-6, u/U4-6). Phase Contrast Images of cellular confluency on 1st 
(PA/GA/a/A1,4; PU/GU/u/U1,4) 3rd (PA/GA/A/a2,5; PU/GU/u/U2,5) 6th (PA/GA/A/a3,6; 
PU/GU/u/U3,6) day. Binary images (black and white images) were generated using ImageJ and 
used to calculate % coverage for Table 3. Scale Bar is 50µm. 
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Table 3: Average percentage coverage of cells on uncoated and PEMU coated surface. 
Confluency of A7r5 and U2OS Cells on PEMU Coated Surfaces 

A7r5 Cells U2OS Cells 

Tissue Culture Plastic Tissue Culture Plastic 

Days 1 3 6 Days 1 3 6 

% Coverage 21.8 38.9 79.8 % Coverage 8.3 18.9 74.0 

% Difference - 17.2 58.1 % Difference - 10.5 65.7 
Glass Glass 

Days 1 3 6 Days 1 3 6 

% Coverage 9.9 32.3 85 % Coverage 5.9 20.6 68.9 

% Difference - 22.4 75.1 % Difference - 14.7 63.0 
4L-PAA 4L-PAA 

Days 1 3 6 Days 1 3 6 

% Coverage 21.2 49.4 62.2 % Coverage 7.5 31.5 55.9 

% Difference - 28.2 41.1 % Difference - 24.0 48.4 

4L-PAA (Crosslinked) 4L-PAA (Crosslinked) 

Days 1 3 6 Days 1 3 6 

% Coverage 20.8 47.9 81.8 % Coverage 12.5 30.9 53.3 

% Difference - 27.1 61.0 % Difference - 18.4 40.8 

5L-PAH 5L-PAH 

Days 1 3 6 Days 1 3 6 

% Coverage 10.9 19.5 21.5 % Coverage 4.8 14.6 44.8 

% Difference - 8.6 10.6 % Difference - 9.7 40.0 

5L-PAH (Crosslinked) 5L-PAH (Crosslinked) 

Days 1 3 6 Days 1 3 6 

% Coverage 14.4 16.2 38.0 % Coverage 7.5 41.5 60.1 

% Difference - 1.8 23.6 % Difference - 34.0 52.6 
* % Coverage calculated from Figure 25 binary images. 

* % Difference compares % coverage from day 1 to 3 and from day 3 to 6. 
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CHAPTER 3 

 

CELL DUROTAXIS ON POLYELECTROLYTE MULTILAYERS WITH 

PHOTOGENERATED GRADIENTS OF MODULUS 

 

 
Introduction 

We previously have used PAH and PAA PEs in PEMUs and in solution to investigate cell and 

protein interaction and cytotoxicity. 87,104,107,150,168,177 In this investigation, the polycation 

poly(allylamine hydrochloride) (PAH) and a polyanion poly(acrylic acid) (PAA) that was 

partially modified with photoreactive 4-(2-hydroxyethoxy) benzophenone (PAABp) were used to 

build PEMUs that then were photocrosslinked to yield surfaces with uniform moduli or with 

modulus gradients. The behavior of A7r5 rat aorta smooth muscle cells and U2OS human 

osteoblast-like osteosarcoma cells on these PEMUs was investigated. These two cell types 

represent the vascular smooth muscle cells and osteoblast cells that could interact in vivo with 

PEMU-coated implantable devices, such as intravascular stents and bone implants, respectively.  

 

Mechanical properties of microenvironments affect cell morphology, adhesion, motility, gene 

expression, and differentiation.166 Biocompatible films with tunable mechanical properties have 

been useful for investigating cell activities in vitro and are being developed for biomedical 

applications, including coating of implantable devices and tissue scaffolds.107,140,167-169 Some 

coatings are designed to repel cell and protein adhesion, whereas other coatings support 

extracellular matrix deposition, cell recruitment, and induce or maintain specific cell 

phenotypes.111,144,170-172  

 

One particularly versatile strategy for generating biocompatible coatings is to build 

polyelectrolyte multilayers (PEMUs) layer-by-layer (LbL) with pairs of different 

polyelectrolytes (PE).14,77 PEMUs are stabilized by numerous ion pairing interactions between 

PE layers and are relatively easy to build on irregularly shaped objects. Surface and mechanical 

properties of PEMUs can be tuned in various ways, such as pairing PEs with specific chemical 

characteristics, varying the number of layers (increasing number of layers decreases apparent 

modulus)85, setting specific ionic/pH conditions in the building process, and introducing covalent 
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bonds between the PE layers by thermal crosslinking,110,145,147 chemical crosslinking,148,173-175 or 

photocrosslinking.17,107,109,175 Photocrosslinking of PEMUs containing either an exogenous 

photosensitive crosslinker or a PE modified partially with a photoreactive molecule17,107,109-110,145 

is particularly advantageous in generating PEMU modulus gradients, because the degree of 

crosslinking can be stringently controlled using optical masks and can be patterned. Additionally, 

photocrosslinking minimizes changes in surface chemistry, wettability, and topography often 

associated with thermal and chemical crosslinking.149  

 

Many cell types respond to the mechanical properties of various surfaces including PEMUs. In 

general, cells adhere better and spread more on stiffer biocompatible substrates than on softer 

surfaces,13-15 but some cell types exhibit specific responses to a specific modulus or limited range 

of modulus, and some cell types can migrate up a modulus gradient through a process known as 

“durotaxis”. 16-18 Mesenchymal stem cells, for example, differentiate into different cell types 

depending on the match between the culture surface modulus and the natural mechanical 

properties of the environmental niche of the differentiated cell in vivo.35,176 Others have shown 

that PEMUs made with the polycation poly (L-lysine) (PLL) and the polyanion hyaluronan (HA) 

crosslinked either by forming amide bonds using water soluble EDC/NHS as the coupling agent 

or by incorporating photocrosslinking HA biopolymer grafted with a vinylbenzyl group (VB), 

affects the adhesion, spreading, and differentiation responses of other cell types, including 

chondrosarcoma cells (HCS2/8) and myoblast stem cells.167,140,6,29,139 

 

Materials and Methods 

Polyelectrolytes and reagents. Poly(acrylic acid) (PAA, molar mass 100,000 g mol-1) and 

poly(allylamine hydrochloride) (PAH, molar mass 56,000 g mol-1) from Sigma-Aldrich, and 

poly(ethyleneimine) (PEI, molar mass 70,000 g mol-1) from Polysciences, Inc. (Warrington, PA) 

were used as received. PAA grafted with photosensitive benzophenone (5% grafting degree in 

this investigation, also denoted as m=0.05 in Scheme 1) was synthesized as described 

previously.85 Unless noted otherwise, all other reagents were used as received from Sigma-

Aldrich. 
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Scheme 1: Structures of polyelectrolytes used in this study (m=0.05). 

 

 

Polyelectrolyte multilayer preparation. The 31 layer PAH-terminated PEI(PAABp/PAH)15 

PEMUs used in this investigation were built layer by layer with the aid of a robot 

(StratoSequence V, nanoStrata Inc., Tallahassee, FL) using 10 mM (with respect to the repeat 

unit) PE solutions made in 0.15 M NaCl, 25 mM Tris-HCl, pH 7.4, as described previously.85 

The PEMUs were built on one-inch diameter single-sided polished silicon wafers for AFM force 

spectroscopy, on Fisherbrand Cover Glass No.1 (Fisher Scientific) 22x22x0.17 mm coverslips 

for uniform modulus and edge modulus gradient assays, and on 50x22x0.17 mm coverslips for 

continuous modulus gradient assays. Prior to PEMU coating, the silicon wafers were cleaned 

with piranha (70% H2SO4 and 30% H2O2) for 20 min, rinsed vigorously with H2O, and dried 

with a stream of N2. The glass coverslips were cleaned by soaking in 70% ethanol overnight, 

rinsing extensively with H2O, dried with a stream of N2, and exposed to air plasma for 1 min.  

 

To build the PEI(PAABp/PAH)15 PEMUs, these surfaces were first primed with a layer of PEI 

by dipping into PEI solution for 30 min and rinsing with water. This initial PEI layer promoted a 

more uniform coating by subsequent PE layers. The PEI-coated surfaces were mounted in the 

robot on a shaft that rotated at 300 rpm, and the robot built the PEMUs for 15 cycles of dipping 

in alternating baths of PAABp and PAH for 5 min each, followed by three 1 min water-rinsing 

steps between each PE bath. Before use in cell culture, the PEMU-coated coverslips were 

incubated overnight in 0.15 M NaCl, 25 mM Tris-HCl, pH 7.4. All PE solutions used for 

building the cell culture PEMUs contained 0.02 w/v% sodium azide to prevent microbial 

contamination. The pH of PEs were maintained at 7.4, which is the physiology pH PEMUs will 

be exposed to during cell culture. Additionally, build up of PEMUs requires mounted PEI-coated 
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coverslips to rotate at 300 rpms to ensure dispersion and deposition of PEs onto the surface and 

helps create a smooth uniform coating. PEMUs were handled and stored using sterile laboratory 

practices. Microbial contamination of polyelectrolyte solutions lacking sodium azide was rare, 

and its inclusion was only precautionary and unnecessary if PEMUs were handled following 

sterile practices. No significant differences were found by AFM spectroscopy or cell culture 

analysis in PEMUs built with or without sodium azide (data not shown). 

 

Photocrosslinking. For photocrosslinking, PEI(PAABp/PAH)15 PEMUs were dried after the 

final water rinse and irradiated in a 12.70x30.5x25.4 cm CL-1000 Model 254 nm UV box (Ultra-

Violet Products Ltd., Upland, CA, ) equipped with five 8 W 200-280 nm wavelength UV lamps 

and a calibration photodiode. The PEMUs were placed at the center of the box where the UV 

intensity at the surface level was 4.9 mW cm-2. Irradiating a PEMU transforms the benzophenone 

to a biradical (ketyl radical), which either can form a crosslinking covalent bond with PAH or 

return to ground state by phosphorescence.85 

 

To determine the resulting crosslinking density (percentage of crosslinked benzophenone) by 

UV irradiation, PEI(PAABp/PAH)15 PEMUs built on a UV-fused silica substrate were 

crosslinked with UV irradiation for different times. The absorption of the benzophenone 

carbonyl peak, measured by UV-Vis spectroscopy at 280 nm, decreased with increasing 

crosslinking irradiation time as the carbonyl became crosslinked. The percentage of crosslinked 

benzophenone for each crosslinking time was calculated from Equation 1,85 

 
100%
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in which %Bpcrosslinked is the percentage of crosslinked benzophenone within the multilayer; A0 is 

the initial absorption of benzophenone before crosslinking irradiation; and At is the absorption of 

benzophenone after crosslinking irradiation for a given time.  

 

Shallow modulus gradients in the PEI(PAABp/PAH)15 PEMUs on one inch diameter silicon 

wafers and on 50x22x0.17 mm glass coverslips were formed by irradiating for 200 min through a 

rectangular continuously variable neutral density gradient filter composed of a UV fused silica 

glass substrate with a metallic Inconel gradient surface coating (NDL-10C-2, Thorlabs, Newton, 
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NJ). The coated part of the filter is 45 mm long, over which the optical density along the coating 

varies from 0.04 to 2. To cover the entire crosslinking range on the PEMU-coated silicon wafers, 

two wafers were placed side by side under the filter for irradiation. Steeper modulus gradients 

were generated by masking half the multilayer with a non-transparent black shield and exposing 

the other half to UV irradiation for 100 min. The position of the mask edge was marked for 

future reference.  

 

Force spectroscopy. The apparent modulus of PEMUs was determined by force indentation 

measurements (force curves) using an MFP-3D atomic force microscope (AFM) equipped with a 

Multi 75AI silicon tip (Budget Sensors, spring constant of ~2 N m-1 and a tip radius of 10 nm), 

an ARC2 controller (Asylum Research Inc., Santa Barbara, CA), and Igor Pro software at room 

temperature. The optical lever sensitivity (OLP) of the tip was calibrated on glass in air, and its 

spring constant was determined by the thermal fluctuation technique. The OLP of the tip was 

recalibrated in 0.15 M NaCl. For standard measurement of PEMU apparent modulus (modulus 

recorded at a specific tip velocity), force maps of a 4 х 5 matrix of points in a scan range of 10 x 

10 µm were performed with a tip velocity of 1 µm s-1 and a starting distance from the surface of 

500 nm. For characterization of PEMU viscoelasticity, force curves were recorded at different tip 

indentation velocities (equivalent to different strain rates) ranging from 50 nm s-1 to 3.17 µm s-1. 

The applied force and the resulting indentation are given by Equations 2 and 3, 

)(  zKKdFapplied  (2) 

)( dz    (3) 

in which δ is the indentation distance of the tip into the PEMU, up to approximately 50 nm in 

these investigations, z is the distance of the tip relative to the PEMU in the z-direction, d is the 

deflection of the tip, and K is the spring constant of the cantilever. All force curves were 

analyzed using Hertzian contact mechanics for a punch model with Equation 4 178-179  

 dzREF cpunch  2  (4) 

in which cE  is the convoluted modulus of the material and R is the radius of the indenter tip (10 

nm for a Multi75AI tip, according to the manufacturer). Equation 4 predicts that force is 

proportional to indentation, which was observed in this investigation.  
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By fitting the force vs. indentation curves, 
cE  was obtained and related to the apparent 

modulus 1E  of the PEMU and 2E  of the indenter using Equation 5, 
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in which 1  and 2  are the Poisson ratios of the PEMU and the silicon indenter, respectively. In 

Equation 5, 1  was assumed to be 0.5, as the PEMUs were considered to be isotropic elastic 

materials in the range of loads applied, 2  was set at 0.27, and E2 was set at 150 GPa for the 

silicon tip.  

 

Cell culture. Rat aortic smooth muscle A7r5 cells (originally ATCC CRL-1444) and U2OS 

osteosarcoma cells (originally ATCC HTB-96) were purchased from American Type Culture 

Collection (ATCC, Manassas, VA) and propagated as cell lines in the lab for several years. The 

A7r5 cells were cultured in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) 

(D5648, Sigma-Aldrich) prepared from powder with sterile H2O and supplemented with 1.5g L-1 

NaHCO3, 10% fetal bovine serum (HyClone Standard Bovine Serum, Thermo Scientific), 10µg 

mL-1 gentamicin (Gibco Gentamicin Reagent Solution, Invitrogen), and an antibiotic-antimycotic 

supplement providing final concentrations of 100 units mL-1 penicillin G, 100 µg mL-1 

streptomycin, 0.25 µg mL-1 amphotericin (Gibco Antibiotic-Antimycotic, Invitrogen). The U2OS 

cells were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham 

(DMEM F-12) (D8900, Sigma-Aldrich) prepared from powder with sterile H2O and 

supplemented with 1.5g L-1 NaHCO3, 10% Cosmic Calf Serum (HyClone Cosmic Calf Serum, 

Thermo Scientific), and the penicillin, streptomycin, amphotericin, and gentamicin as described 

above. During live cell analysis (see Imaging) cells were maintained under the microscope at 

37°C, 5% CO2, and 40% relative humidity in a LiveCell™ Chamber (Pathology Devices, 

Westminster, MD).  

 

To facilitate DIC imaging of live cells on PEMUs, a 22x22x0.17 mm coverslip (uncoated or 

coated with uniform or edge gradient PEMUs) was attached using Gorilla Glue (Gorilla Glue 

Inc.) over the hole in the bottom of 35 mm tissue culture dish that was drilled with a variable 

speed bench drill press fitted with a smooth-finish wood bit (3/4” bit size, 3 ½”, 5/16” shank 
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diameter, McMaster-Carr, Cleveland, OH). The drilled culture dishes were sterilized with 70% 

ethanol and washed extensively with sterile phosphate-buffered saline (PBS, pH 7.4) before 

gluing on the PEMU coated and uncoated coverslip windows. The glue was applied to the outer 

surface of dish. Surfaces were applied onto the glue. Glued bottoms were placed on ParafilmTM 

and pressure was applied to the dishes to ensure a water-thigh seal between dish bottom and 

glued surface. The glue was allowed to cure for at least 24 hours. Parafilm was peeled off and the 

culture dishes windowed with uncoated or PEMU-coated coverslips were washed extensively 

with PBS to remove any remaining particulate material. Dishes were also tested for potential 

leaks by keeping dishes filled with 2/3rd volume of sterile 1xPBS overnight.  

  

Fluorescent localization of vinculin and actin. For fluorescent localization of vinculin and 

actin, A7r5 cells were seeded at 5 x 104 cells per well on uncoated or PEMU-coated coverslips in 

six-well plates (BD Falcon multiwell flat-bottom plates). The cells were cultured for 48 h, then 

fixed, and stained for vinculin and actin localization by washing free of culture medium with 

three rapid washes with PBS at 37°C and fixing for 15 min with 3.7% formaldehyde (molecular-

biology grade formaldehyde, Fisher Scientific) prepared in PBS. The formaldehyde solution was 

removed, and the cells were washed with PBS at room temperature for three 5 min washes, 

extracted for 10 min with 0.2% Triton X-100-PBS, rinsed three times for 5 min each with 0.05% 

Triton X-100-PBS, and blocked for 1 h at 37°C in 1% bovine serum albumin prepared in 0.05% 

Triton X-100-PBS.  

 

After blocking, the staining protocol described in Moussallem et al.107 was followed using the 

hVIN-1 anti-vinculin mouse monoclonal primary antibody (Sigma-Aldrich, at a 1:200 dilution) 

and Alexa 488 goat anti-mouse IgM secondary antibody (Invitrogen, at a 1:200 dilution) and 

Texas Red phalloidin (Invitrogen) all diluted in 1% bovine serum albumin (BSA) prepared in 

0.05% Triton X-100-PBS buffer. The cover slips were mounted with Pro-Long Gold Antifade 

Reagent with DAPI (Invitrogen) onto microscope slides and allowed to cure for 24 hours. The 

slides were stored at 4 °C in the dark.  

 

Imaging. A Nikon Ti-E inverted microscope equipped with a Nikon Intensilight C-HGFI 

illuminator and a Photometrics Cool Snap HQ2 camera (Photometrics) was used to obtain 
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differential interference contrast (DIC) images of fixed cells and to record live cell activity. 

Phase contrast images were captured using a Nikon TS100 microscope equipped with a Nikon 

Digital Sight DS-Ri1 digital camera. Fixed cell images and live cell recordings were analyzed 

and processed using NIS-Elements Advanced Research (Nikon), ImageJ (NIH), and Photoshop 

(Adobe) software.  

 

Cellular aspect ratio and orientation. The length: width aspect ratio (major: minor axis) and 

orientation of cells cultured on optical mask-generated modulus gradients were determined using 

the ImageJ EllipseFitter plugin to fit a model ellipse to each cell (Figure 32). Mean values of the 

major: minor axes ratios of cells on the various surfaces were calculated and compared. Two 

independent trials analyzing 40 cells for each respective modulus condition were conducted. The 

EllipseFitter plugin also was used to assess cell orientation on gradients by determining the 

absolute angle of each cell major axis with respect to gradient axis. The angle of each cell on a 

surface was then binned into one of two groups with major axis angles of 00-450 or 460-900. A 

cell with its major axis angle in the range 0-45° was considered orientated along the gradient. 

 

Wind rose plots of A7r5 cell locomotion on PEMUs. Motility of cells was recorded at a rate 

of one image each 10 min (6 images per hour) for up to 48 h after seeding onto surfaces. The 

ImageJ Manual Tracking plugin was used to track the (x, y) coordinates of each cell nucleus over 

time, and Excel was used to generate Wind rose plots of the locomotion of each cell. In this 

investigation, wind rose plots are circular displays of cell trajectory and distance migrated. For 

the Wind rose plots, the (x, y) starting position for each cell on a uniform modulus PEMUs was 

set to the origin (coordinates 0,0). For each cell on the edge modulus gradient, the starting x-

coordinate plot position reflects the actual horizontal starting location of the cell along a 1 mm 

stretch centered at the position of the UV crosslinking exposure mask edge, and the starting y-

coordinate position was arbitrarily set to enhance visualization of the migration pattern of each 

cell while representing changes in the y-coordinate position over time. The velocity of cell 

migration was determined by imaging the cells at 10 min intervals over 24 hours and mapping 

the distance each cell moved from image to image.  
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Results and Discussion 

Several previously characterized properties of the PAH-terminated PEI(PAABp/PAH)15 

PEMU guided selection of this PEMU for investigation of cell interactions with surfaces of 

different uniform moduli and gradients of modulus.85 In previous chapters PAH-terminated 

PEMUs were shown to drive the greatest change in cell morphology and migration, especially 

for smooth muscle cells, A7r5. Additionally, PEI(PAABp/PAH)15 PEMUs, with an 

uncrosslinked dry thickness of ~225 nm and a modest degree of swelling (about 22%) when 

wet83, are sufficiently thick to isolate cells grown on the surface from the modulus of the 

underlying glass coverslip.85 During PEI(PAABp/PAH) PEMU buildup, the apparent modulus 

measured by AFM indentation decreases with addition of PAH/PAA bilayers up to 15 bilayers 

but decreases little more with additional bilayers.85 Another property is that, although the surface 

modulus changes significantly, the surface charge changes little with PEI(PAABp/PAH)15 

PEMU photocrosslinking, negating surface charge as a significant variable in comparing 

crosslinked and uncrosslinked PEMUs. The issue of surface charge was further mitigated by 

using only PAH-terminated PEI(PAABp/PAH)15 PEMUs in these investigations, to focus on the 

effects of different moduli and gradients of moduli on cell interaction rather than on previously 

characterized differences in cell interactions with PAH- and PAA-terminated PEMUs.150  

 

To determine the effect of UV crosslinking on modulus, five PEI(PAABp/PAH)15 PEMU 

PEMUs built on quartz substrates were UV light irradiated for 0 (native), 2, 10, 35, and 100 

minutes, which respectively caused covalent crosslinking of 0, 40, 58, 67, and 78% of the 

benzophenone, as measured by loss of benzophenone absorbance (as in ref 14, results not 

shown). The resulting apparent modulus of the uniformly crosslinked PEMUs determined from 

AFM force curve measurements with a tip velocity of 1µm s-1 varied from approximately 21 

MPa for the non-irradiated native PEI(PAABp/PAH)15 PEMUs up to more than 100 MPa for the 

PEMUs irradiated for 100 min (Figure 27).  

 

Continuous PEI(PAABp/PAH)15 PEMU modulus gradients were prepared by UV exposure 

through a neutral density optical gradient filter. AFM force curve measurements showed that the 

apparent modulus along the PEMU gradient varied from approximately 55 MPa at the end 

masked by the 2.0 density end of the filter to approximately 140 MPa at the end masked by the 
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0.04 density end of the filter (Figure 28). The gradient was relatively linear over 18 mm with a 

modulus change of approximately 4.7 MPa mm-1.  

 

A much steeper modulus gradient was prepared by masking half the PEI(PAABp/PAH)15 

PEMU with a black shield and exposing the other half to UV irradiation for 100 minutes. AFM 

indicated that modulus along the masked edge varied continuously from ~38 MPa for the fully 

masked side to ~120 MPa for the fully irradiated side of the PEMU, with the steepest rate of 

change of about ~55 MPa mm-1 (Figure 29). Use of non-columinated light in the UV 

illumination box and possible light guiding effects within the PEMU may account for the 

difference in the slope of this gradient from a sharper step-like profile. Additionally, variations in 

experimental setup used to generate PEMUs for Figure 27,28, and 29 (regarding substrate used 

in PEMU built-up and degree of UV penetration) may attribute to the slight difference in 

modulus at maximal UV exposure for uniform modulus, shallow, and steep gradients. 

 

These edge gradient PEMUs were analyzed further to determine whether modulus change was 

accompanied by a change in PEMU viscoelastic properties. Viscoelasticity of PEMUs is poorly 

addressed in the literature, but viscoelasticity recently was shown to play an important role in the 

behavior of cells on PA hydrogels.180 For analysis of the PEMU edge gradient viscoelasticity, 

AFM force curve measurements were obtained on the most and least compliant ends and in the 

middle of the gradient using different tip indentation velocities, which generated different strain 

rates (Figure 30). At all three positions on the gradient, the apparent Young’s modulus decreased 

significantly with decreasing tip indentation velocity, demonstrating that there is a significant 

viscous component in the viscoelasticity of all regions along the PEMU gradient. This indicates 

that although the apparent moduli measured by AFM force curve analysis of these PEMUs are 

high compared to reported hydrogel moduli, cells may detect a much lower effective modulus 

range on the time scale of cell response owing to the PEMU viscoelastic properties.181-182 Cells 

assess the mechanical nature of their microenvironments with internal force production by stress 

fibers on focal adhesions that are dynamically forming, maturing, and turning over. Traction slip 

analysis183 has shown that focal adhesion traction rates during initial surface assessment are 

approximately 16 nm s-1, which would deform the substrate at a rate significantly slower than the 

slowest indentation rate used in the PEMU viscoelasticity measurements (50 nm s-1, Figure 30B). 
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Additionally, the AFM analysis of PEMU modulus was performed at room temperature, but the 

cell interaction with the PEMUs is at 37°C, which also may decrease the effective modulus 

experienced by a cell even more. Shamoun et al.184demonstrate polyelectrolyte complex 

viscoelastic response is temperature dependent.  

 

To investigate cell interaction with these PEMUs, A7r5 cells were cultured on a series of 

uniform 0%, 40%, 58%, 67%, and 78% crosslinked PEI(PAABp/PAH)15 PEMUs. The A7r5 

cells spread and adhered through the formation of vinculin-containing focal adhesions to all the 

uniformly crosslinked PEI(PAABp/PAH)15 PEMUs tested (Figure 31). Focal adhesions provide 

cell-substrate attachment points in which cell membrane integrin receptors bind to extracellular 

matrix proteins, such as fibronectin, and to intracellular proteins, including vinculin, that link the 

integrins to the ends of actin filaments in force-producing stress fibers.58-60 The A7r5 cells spread 

more and had more vinculin-rich focal adhesions on the stiffer PEMUs (Figure 31, 32, 33, and 

34). The A7r5 cells on uniform modulus PEMUs at varying UV exposure (Figure 33), which 

results in varying PEMU crosslinking and stiffness, showed no significant difference in 

orientation or overall elongation compared to the cells on the uncrosslinked PEI(PAABp/PAH)15 

PEMU, except for the cells on glass coverslips, which were more spread, and the cells on the 

40% crosslinked PEMU, which were more elongated. The cells on the 40% crosslinked PEMU 

appear to be able to elongate more than the cells on the uncrosslinked PEMU, but not spread as 

much as the cells on the 58% crosslinked PEMU, which would decrease their aspect ratios 

(elongation). Similar modulus-dependent morphological differences were found by Moussallem 

et al.107, where A7r5 cell phenotype also varied from a motile "synthetic" phenotype to a sessile 

"contractile" phenotype when cultured on PAH/PAA PEMUs in which surface modulus was 

varied by thermally crosslinking the PAH amine groups and the PAA carboxyl groups to form 

amide linkages.32 A7r5 cells with a “contractile” phenotype are more spread than those that are 

“synthetic”, which have a fibroblast-like morphology.  

 

To investigate whether cells can sense and respond differentially along a PEMU modulus 

gradient, A7r5 cells were plated across a shallow continuous gradient similar to that shown in 

Figure 28. The elongation aspect ratio (ratio of the major: minor axes for an ellipse fitted to each 

cell) and orientations (angle of the major axis of each cell to the gradient axis) for cells located at 
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mm positions along the PEMU were determined using the ImageJ EllipseFitter plugin (Figure 

32). Virtually all the cells on the gradient and on the native uncrosslinked PEMU control had an 

elongation aspect ratio of at least 2 (Figure 35, A). The cells in the 19-21.4 mm range of the 

gradient were significantly more elongated (larger aspect ratios) than the cells in the other parts 

of the gradient, and the cells on all the PEMU surfaces were significantly more elongated than 

the cells on the uncoated glass coverslip control surface.  

 

The orientation of each cell was binned into one of two groups based on whether its major axis 

was oriented at an angle to the gradient axis of 0-45° or 46-90° (Figure 35, B). Cells on the 

uniform native PEI(PAABp/PAH)15 PEMU, on the most compliant (9.4 mm) and stiffest (26.2 

mm) ends of the gradient, and on the glass control surfaces exhibited no significant orientation 

with respect to the gradient axis, with approximately 50% of the cells in each of the two angle 

ranges. The cells on the other regions of the gradient exhibited a propensity for orientation along 

the gradient axis, with cells in the 11.8 mm (p<0.05) region near the more compliant end and in 

the 21.4 mm (p<0.1) region near the stiffer end of the gradient exhibiting the greatest statistical 

significance for orientation (0-45°) along the gradient. It remains unclear whether the cells are 

more sensitive to gradients in these two specific modulus ranges or undetected variations in the 

steepness of the gradients account for these differences.  

 

These two analyses combined indicate that A7r5 cells responded most to the 21.4 mm region in 

the stiffer region of the gradient by both elongating more and orienting more along the gradient. 

Overall, the slight but statistically significant differences in cell orientations and aspect ratios all 

along the shallow gradient appear to indicate that the cells respond specifically not only to the 

slope of modulus change but also to the range of modulus change.  

 

Differential cell spreading on surfaces with soft and stiff moduli is well known, but different 

relationships between the degree of cell spreading and elongation along the gradient, especially 

in the 19-21.4 mm range, where cell spreading is less but elongation is greater than in 

neighboring softer and stiffer areas of the gradient, reveals a more complicated cell response to 

specific regions of the gradient. It appears that cells on certain more compliant regions of the 

modulus gradient (e.g., Fig. 6, position 11.8) that are less conducive to cell spreading and 



75 

elongation nevertheless can align with respect to modulus gradient (Figure 35, A and B). As in 

Figure 31 and 33, the A7r5 cells on the more compliant regions of the gradient were smaller in 

adhesion area, spindle shaped, lack orientation, and contained smaller focal adhesions compared 

to the well spread cells with robust focal adhesions on the higher modulus regions of the 

gradient.  

 

Differences in cell morphology on different surface moduli also were reflected in differences in 

actin filament organization in the cells. The effect of PEMU uniform modulus and steep modulus 

gradients on A7r5 actin cytoskeleton organization was determined by fluorescently staining actin 

filaments in the cells (Figure 36). Cells on the more compliant uniform native 

PEI(PAH/PAABp)15 PEMUs and on the more compliant end of the edge gradient contained 

fewer actin filament-containing stress fibers but had more actin filament-rich lamellipodia than 

were present in the cells on the stiffer uniform crosslinked PEMUs and on the stiffer end of the 

gradient. A7r5 cells on uncrosslinked PEMUs and on the more compliant ends of shallow and 

steep modulus gradients spread less than on the maximally crosslinked and stiffer ends of the 

gradients (Figure 37). Variation in the degree of cell spreading between A7r5 cells on uniform, 

Figure 33B, and steep modulus gradients, Figure 37B, may be attributed to the slightly higher 

modulus for steep gradients reported in Figure 28 compared to that of uniform PEMU modulus, 

Figure 27. Cells residing on the “stiff” region of the steep gradient, Figure 37B, detect a modulus 

that is ~20MPa higher than that of the “78% Bp” of uniform surfaces (cells are sensing 

~110MPa), thus spreading more. However, despite the slight difference in the degree of 

spreading between the two surfaces, more important to note is the conserved behavioral response 

regarding the difference in modulus between the softest and stiffest modulus on these surfaces. 

Both uniform and steep gradients have an ~80MPa difference between the softest and stiffest 

modulus and cells, on both surfaces, respond with a 2.5 fold increase in spreading. Despite the 

difference in the average cell spreading for each condition (“78% Bp” uniform, Figure 33B, 

compared to “stiff” region on a steep gradient, Figure 37B) the degree of spreading with respect 

to modulus difference is the same. Not all the factors controlling cell spreading and elongation 

are known. One intriguing suggestion is that energy homeostasis is a driving factor in cell 

adhesive behavior.134 The actin distribution results are consistent with the A7r5 cells being more 

motile on compliant PEMUs. The cell morphologies and orientation of cells along the steep 
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modulus gradient (Figure 38) raised the possibility that the A7r5 cells could durotax up the 

gradient, perhaps to a point at which they assemble robust focal adhesions and stress fibers, and 

they become less directed and motile. 

 

To investigate the possibility of durotaxis, the motility of cells on uniform modulus and steep 

modulus gradient PEMUs was recorded for 24 hours, and Wind rose plots representing cell 

migration tracks were generated (Figure 39 and 40). For each cell analyzed, the cell nucleus was 

designated as the centroid, and the two-dimensional position of each cell centroid over a 24 h 

period was plotted. The A7r5 cells on the uniform native and crosslinked PEMUs and outside the 

gradient region of the edge gradient PEMU exhibited little directional migration (Figure 39, A 

and B). In contrast, A7r5 cells on the more compliant end of the steep modulus gradient migrated 

progressively toward the stiffer side of the gradient (Figure 39, C), with exception of one cell 

(C5) which initiated migration toward the increasing modulus end but then returned back to its 

starting position. Velocities of A7r5 cell motility on uniform uncrosslinked, crosslinked, and 

steep modulus gradients were similar (Figure 41). In general, U2OS cells were highly immotile 

and showed no durotaxis along the modulus gradient (results not shown).  

 

Durotaxis was first defined in 3T3 fibroblasts migrating unidirectionally over a modulus 

boundary from the softer side onto the stiffer side on a PA gel coated with collagen.11 Since then, 

the behaviors of several cell types on modulus gradients have been investigated using 

elastomeric hydrogels composed of a variety of components including polyacrylamide (PA), 

polyethylene glycol (PEG), polydimethylsiloxane (PDMS), or polyethylene glycol diacrylate 

(PEGDA). In PA gels, varying the concentration of PA or varying the amount of bis-acrylamide 

crosslinking changes the uniform modulus of a gel. PA modulus gradients have been made by 

using a microfluidic device to generate a bis-acrylamide gradient in a constant concentration of 

PA185 or by activating a photosensitive polymerization PA gel initiator through an optical 

gradient mask,186 similar to the strategy employed in this investigation. Microfluidic-based 

lithography has been used to prepare a polyethylene glycol diacrylate (PEGDA) modulus step 

gradient with a step size as small as 27µm, on which human foreskin fibroblasts durotaxed 

toward the stiffer end of the gradient.187  
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On hydrogel gradients, fibroblasts, epithelial cells, and smooth muscle cells migrated faster, 

exhibited more lamellipodia activity on soft substrates, adhered better, formed more stable focal 

adhesions on rigid substrates, and durotaxed across boundaries or along modulus gradients 

toward the stiffer substrate. 186 11 187 62 Intriguingly, mesenchymal stem cells cultured on 

hydrogels differentiated into neuronal cells on the more compliant region, muscle cells on the 

intermediate modulus region, and bone cells on a stiffer region.10,66,188-189  

 

Several characteristics of the PEMUs used in this investigation are different from those of 

chemically crosslinked elastomeric materials. One difference is that neutral hydrogels made from 

PA and PEG are highly cell repellent and typically must be coated with a layer of collagen or 

other types of biofunctionalization to promote cell interaction with the gel and its mechanical 

properties.190 In contrast, no such coatings or other functionalizations are required for the cell 

interactions and responses to the PEMU investigated here.  

 

A second difference is that elastomeric substrates, which are capable of resuming their original 

shape and physical properties after force is applied, have a higher modulus than loss modulus 

over a broad frequency range, because the mechanical responses of the elastic components of the 

modulus are typically much stronger than the responses of the viscous components. Elastomeric 

materials, for example, would show much less variation in E1 at different indentation velocities 

than found in PEMUs (Figure 30). The mechanical nature of ECMs have a significant viscous 

component and therefore exhibit frequency responsivity.191-194 A frequency/speed-dependent 

modulus caused by viscous contributions (greater loss modulus) would provide more effective 

energy dissipation if cells rely on energy use as well as static stresses to gauge the mechanical 

properties of their environment. There also could be a positive feedback mechanism for durotaxis 

on viscous surfaces: the faster a cell travels the greater the modulus it experiences. Additionally, 

cell type-specific rate of focal adhesion turnover may contribute to the ability of a cell to respond 

to the specific modulus of a viscoelastic material. Cells with faster focal adhesion turnover and 

constantly forming focal adhesions, for example, may perceive a higher effective modulus 

through generation of higher levels of tension than do cells in which longer interaction of focal 

adhesions with the viscoelastic substrate dissipates the effect of tension production over time. 

The frequency response of the mechanical properties of PEMUs, therefore, may be more similar 



78 

to those of the ECM than are the properties of the elastomeric films. Whether focal adhesion 

turnover is faster in A7r5 cells than in U2OS cells, which would support this possibility, will be 

assessed in future investigations.  

 

Osteoblasts interact with a microenvironment that is stiffer than that of smooth muscle cells in 

vivo. To investigate whether these cell types behave differently on PEMUs of various modulus, 

osteoblast-like U2OS osteosarcoma cells and the A7r5 smooth muscle cells were compared at 

24, 48, and 72 h after plating on uniform and steep modulus gradients (Figure 40). The behaviors 

of both cell types on the most compliant and stiffest ends of the edge modulus gradient were 

similar to their behaviors on the uniform native and maximally crosslinked PEMUs, respectively. 

Both cell types adhered and spread well on the uniform maximally crosslinked PEMUs and on 

the maximally crosslinked side of the modulus gradient PEMUs. Compared to the A7r5 cells, the 

U2OS cells adhered and spread far less well on the uniform native PEMUs and on the masked 

side of the modulus gradient PEMUs. On these more compliant surfaces, many of the U2OS 

cells failed to adhere or released from the surface and eventually underwent apoptosis, most 

likely anoikis, within 72 hours. Consequently, orientation of the U2OS cells along the gradient 

was far less apparent than in the A7r5 cells, in part because of the poor adherence of the U2OS 

cells to the more compliant end of the modulus gradient. Previous investigations demonstrated 

the response of U2OS cells response to uncrosslinked PEMUs to be a direct result of poor 

adhesion rather than a cytotoxicity effect.150 

 

Conclusion 

PEMUs built layer by layer with PAH and the photosensitive PE PAABp can be 

photocrosslinked to yield biocompatible surfaces with uniform, or continuous gradients of, 

modulus. Both A7r5 smooth muscle cells and the U2OS osteoblast-like cells spread and adhere 

well to stiffer PAABp/PAH PEMUs, but A7r5 cells spread and adhere better than do U2OS cells 

on the more compliant PEMUs, which reflects the modulus difference between the natural 

microenvironments for smooth muscle cells and osteoblasts in vivo. The A7r5 cells also 

exhibited the greater sensitivity to both shallow and steep modulus gradients by elongating and 

orienting along the shallow gradient and durotaxing up the steep gradient. The feasibility 
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demonstrated here of generating stable, thin, conformable, and tunable modulus gradients that 

influence cell behavior adds to the potential utility of PEMUs as biocompatible coatings.  
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Figure 27: Apparent moduli of PEI(PAABp/PAH)15 PEMUs as a function of benzophenone 

crosslinking percentage. The PAABp used to build the PEMU contained 5 mol% 
benzophenone. The AFM force curve measurements for modulus determination of the PEMUs 
immersed in 0.15 M NaCl, Tris-HCl pH 7.4 were obtained with a tip indentation velocity of 1µm 
s-1. Error bars represent standard deviations from the mean modulus (n=20) on each PEMU.  
 
 

 
 

Figure 28: Gradient of apparent modulus along a PEI(PAABp/PAH)15 PEMU that was 

UV-photocrosslinked through a neutral density gradient optical mask. The AFM force curve 
measurements for apparent modulus determination of the PEMU immersed in 0.15 M NaCl, 
Tris-HCl pH 7.4 were obtained with an indentation velocity of 1µm s-1.The linear fit has a slope 
of ~4.7 MPa mm-1 (R2 = 0.971). Error bars represent standard deviations for n=20 measurements 
at each indicated position on the PEMU.  
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Figure 29: Apparent modulus gradient across the boundary between masked and UV 

irradiated sides of a PEI(PAABp/PAH)15 PEMU that was photocrosslinked using an edge 

mask. Force curve measurements on PEMUs in 0.15 M NaCl, Tris-HCl pH 7.4 were obtained 
with a tip indentation velocity of 1µm s-1. Position zero corresponds to the position of the mask 
edge on the PEMU during UV irradiation. The linear fit has a slope of ~55 MPa mm-1, (R2 = 
0.976). 
 
 

 
 

Figure 30: PEMU viscoelasticity. (A) Variation of apparent modulus with AFM tip indentation 
velocity at different positions along a PEI(PAABp/PAH)15 PEMU that was photocrosslinked 
using an edge mask. (B) Expansion of the lower indentation velocity region of plot A. The AFM 
force curve measurements for modulus determination were obtained on the masked, most 
compliant side, (◊), in the middle of the gradient between the two sides (□), and on the 
maximally irradiated, stiffest side (Δ), with the PEMU immersed in 0.15 M NaCl, Tris-Cl pH 
7.4. Error bars indicate standard deviations for n=20 force curves determined at each gradient 
position. 
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Figure 31: Morphology and focal adhesions of A7r5 cells on PEI(PAABp/PAH)15 PEMUs 

with various uniform moduli. A7r5 cells were cultured for 24 h on PEI(PAABp/PAH)15 
PEMUs crosslinked with: (A) no UV exposure, 0% crosslinked; (B) 2 min of UV exposure, 40% 
crosslinked; (C) 10 min of UV exposure, 58% crosslinked; (D) 35 min of UV exposure, 67% 
crosslinked; (E) 100 min of UV exposure, 78% crosslinked; or (F) directly on a glass coverslip 
with no PEMU. Increasing crosslinking also increases stiffness and increases formation of amide 
bonds between the amine group of PAH and the carboxylate group of PAA. Cells spread, 
increasing cell area and develop robust vinculin containing FAs. The cells were 
immunofluorescently stained for vinculin (green) localization in focal adhesions (scale bar = 
20µm).  
 
 

 
 
Figure 32: Analysis of cell aspect ratio (major: minor axis) and orientation using the 

ImageJ EllipseFitter plugin. (A) Differential Interference Contrast (DIC) image of cells 
overlaid with a fluorescence image of the cells with nuclei stained with DAPI. (B) DIC image in 
A converted to a binary outline. (C) Cells identified by the imaging software, and (D) ellipses 
fitted to cell outlines in C. (Right panel) ellipse data for each cell providing the Major (longest 
axis), Minor (shortest axis), and Fit Ellipse Angle. Aspect ratios (major: minor) and absolute 
angle of orientation (0-90°C) calculated for each cell. (scale bar = 100µm). Aspect ratios 
compare the major to minor axis length for the fitted ellipse (shown in D). Increased aspect ratios 
correlate with increased cell elongation. 
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Figure 33: Orientation, elongation, and surface area of A7r5 cells on uniform modulus 

PEI(PAABp/PAH)15 PEMUs photocrosslinked for various UV exposure times. A7r5 cells 
were cultured for 24 hours on PEI(PAABp/PAH)15 PEMUs crosslinked with: no UV exposure 
(0% crosslinked), 2 min of UV exposure (40% crosslinked), 10 min of UV exposure (58% 
crosslinked); 35 min of UV exposure (67% crosslinked), 100 min of UV exposure (78% 
crosslinked), or directly on a glass coverslip with no PEMU, as in Figure 31. The morphology of 
each cell (n=40 cells; 20 cells in each of two independent trials) on each indicated surface was fit 
with a model ellipse using the ImageJ EllipseFitter plugin. (A) Percentage of A7r5 cells with an 
absolute major axis angle orientation to the gradient axis of between 0-45° or 46-90°, with 
corresponding Chi Squared P values for the significance of difference from a 50:50 (i.e. random) 
distribution. Cells on PEMU with uniform modulus have no statistically significant 0-45° 
orientation, which is observed when cells are culture on PEMUs with gradients of modulus (See 
35 and 37). (B) Aspect ratio (major: minor axis) of the ellipse fitted for each A7r5 cell. The area 
of each cell (C) was measured with ImageJ. Asterisks indicate Student's T-test P values of <0.05 
for significance of difference compared to the aspect ratio of cells on the native, uncrosslinked 
PEMU for each condition. 
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Figure 34: A7r5 cells on shallow UV-photocrosslinked PEI(PAABp/PAH)15 PEMU 

modulus gradient. (Top) Enlargement of A7r5 cell DIC images along indicated regions on a 
shallow PEMU modulus gradient. (Middle) Binary outline of each cell. (Bottom) Ellipse fitted 
by ImageJ for each cell. (scale bar = 50 µm).  
 
 

 
 

Figure 35: Orientation and elongation of A7r5 cells on a photocrosslinked 

PEI(PAABp/PAH)15 PEMU modulus gradient. The morphology of each cell (n = 80, 40 cells 
in each of two independent trials analyzed) on a uniform native, uncrosslinked PEMU 
(PAABp/PAH), on an uncoated glass coverslip (Glass), and on each indicated region of the 
modulus gradient was fit with a model ellipse using the ImageJ EllipseFitter plugin. (A) Aspect 
ratio of A7r5 cells determined by the axial ratio of the major axis to minor axis length for the 
ellipse fitted for each cell. Asterisks indicate Student's T-test P values of <0.05 for significance 
of difference compared to the aspect ratio of cells on the native, uncrosslinked PEMU with a 
uniform modulus. (B) Percentage of A7r5 cells, at indicated positions along the gradient, with an 
absolute major axis angle orientation to the gradient axis of between 0-45° or 46-90°, with 
corresponding Chi Squared P values for the significance of difference from a 50:50 (i.e. random) 
distribution . (C) DIC images of A7r5 cells on the indicated regions of the PEMU modulus 
gradient superimposed on fluorescent images of DAPI stained cell nuclei (scale bar = 100µm). 
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Figure 36: Actin filament organization in A7r5 cells on PEI(PAH/PAABp)15 PEMUs with 

uniform modulus or a steep modulus gradient. Actin filaments were immunofluorescently 
stained with Texas Red Phalloidin in cells cultured on (A) a uniform, native PEI(PAH/PAABp)15 
PEMU, (B) the most compliant region of edge modulus gradient, (C) at the position of the edge 
mask on a modulus gradient, (D) the stiffest region of edge modulus gradient, (E) a uniform, 
maximally-crosslinked PEI(PAH/PAABp)15 PEMU, (F) an uncoated glass coverslip, and (G) a 
PEI(PAH/PAABp)15 PEMU edge modulus gradient. (G) is a composite of sequential images 
taken along the gradient. The dotted line (Edge) indicates position of the optical mask edge 
gradient along the 1mm region from Figure 29 (A-F scale bars = 20µm and G scale bar 
=100µm). Cells along the ‘soft’ region of the gradient spread less and are smaller in size 
compared to cells along the ‘edge’ and ‘stiff’ region of the gradient. Cells along the ‘edge’ 
region are elongated and orient toward increasing stiffness. 
 
 

 
 

Figure 37: Area of A7r5 cells on shallow and steep photocrosslinked PEI(PAABp/PAH)15 

PEMU modulus gradients. The area of cells (n=40 cells; 20 cells in each of two independent 
trials) on uniform native, uncrosslinked PEI(PAABp/PAH)15 PEMUs (PAABp/PAH), on 
uncoated glass coverslips (Glass), and on each indicated region of shallow (A, UV-
photocrosslinked through a neutral density gradient optical mask) and steep (B, UV-
photocrosslinked using an edge mask) modulus gradients. Asterisks indicate Student's T-test P 
values of <0.05 for significance of difference compared to the area of cells on the native, 
uncrosslinked PEMU (PAABp/PAH) for each condition.  
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Figure 38: Orientation and elongation of A7r5 cells on a steep UV-photocrosslinked 

PEI(PAABp/PAH)15 PEMU modulus gradient. The morphology of each cell (n=40 cells; 20 
cells in each of two independent trials) on a uniform native, uncrosslinked PEMU 
(PAABp/PAH), on an uncoated glass coverslip (Glass), and on each indicated region of the 
modulus gradient was fit with a model ellipse using the ImageJ EllipseFitter plugin. (A) 
Percentage of A7r5 cells with an absolute major axis angle orientation to the gradient axis of 
between 0-45° or 46-90°, with corresponding Chi Squared P values for the significance of 
difference from a 50:50 (i.e. random) distribution. (B) Aspect ratio (major: minor axis) of the 
ellipse fitted for each A7r5 cell. Cells on steep modulus gradients show orientation toward the 
gradient (0-45°) when placed along the ‘edge’ region of the gradient (see Figure 28 and 35) and 
these cells are elongated showing a larger aspect ratio (major: minor axis) compared to cells 
placed along the ‘soft’ region of the gradient. Asterisks indicate Student's T-test P values of 
<0.05 for significance of difference compared to the aspect ratio of cells on the native, 
uncrosslinked PEMU with a uniform modulus.  
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Figure 39: Wind rose plots of A7r5 cell migration on native and crosslinked 

PEI(PAH/PAABp)15 PEMUs with uniform modulus and a modulus gradient. The motility 
of ten cells each on (A) a native, uniform modulus PEMU, (B) a crosslinked, uniform modulus 
PEMU, and (C) a modulus gradient at the masked edge of crosslinking were mapped with Wind 
rose plots. Points on each plot represent the relative position of the cell nucleus at 10-minute 
intervals over 24 hours. The relative starting point for each cell on the two uniform modulus 
PEMUs was set to 0,0 (A and B). For each cell on the modulus gradient (C), the x-axis starting 
point (on the left most side for each cell) represents the initial position of the cell relative to the 
gradient, and the y-axis starting point is arbitrarily positioned to optimize visualization of non-
overlapping tracks. Respective modulus values for real distance (µm) along the Edge gradient 
are from Figure 29. The 10 cells whose migration trajection is plotted in part C is represented by 
colored tracking points marked as C1-C10. 
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Figure 40: A7r5 and U2OS cell adhesion and spreading on uniform modulus and steep 

modulus gradient PEI(PAH/PAABp)15 PEMU. A7r5 cells (top) and U2OS (bottom) were 
cultured on steep edge modulus gradients (Edge; dotted line indicates position of the optical 
mask edge gradient along the 1 mm region from Figure 29); uniform uncrosslinked (Native); and 
uniform maximally photocrosslinked (Crosslinked) PEMUs; and uncoated glass coverslips 
(Glass). Images of the cells were acquired at 24, 48, and 72 h after plating the cells on the 
PEMUs (scale bar = 100µm). U2OS cells do not adhere to the ‘soft’ (masked) region of steep 
gradient nor on native PAH-PEMUs. 
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Figure 41: Velocities of the A7r5 cell movements on the steep photocrosslinked modulus 

gradient and uniform soft and stiff modulus PEI(PAABp/PAH)15 PEMU in Figure 39. 
Velocities (means and SD) were determined by measuring the distance between the locations of 
each cell at 10-minute intervals over 24 hours. (Soft, Stiff) Velocities of cells (n=10) on the soft 
and stiff uniform modulus gradients were pooled separately. (C1-C10) Velocities of the ten 
individual A7r5 cells on the steep modulus gradient in Figure 39 are the mean and standard 
deviation for 144 images of each cell. Single asterisks (*) indicate Student's T-test P values of 
<0.05 for significance of difference compared to the velocity of cells on the native, uncrosslinked 
PEMU with a uniform modulus. Double asterisks (**) indicate Student's T-test P values of <0.05 
for significance of difference compared to the velocity of cells on the crosslinked PEMU with a 
uniform modulus. 
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CHAPTER 4 

 

COLLECTIVE EPITHELIAL CELL SHEET ADHESION AND 

MIGRATION ON POLYELECTROLYTE MULTILAYERS WITH 

UNIFORM AND GRADIENTS OF COMPLIANCE 

 

 
Introduction 

Cells respond to changes in microenvironment stiffness, stress, and elasticity by remodeling 

their cytoskeleton
51

 and altering their morphology, substrate adhesion, and migration
52-55

. Cells 

that are migrating collectively (as a sheet) and cells migrating independently share similar 

biological characteristics. Inherent differences lie in their ability to affect each other 

mechanically and through signaling. Individual cells within the collective cell sheet are subjected 

to additional regulation and constraints that control cell morphology and motility guidance.
2
 

Collective cell migration requires coordination of cell motility.
1-4

 Cells within the sheet exhibit 

plithotaxis, an emergent property of cell sheets in which forces transmitted across cell-cell 

junctions direct individual cells to migrate along the local orientation of maximal principal stress, 

or equivalently, minimal intercellular shear stress.
6
  

 

During collective migration, intercellular response to extracellular signals is processed by 

leader cells and subsequently transmitted via chemical or mechanical signaling to adjacent cells, 

eliciting a larger and more expanded response throughout the collective sheet. Polarity is 

established in both individual leader cells and through the collective mass, forming a front and 

back end in the migrating cell sheet. Guidance signals distributed throughout the sheet regulate 

individual cell responses.
2
 Together, sheet cells can sample cues from a larger area than can a 

single cell.
1-2

 Because every cell of the collective provides input regarding environmental 

guidance cues, the group can disregard local fluctuations in cues and respond as a coordinated 

unit toward global guidance cues.
1
 Collective cell migration preserves or enhances spatial 

information in guidance cues.
1
 

 

Collective cell migration is crucial for wound healing. Injury to skin, for example, triggers 

activation of various cells that release cytokines, remodel ECM, sprout blood vessels, and close 

the wound through epithelial cell sheet migration.
5
 As epithelial cell sheets migrate to close the 
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wound, sheet unified contractile forces help pull the skin tissue together, while cells within the 

sheet deposit newly synthesized mature connective tissue to form a scar.
1-2,5

 Cells in these 

migrating multilayer sheets remain connected to each other with cadherin-containing cell-cell 

adhesions, which are stabilized by the cortical actin cytoskeleton and intermediate filaments. The 

interconnectiveness of the cells and their traction as they move along the underlying substratum 

maintains robust mechanical tension throughout the migrating epithelial cell sheet.
1-2

 Cells can 

sense a variety of cues from their environment including surface modulus (stiffness), and certain 

cells migrate directionally along a modulus gradient in a process known as durotaxis.
10-12,195-196

 

 

Epithelial tissue isolated from fish scales provide excellent model cell systems for studying 

migration of individual cells and epithelial cell sheets such as that observed during wound 

healing.
197-199

 In this study we used primary explants of epithelial cell sheets associated with 

scales of the fish Poecilia sphenops (Black Molly) and Carassius auratus (Comet Goldfish) to 

investigate collective cell interaction with polyelectrolyte multilayers (PEMUs). PEMUs are thin 

film coatings built layer by layer with alternating pairs of polyelectrolytes (PEs).
77-78

 Varying 

parameters such as the specific types of PE used, number of layers, and degree of layer 

crosslinking yields PEMUs with a wide variety of bulk chemical and physical properties.
14,77-84

 

The PEMUs used in this investigation were built layer-by-layer with the polyanion PAA 

(poly(acrylic acid)) modified with a photosensitive 4-(2-Hydroxyethoxy) benzophenone 

(PAABp), and the polycation PAH (poly(allylamine hydrochloride)). Photoactivation of the 

PAABp generates covalent crosslinks between the layers, increasing surface modulus.
85

 Varying 

the time of crosslinking generate surfaces with varied uniform moduli. Photoactivation through 

an optical gradient mask generates modulus gradients.
85

 Because only 5% of the PAA side 

groups were modified with the photosensitive benzophenone group, surface modulus could be 

manipulated with little effect on net surface charge. This investigation compared collective 

cellular behavior in response to changes in PEMU stiffness by analyzing three variables: cell 

attachment and spreading, durotaxis on steep and shallow modulus gradients, and the role of cell 

tension during durotaxis.  
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Materials and Methods 

Polyelectrolytes and reagents. Poly(acrylic acid) (PAA, molar mass 100,000 g mol-1) and 

poly(allylamine hydrochloride) (PAH, molar mass 56,000 g mol-1) from Sigma-Aldrich, and 

poly(ethyleneimine) (PEI, molar mass 70,000 g mol-1) from Polysciences, Inc. (Warrington, PA) 

were used as received. PAA grafted with photosensitive benzophenone (5 mol% grafting degree 

in this investigation) was synthesized as described previously.85 Unless noted otherwise, all other 

reagents were used as received from Sigma-Aldrich. Myosin II, Rho Kinase (ROCK), and Rac-1 

Inhibition, cell sheets were treated with low and high concentrations of inhibitors as follows: 

5µM and 50 µM Blebbistatin (myosin II inhibitor), 1µM and 50 µM of Y27632 (Rho Kinase 

[ROCK] inhibitor), and 5µM and 50 µM NSC23766 (Rac-1 inhibitor). Cell sheets were observed 

for 1 hour before treatment and for 3 hours after treatment.  

 

Scheme 1: Structures of polyelectrolytes used in this study (m=0.05). 

 

 

Polyelectrolyte multilayer preparation. The 31-layer PAH-terminated PEI(PAABp/PAH)15 

PEMUs used in this investigation were built layer by layer with the aid of a robot 

(StratoSequence V, nanoStrata Inc., Tallahassee, FL) using 10 mM (with respect to the repeat 

unit) PE solutions made in 0.15 M NaCl, 25 mM Tris-HCl, pH 7.4, as described previously.85 

The PEMUs were built on Fisherbrand Cover Glass No.1 (Fisher Scientific) 22 x 22 x 0.17 mm 

coverslips for uniform modulus and steep modulus gradient assays, and on 50 x 22 x 0.17 mm 

coverslips for shallow modulus gradient assays. Prior to PEMU coating, the glass coverslips 

were cleaned by soaking in 70% ethanol overnight, rinsing extensively with H2O, dried with a 

stream of N2, and exposed to an air plasma for 1 min.  
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To build the PEI(PAABp/PAH)15 PEMUs, surfaces were first primed with a layer of PEI by 

dipping into PEI solution for 30 min and rinsing with water. This initial PEI layer promoted a 

more uniform coating by subsequent PE layers. The PEI-coated surfaces were mounted in the 

robot on a shaft that rotated at 300 rpm for 15 cycles of dipping in alternating baths of PAABp 

and PAH for 5 min each, with three 1 min water rinsing steps between each PE bath. Before use 

in cell culture, the PEMU-coated coverslips were incubated overnight in 0.15 M NaCl, 25 mM 

Tris-HCl, pH 7.4. All PE solutions used for building the cell culture PEMUs contained 0.02 

w/v% sodium azide to prevent microbial contamination. PEMUs were handled and stored using 

sterile laboratory practices. Microbial contamination of polyelectrolyte solutions lacking sodium 

azide was rare, and its inclusion was only precautionary and unnecessary if PEMUs were 

handled following sterile practices. Azide was rinsed out of PEMUs in the final rinsing step. No 

significant differences were found by AFM spectroscopy or cell culture analysis in PEMUs built 

with or without sodium azide (data not shown). 

 

Photocrosslinking. For photocrosslinking, PEI(PAABp/PAH)15 PEMUs were dried after the 

final water rinse and irradiated in a 12.7 x 30.5 x 25.4 cm CL-1000 Model 254 nm UV box 

(Ultra-Violet Products Ltd., Upland, CA) equipped with five 8 W 200-280 nm wavelength UV 

lamps and a calibration photodiode. The PEMUs were placed at the center of the box where the 

UV intensity at the surface level was 4.9 mW cm-2. Irradiating a PEMU transforms the 

benzophenone to a biradical (ketyl radical), which either can form a crosslinking covalent bond 

with PAH or return to ground state by phosphorescence.85 

 

Shallow modulus gradients in the PEI(PAABp/PAH)15 PEMUs on coverslips were formed by 

irradiating for 200 min through a rectangular continuously variable neutral density gradient filter 

composed of a UV fused silica glass substrate with a metallic Inconel gradient surface coating 

(NDL-10C-2, Thorlabs, Newton, NJ). The coated part of the filter is 45 mm long, over which the 

optical density along the coating varies from 0.04 to 2. Steeper modulus gradients were 

generated by masking half the multilayer with a non-transparent black shield and exposing the 

other half to UV irradiation for 100 min. The position of the mask edge was marked for future 

reference.  
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Primary fish epithelial tissue explant. Poecilia sphenops (Black Molly) and Carassius 

auratus (Comet Goldfish) were euthanized in accordance with approved Institutional Animal 

Care and Use Committee (IACUC) protocols for tropical and non-tropical fish (see Appendix A 

for Graduate Student Assurance Letter). Both fish types were euthanized by immersion in MS-

222 (tricaine) at 2g L-1 in freshly drawn well water. The fish carcass was kept ice cold and 

washed periodically with 1mL of cold sterile phosphate-buffered saline (PBS, pH 7.4) containing 

10µg mL-1 gentamicin (Gibco Gentamicin Reagent Solution, Invitrogen) and an antibiotic-

antimycotic supplement with a final concentration of 100 units mL-1 penicillin G, 100 µg mL-1 

streptomycin, and 0.25 µg mL-1 amphotericin (Gibco Antibiotic-Antimycotic, Invitrogen) during 

removal of scales.  

 

Fish scales were plucked from the fish and placed onto surfaces. The side of the fish scale 

originally in contact with the fish epidermis was placed down onto the PEMU-coated or 

uncoated surface, ensuring direct contact between the primary fish epithelial tissue explants and 

the desired surface. After 2 minutes at room temperature, the scale-surface preparation was 

gently immersed in sterile PBS containing the antibiotic-antimycotic supplements for five 

minutes. The PBS was gently aspirated and replaced with RPMI 1640 culture media (cat. No. 

A10491, Gibco, Invitrogen) supplemented with 30% fetal bovine serum (HyClone Standard 

Bovine Serum, Thermo Scientific), 10µg mL-1 gentamicin (Gibco Gentamicin Reagent Solution, 

Invitrogen), 100 units mL-1 penicillin G, 100 µg mL-1 streptomycin, and 0.25 µg mL-1 

amphotericin. 150µL of supplemented culture media was used for every 484 mm-2 of substrate 

area. A clean coverslip was placed on top, sandwiching the fish-scale containing surface 

immersed in supplemented culture media. This coverslip-surface sandwich was placed in a 100 

mm plastic petri dish that was glued onto a covered 150 mm plastic petri dish filled with H2O to 

create a ‘humidification chamber’. This ‘humidification chamber’ was kept in the dark at room 

temperature (25°C) for 24 hours. Every 24 hours the fish scale containing surfaces were washed 

with antibiotic-antimicrobial containing sterile PBS for five minutes, re-sandwiched with fresh 

supplemented culture media, and placed back into the ‘humidification chamber’.  

 

The primary fish epithelial tissue emerged from each scale after 24 hours and migrated 

outward. These primary cell sheet explants continued to migrate away from their scale of origin 
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while remaining attached to the scale. Experimental observations in this study were conducted 

with cell sheets that emerged after 24 hours. Cell sheets were observed up to 72 hours. No 

difference in adhesion and motility were observed for sheets emerging from the fish scale at 

varying time points (data not shown). 

 

Imaging. A Nikon Ti-E inverted microscope equipped with a Nikon Intensilight C-HGFI 

illuminator and a Photometrics Cool Snap HQ2 camera (Photometrics) was used to obtain 

differential interference contrast (DIC) images of fixed cells and to record live cell activity. 

Phase contrast images were captured using a Nikon TS100 microscope equipped with a Nikon 

Digital Sight DS-Ri1 digital camera. Fixed cell images and live cell recordings were analyzed 

and processed using NIS-Elements Advanced Research (Nikon), ImageJ (NIH), and Photoshop 

(Adobe) software.  

 

Time lapse and live cell imaging. During live cell analysis (see Imaging) cells were 

maintained under the microscope at 27°C and 40% relative humidity in a LiveCell™ Chamber 

(Pathology Devices, Westminster, MD). To facilitate DIC imaging of live cells on PEMUs, a 22 

x 22 x 0.17 mm coverslip (uncoated or coated with PEMUs of uniform modulus or PEMUs 

containing a steep or shallow modulus gradient) was attached to the bottom opening of a 35mm 

tissue culture dish (created by drilling into the bottom of the plastic culture dish with a variable 

drill press fitted with a smooth-finish wood bit: ¾” diameter McMaster-Carr, Cleveland, OH) 

using Gorilla Glue (Gorilla Glue Inc). The drilled culture dishes were sterilized with 70% 

ethanol and washed extensively with sterile PBS before gluing on the PEMU-coated and 

uncoated coverslips. The glue was allowed to cure for at least 24 hours, after which the 

‘windowed’ culture dishes were washed extensively with PBS to remove any remaining 

particulates. Wet mounts of PEMUs containing a shallow modulus gradient were created on 

glass slides (76.2 x 24.5 x 1 mm) using Vaseline to seal the edges of the coated coverslips. These 

wet mounts can be maintained for 24 hours and were used for live cell observations of cell sheets 

on PEMUs containing shallow modulus gradients. Kymographs were created using Nikon 

imaging software. 
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Fluorescent localization of vinculin and actin. Fish scale containing “sandwiched’ surfaces 

were placed on ice for five minutes before fixing with freshly prepared 3.7% paraformaldehyde 

(powder, molecular-biology grade paraformaldehyde, Fisher Scientific) in PBS for 10 minutes at 

r.t. (27°C). The fixative solution was removed and the cell sheet containing scales were washed 

with PBS at room temperature three times for 5 min each. The cell sheets were perforated after 

treatment with 0.2% Triton X-100-PBS for 10 minutes followed by three 5 minute rinses with 

0.05% Triton X-100-PBS, and blocked with 1% bovine serum albumin prepared in 0.05% Triton 

X-100-PBS for 30 minutes at room temperature.  

 

After blocking, the staining protocol described in Moussallem et al.107 was followed using an 

anti-vinculin mouse monoclonal primary antibody (Sigma-Aldrich, clone VIN-11-5, at a 1:200 

dilution), Alexa Fluor 568 and 488 phalloidins (Invitrogen, at a 1:100 dilution), and Alexa Fluor 

568 and 488 goat anti-mouse IgG secondary antibodies (Invitrogen, at a 1:800 dilution). All 

antibodies were prepared in 1% goat serum containing 0.05% Triton X-100-PBS buffer. 

Phalloidin was prepared in 1% bovine serum albumin containing 0.05% Triton X-100-PBS 

buffer. Additionally, preparations also were stained with DAPI (Invitrogen) prepared at a final 

concentration of 1µg mL-1 in PBS to visualize cell nuclei. All stained surfaces were mounted 

with freshly prepared Gelvatol (0.13% v/v 1.5M Tris pH 8.8, 0.21% v/v glycerol, 0.11% w/v 

poly(vinyl alcohol) molar mass 30,000-70,000 g mol-1, 0.02% w/v sodium azide, stirring on low 

heat for 4 hours) onto microscope slides and allowed to cure for 24 hours. Edges were sealed 

with clear nail polish, and all prepared sample slides were kept in the dark at room temperature.  

 

Migration plot of cell sheets on PEMUs. Motility of cell sheets was recorded at a rate of one 

image every 30 sec (120 images per h) for up to 3 h. The ImageJ Manual Tracking plugin was 

used to track the (x, y) coordinates of each cell nucleus over time, and Excel was used to 

generate the migration plot (the real position of the nuclei (x, y) coordinate with time) of 

migrating sheet cells. Migration of five leader cells (cells along the leading edge of the cell 

sheet) and five follower cell nuclei (internal cells along the cell sheet) were compared. Wind rose 

plots were constructed as previously described in Martinez, J. S. et al.200 
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Results and Discussion 

Collective cell migration of primary fish scale epidermal tissue explants - plithotaxis. A 

multilayered epidermal tissue covers the dorsal posterior region of cycloid fish scales (Figure 

42). When a scale is explanted from a Poecilia sphenops (Black Molly) or a Carassius auratus 

(Comet Goldfish) and placed tissue side down on a suitable substrate, the epidermal tissue sheet 

initiates a wounding response in which it migrates as a collective sheet out from the scale onto 

the underlying substrate (Figure 42). Two fish types were used in this study to maximize amount 

of scales that can be obtained for the studies due limited availability of either fish type during 

this investigation. No difference in cell sheet migration was observed for the two fish types. The 

cell sheets migrate with a coherent leading front of 'edge' cells (also known as ‘leader’ cells), 

which form robust focal adhesions in their prominent lamellipodia and stress fibers. Intercellular 

junctions connect the edge cells to each other and to the following interconnected 'internal' cells 

(Figure 42E).  

 

Epidermal sheet integrity and plithotaxis is myosin II dependent. Treating cell sheets 

emerging from explanted scales on uncoated coverslips for 3 hours with the myosin II inhibitor 

Blebbistatin or the Rho kinase inhibitor Y27632, which also inhibits myosin II activity, impaired 

collective cell migration and caused loss of intercellular junctions (Figure 43). Leading edge 

cells dissociated from the sheet and migrated across the surface independently and far less 

directionally, leaving behind a new and far less coherent edge on the migrating cell sheet. Over 

time, cells in the new edge similarly dissociated from the cell sheet, and breaking of weakened 

connections between internal cells formed holes in the sheets. The higher (50 m) Blebbistatin 

and Y27632 concentrations caused more rapid onset of effects and more extensive dissociation 

of edge cells from the cell sheets. In addition, both treatments caused a decrease in cell sheet 

directional migration, and disconnecting cells exhibited impaired motility and abnormal 

morphology. The disconnecting cells appear overstretched, forming holes in the sheet as they 

migrate across the surface and break off as individual cells or cell clusters from the sheet.  

 

Epithelial cell sheets treated with the Rac-1 inhibitor NSC23766, sheet integrity remained 

intact but progressive sheet migration decreased (Figure 43) and the edge cell lamellipodia 

ruffling pattern differed from no treatment control by having a uniform ruffling pattern (Figure 
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44). As with the myosin II inhibitors, the higher Rac1 inhibitor concentration caused more rapid 

onset of effects. Individual keratocytes migrating away from the sheet had impaired lamellipodia 

development (Figure 44). Lamellipodia of both the sheet ‘edge’ and single cell keratocytes were 

different compared to untreated sheets and cells.  

 

Cell sheets migrating on PAH-PEMUs – effects of myosin II inhibition. Uncrosslinked 

PAH-PEMUs have a positive surface charge and a uniform modulus (~38 MPa)
200

 that is more 

compliant than glass. Epidermal cell sheets migrate from explanted scales on PAH-PEMUs as 

fast as or faster than sheets on uncoated glass (Figure 45). Tracking the velocities of edge and 

internal cell migrations showed edge cell: internal cell velocity ratios of 1.2 for sheets on 

uncoated glass, which is significantly lower than the 1.5 velocity ratios for sheets on PAH-

PEMUs. This suggests that tension within the sheet on PAH-PEMUs is required to maintain 

integrity of the sheet. Consistent with this, treatment with Blebbistatin had little effect on the 

velocities of the edge and internal cells in sheets on glass, but decreased the velocity of the edge 

cells to that of the internal cells on PAH-PEMUs. 

 

A greater degree of tension within the sheets migrating on the uniform modulus PAH-PEMUs 

than on uncoated glass also was apparent in sheets that were immunofluorescently stained for the 

actin filaments and the junctional protein vinculin (Figure 46). Compared to the cells in sheets on 

glass, cells in sheet on PAH-PEMUs were more elongated and had a more robust actin network 

and greater localization of vinculin at the cell periphery. These indicators of cellular tension 

decreased after treatment with the myosin II inhibitor Blebbistatin, but remained greater than in 

sheets on uncoated coverslips, in which cell actin networks disassembled and vinculin was re-

localized to the cell edges. Cells on PAH-PEMUs had an average major: minor axis ratio of 

2.3±0.1 compared to 2.1±0.1 for cells on uncoated coverslips. When treated with 5 µM 

Blebbistatin, the average major: minor axis ratio decreased significantly to levels equivalent to 

those for cells on uncoated coverslips, but the cell area of the Blebbistatin-treated cells was 

significantly greater on PAH-PEMUs than on untreated glass coverslips.  

 

Collective cell sheet durotaxis along shallow and steep PAH-PEMU modulus gradients. 

PAH-PEMUs were photocrosslinked through an optical mask to generate shallow modulus 
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gradients (35-120 MPa; ~15 mm long; ~5 MPa mm
-1

)
200

 or with an edge mask to generate steep 

modulus gradients (35-120 MPa; ~1.5 mm long; ~55 MPa mm
-1

)
200

. The length of a migrating 

cell sheet can reach 2 mm in length, long enough to span a difference in 11 MPa on the shallow 

gradient and to span the entire steep modulus gradient.  

 

When explanted scales were placed near the middle of a shallow gradient (~90 MPa) and 

positioned so that the migrating epidermal cell sheets were oriented toward the stiffer end of the 

gradient, the sheet migration proceeded toward the stiffer end of the gradient (Figure 47A). Both 

the edge cells and the internal cells in these sheets migrated faster than equivalent cells in sheets 

on uniform modulus uncrosslinked PAH-PEMUs (Figure 47B). The almost two-fold greater 

velocity of the edge cells compared to internal cells suggests that cell migration generates tension 

across the sheet parallel to the gradient. Accordingly, cell sheets on the shallow modulus 

gradients were unable to maintain a continuous progressive migration and underwent episodic 

‘retraction’ events, during which the leading sheet edge detached from the surface and retracted 

back toward a boundary of a nonretracting internal cell mass. Cells sheets on uncrosslinked 

uniform modulus PAH-PEMUs also exhibited minor localized edge retraction events but not the 

robust coherent ‘retraction’ events of the sheets on the shallow modulus gradients (Figure 47A). 

These retractions on uncrosslinked uniform modulus PAH-PEMUs occurred more frequently 

than on the gradient and had a significantly shorter ‘recovery’ period before the sheet cells 

resumed migration.  

 

Sheet retraction distances on uncrosslinked uniform modulus PAH-PEMUs also were 

significantly shorter than on the gradients (Figure 48). These minor ‘retraction’ events were 

ignored in calculations of edge and internal cell velocities reported above. Kymographs of 

untreated and treated sheet cells show the localized edge retractions are inhibited by treatment 

with the myosin II inhibitor Blebbistatin (5µM), and sheet cell migration on uncoated coverslip 

is impaired (Figure 48C). 

 

Morphologies of cells in the sheets on shallow gradients are indicative of tension parallel to 

the gradient. High stress fiber alignment is observed right before the cell sheet undergoes its 

‘tension-induced-retraction’ (Figure 48A). Migration behaviors of sheets on maximally 
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crosslinked PAH-PEMUs of uniform stiff modulus and on the stiffest region of the shallow 

gradient were comparable to those on uncoated coverslips and did not exhibit ‘retraction’ events 

(not shown). 

 

A migration plot analysis of 4 edge cells and 6 internal cells in a sheet on an uncoated glass 

coverslip confirmed each of the individual cells in the migrating sheet moved linearly, 

plithotaxing away from the fish scale (Figure 49B). In contrast, when scales were oriented on 

PAH-PEMU shallow modulus gradient so that direction of sheet emergence was parallel to the 

gradient but oriented toward the softer end of the gradient, each of the 4 edge and 6 internal cells 

deviated from typical linear migration and turned perpendicular to the gradient or even moved 

toward the stiffer end of the gradient (Figure 49C). One side region of the cell sheet on the 

shallow gradient (Figure 49A, lower region of the sheet) established a more robust lamellipodial 

front, and migration of both the edge and internal cells directed the plithotaxic migration of the 

sheet away from the decreasing substrate modulus and toward the increasing substrate modulus.  

 

Cells within sheets migrating across a steep modulus gradient extensively elongated and 

oriented toward the stiffest end of the gradient without completely disrupting the sheet (Figure 

50). Cells that previously had migrated across the steep gradient region and reached onto the 

stiffest region (Figure 50B), reestablished morphologies similar to those of cells on uniform 

modulus PAH-PEMUs (Figure 50A). These results demonstrate that the epidermal sheets can 

accommodate levels of shear tension that significantly elongate cells without losing sheet 

integrity.  

 

Responses of cells in sheets on both the shallow and stiff PEMU modulus gradients raised the 

question of whether individual cells also respond to the gradients. Wind rose plots of 10 

migrating keratocyte cells that had broken off sheets showed no directed migration or durotaxis 

on an uncoated coverslip or on PAH-PEMUs with uniform modulus or shallow or steep modulus 

gradients (Figure 51). 

 

The role of tensile forces in collective cell migration during wound healing is poorly 

understood. PEMUs provide a novel tool for modulating cell sheet adhesion and migration 
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responses to differences in substrate modulus. Thickness of PEMUs used in this investigation 

discounts the underlying glass modulus, however, the underlying rigid substrate can attenuate the 

traction-induced deformation of PEMUs, which can influence cell adhesion and spreading.
141

 

Additionally, since these photocrosslinkable PEMUs only have 5% of the PAA side groups 

modified with the photosensitive benzophenone group, surface modulus is manipulated with 

little effect on net surface charge. PEMU-mediated durotaxis can be used to further molecular 

investigations aimed at understanding the cellular phenomenon of durotaxis and to uncover key 

molecular parameters involved in individual cell and collective cell migration such as that of 

epithelial tissue during wound healing. Analyzing how collective cell sheets detect 

mechanostimuli on our PEMUs will further our understanding of collective cell migration and 

the potential application PEMUs as coatings for biomedical implants.  

 

Using live cell image analysis, the average migration velocity of edge cells was compared to 

that for internal cells in epidermal sheets on uncoated coverslips (control), coverslips coated with 

PAH-PEMUs of uniform modulus (~38 MPa), and coverslips coated with PAH-PEMUs 

containing a shallow (~5 MPa mm-1) modulus gradient. Both edge and internal cells migrated 

significantly faster on uniform modulus and shallow gradient modulus PAH-PEMUs than on 

uncoated coverslips. Additionally, the average velocity ratios between edge and internal cells of 

approximately 1.2 (coverslips), 1.5 (uniform modulus PAH-PEMUs), and 1.7 (PAH-PEMUs 

containing a shallow modulus gradient) revealed that edge cells migrated significantly faster than 

internal cells in sheets on PAH-PEMUs and that this difference increased significantly when 

sheets sensed the shallow gradient.  

 

Greater differences in edge and internal migration velocities suggest sheets on the PAH-

PEMUs, especially on the modulus gradient, develop greater tension than on glass. Two 

properties of the sheets on the modulus gradient support the likelihood they have greater internal 

tension. The first is that sheets on PAH-PEMU shallow gradients undergo episodic periods of 

‘tension-induced-retraction’, during which a region containing edge and internal cells at the front 

of a migrating sheet retracts back before migrating out again. The second is that individual cells 

in the sheets exhibit morphologies indicative of increased tension. High alignment of stress fibers 

in cells were observed immediately before cell sheet retraction while conducting time lapse 
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imaging. Additionally, sheet cells directly on the PAH-PEMU steep modulus are highly 

elongated, whereas cells on the uniform softer and stiffer modulus ends are not. Sheets on 

uniform modulus PAH-PEMUs or on the stiffer regions of the shallow gradient undergo minimal 

or no ‘retraction’ events and their migration behaviors were comparable to those on uncoated 

coverslips.  

 

The intriguing question of whether cell sheets can durotax was addressed by analysis of sheet 

migration on PAH-PEMU shallow modulus gradients. When cell sheets were oriented on PAH-

PEMU shallow modulus gradients toward the softer end, the migration trajectory of the 

collective sheet and cells within the sheet deviated from the linear migration, as on glass and 

uniform PAH-PEMU modulus, and reoriented toward the stiffer end. On the shallow modulus 

gradient, edge cells in one region of the cell sheet establish robust and highly active lamellipodia 

and begin to curve the entire cell sheet away from the softer modulus and toward the increasing 

modulus. The sheet reorientation initiates in the edge cells, which guide the internal cells to 

follow toward the stiffer end of the gradient without changing relative positions in the sheet. The 

epidermal sheets migrate, therefore, not only by plithotaxis but also by durotaxis. The finding 

that individual cells that break off the sheets show no evidence for durotaxis indicates that 

durotaxis like plithotaxis is an emergent property (a property of the cell collective) of cell sheets.  

 

Contributions of myosin II force production and Rac- and Rho-dependent processes to sheet 

plithotaxis and durotaxis were investigated with inhibitors. Both myosin II inhibitors, 

Blebbistatin and ROCK inhibitor Y27632, caused a progressive loss of cells from the sheet edge, 

impeding forward migration of the sheet. The edge cells dissociated and migrated away from the 

sheet, leaving a new edge of what previously were internal cells, which also dissociated from the 

sheet over time. Although the dissociated cells migrated away from the sheet, they had impaired 

motility compared to untreated keratocytes, with overstretched lamellipodia and an extended cell 

body dragging behind. This suggests myosin II is a critical component in single and collective 

cell migration, where it may help coordinate the leading and lagging ends of cells while 

stabilizing cell-cell junctions in cell sheets. Additionally, higher inhibitor concentrations caused 

a more rapid onset of effects and robust dissociation of edge cells from the cell sheets.  
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Treatment of cell sheets on PAH-PEMUs with myosin II inhibitor (Blebbistatin) slightly 

affected the cytoskeletal protein network when compared to cell sheets on uncoated coverslips. 

After 1 hour treatment with 5µM Blebbistatin (myosin II inhibitor) the actin network for cell 

sheets on uncoated coverslips disassembled and vinculin proteins were re-localized to the cell 

edges. In contrast, cell sheets on PAH-PEMUs were able to maintain their cytoskeletal 

organization. Live cell analysis of these cell sheets revealed treatment with low concentrations of 

myosin II inhibitor was sufficient to eliminate ‘tension-induced-retractions’ and promote 

sustained migration of sheets on PAH-PEMUs. The average velocity of edge cells on PAH-

PEMUs to have significantly decreased after treatment with Blebbistatin.  

 

Average velocities of edge and internal cells were measured using live cell imaging analysis 

after sheets were treated with Blebbistatin for 1 hour. The speed ratio between edge to internal 

cells on uncoated coverslips decreased significantly to 1.1, while sheets on PAH-PEMUs of 

uniform modulus had edge cells with reduced velocity. After treatment with the myosin II 

inhibitor, Blebbistatin, the approximate velocity ratio between edge and internal was 1.2, a 

significant reduction compared to untreated cells on PAH-PEMUs. This reduction in edge cell 

velocity created a more uniform migration pattern compared to those sheets on PAH-PEMUs 

that were untreated. Cell sheets on PAH-PEMUs after treatment were still able to maintain an 

organized cytoskeletal protein network, allowing for sustained migration. Myosin II inhibition 

eliminated the periodic ‘tension-induced-retraction’ of these cell sheets. 

 

In contrast, treatment with Rac-1 inhibitor NSC23766 caused no cell dissociation from each 

other or from the cell sheet. Instead, edge cell lamellipodia ruffling was attenuated and the 

velocity of collective cell migration decreased (data not shown), slowing progressive sheet 

migration. Similarly, higher Rac-1 inhibitor concentration caused a more rapid onset of effects 

and robust alteration to the lamellipodia ruffling pattern of leader cells.  

 

Treatment with these contractile inhibitors (ROCK, Blebbistatin, and Rac-1) demonstrates the 

important role of cell sheet tension in collective cell migration. Inhibiting myosin II dependent 

contractile signaling pathways promotes dissociation of the sheet edge and detrimentally disrupts 

collective cell migration. Inhibiting Rac-dependent signaling pathways demonstrates its vital role 
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in establishing traction along the sheet edge. Impairing traction at the sheet edge prevents the 

sheet cells from collectively migrating forward.  

 

Conclusion 

In our previous studies we demonstrated the biocompatibility of PAH/PAA PEMUs and 

analyzed the directed migration of single cells on PAH-PEMUs containing steep and shallow 

modulus gradients.
150,200

 In this investigation we have utilized PAH-PEMUs containing steep and 

shallow gradients to define distinguishing differences in durotaxtic characteristics of epithelial 

cell sheets undergoing collective cell migration. This unique migration process in epithelial cell 

sheets is myosin II dependent. Treatment with contraction inhibitors (Blebbistatin and Y27632) 

at low concentration was sufficient to disrupt sheet migration. Both treatments caused a 

dissociation of leader cells from the sheet and increasing their incubation time or concentration 

caused a more robust disassembly of the sheet’s leading edge. Treatment with NSC23766 (Rac-1 

inhibitor) did not cause cells to dissociate, instead, the lamellipodia ruffling pattern of leader 

cells was significantly altered this hindering sheet migration.  

 

Epithelial cell sheets were able to detect both the steep and shallow modulus gradients. Cells 

within the sheet elongated and oriented toward increasing stiffness when placed on steep 

modulus gradients and durotaxed when placed on the shallow modulus gradients. Leader cells in 

sheets migrating along the shallow gradient maintained an average speed two fold greater than 

their follower cells causing an increase in cellular tension throughout the sheet and a periodic 

‘tension-induced-retraction’, which hindered its progressive migration. Low concentration of 

myosin II inhibitor, Blebbistatin, sufficiently decreased leader cell speed and restored 

progressive migration for cell sheets on PAH-PEMUs. By interconnections via cell-cell 

junctions, epithelial cell sheets have a greater detection range of microenvironmental stiffness 

and were able to detect the PAH-PEMU shallow modulus gradients unlike individual A7r5 and 

U2OS cells as reported in Martinez et al.
200

  

 

Epidermal sheet cells emerging from an explanted scale of Poecilia sphenops (Black Molly) 

and Carassius auratus (Comet Goldfish) migrate away from the scale in a wound response 

behavior. These sheets were utilized in this investigation to investigate collective cell migration 
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on different substrate moduli and modulus gradients. Cell migration in sheets is guided by 

plithotaxis, as edge and internal cells that are interconnected by cell-cell junctions collectively 

orient and migrate by a mechanism that maximizes environmental stress and minimizes 

intercellular shear stress.6  

 

Plithotaxis is an emergent property of cell sheets that requires development and maintenance 

of sheet traction and mechanical tension. Edge cell formation of robust vinculin-containing focal 

adhesions in highly active lamellipodia, in which actin filament turnover is controlled by Rac-

dependent signaling pathways, contributes to traction at the sheet leading edge.1-2,25,201-202 

Myosin II-dependent force production in stress fibers, controlled by Rho-dependent processes, 

maintains tensile forces on the focal adhesions in cells and across sheet cell-cell junctions.203-206 

Focal adhesions and stress fibers are components of mechanotransduction signaling pathways 

that enable a cell to sense physical cues from its environment such as surface modulus (stiffness) 

and intracellular shear.8,44,55,207-212 Substrate modulus effects on plithotaxis were investigated 

using PEMUs with uniform moduli different from glass and gradients of modulus.  

 

Communication between leading cells and trailing cells enables cell sheets to sense shallower 

stiffness gradients than any individual cell. Sheets on PAH-PEMUs are under greater tension, 

due to a two fold increase in average leader cell migration speed. This increased sheet tension 

negatively affected collective cell durotaxis, preventing the sheets to maintain progressive 

motility. However, a reduction in sheet tension by treatment with low concentration of a myosin 

II inhibitor was sufficient to restore sheet migration. It remains to be studied if treatments with 

these contractile inhibitors impede collective cell durotaxis. Investigating how PEMU surface 

stiffness modulates individual cell and cell sheet adhesion and motility will further our 

understanding of collective cell durotaxis and may suggest potential applications of PEMUs as 

coatings for biomedical implants. This investigation showed cells on PAH-PEMUs capable of 

forming robust stress fibers & focal adhesions, which correlate with an increase in cell sheet 

tension. PAH-PEMUs with/without a compliance gradient increase cell tension and the leader 

cells of these sheets have an increased migration velocity. Fish epithelial cell sheets did 

successfully durotax on shallow compliance gradients, but their forward migration toward 

increasing stiffness was hindered by periodic retraction events, which were shown to be myosin 
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II dependent. Myosin II inhibition decreased cellular tension, reduced leader cell velocity, and 

eliminated these periodic retraction events. 
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Figure 42: Epidermal cell sheet plithotaxis from an explanted cycloid fish (Comet Goldfish) 

scale. (A) Illustration of anatomical features of a cycloid fish scale. (B) Diagram of an epidermal 
cell sheet composed of keratocytes, fibroblasts, and immune cells migrating from an explanted 
Comet Goldfish scale. The original anterior boundary of the epidermal sheet on the explanted 
scale is denoted by the yellow dashed line. The boxed area depicts intercellular interactions 
between sheet edge and internal cells, delineated by the dotted white line. (C and D) Phase 
contrast images of epidermal cell sheets emerging from fish scales. (E) Cells at the leading edge 
of a plithotaxing cell sheet fluorescently stained for actin (green), vinculin (red), and DNA 
(blue). 
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Figure 43: Myosin II dependent cell sheet collective migration. Cell sheets migrating from 
explanted scales on uncoated glass coverslips were treated at 0 hr with 5 or 50 µM 
concentrations of the myosin II inhibitor Blebbistatin, the Rho kinase inhibitor Y27632, or the 
Rac-1 inhibitor NSC23766. Yellow arrows indicate regions along leading edges of sheets where 
cell-cell junctions were disrupted after 3 hours of treatment in Blebbistatin or Y27632. Red 
arrows indicate regions along the magnified (enlarged) edge where cells exhibit abnormal motile 
morphology, in which the cell body appear overstretched. Scale bars: 100µm (second column), 
50µm (third column).  
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Figure 44: Rac-1 dependent lamellipodia ruffling. Epithelial sheet cells migrating from 
explanted scales on uncoated glass coverslips were treated with 5 or 50 µM concentrations of the 
Rac-1 inhibitor NSC23766. Images on first row were taken 25 minutes after exposure to 
inhibitor and subsequent images were taken every minute after. Scale bar, 100µm.  
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Figure 45: Myosin II inhibition reduces sheet cell migration velocity on PAH-PEMUs. (A) 
Epidermal cell sheets migrating on uncoated glass coverslips and uncrosslinked PAH-PEMUs 
with uniform modulus (~38 MPa200) were untreated or treated with the myosin II inhibitor 
Blebbistatin (5 µM; *) and imaged every 5 minutes for 30 minutes. (B) Migration velocities of 
edge and internal cells (n= 5 cells each) were measured as net distance of nucleus movement 
over 30 min in untreated and 5 µM Blebbistatin treated sheets (+B) on coverslips (CS) and PAH-
PEMUs (PAH). (C) Ratios of average edge to internal cell migration velocities. Red dashed lines 
indicate Student's T-test P values of <0.05 for significance of difference between denoted 
conditions. Scale bar, 100 µm. 
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Figure 46: Myosin II inhibition in cell sheets on PAH-PEMUs reduces tension. Epidermal 
cell sheets migrating on uncoated glass coverslips (A, B) and PAH-PEMUs (C, D) were 
untreated (A, C) or treated with 5µM of the myosin II inhibitor Blebbistatin for 1 hour (B, D) and 
fluorescently stained for actin (green), vinculin (red), and DNA (blue). Insets are higher 
magnification images of edge (top) and internal (bottom) cells from different cell sheets. (E) 
Average cell major to minor axis ratio. (F) Average cell area. (G) Average feret diameter (cell 
length). N=50, two trials for each E-G. Coverslip denoted as “CS”, PAH-PEMU as “PAH”, 
treatment with Blebbistatin as “+B”. Scale bars: 100 µm (main images) and 20 µm (insets).  
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Figure 47: Epidermal cell sheet durotaxis on PAH-PEMU shallow modulus gradient. (A) 
Epidermal cell sheets migrating from a scale explant on the 90-120 MPa region of a shallow 
(~5MPa mm-1) modulus gradient were imaged for 30 min. Three episodes of periodic ‘tension-
induced-reaction’ on the shallow modulus gradient are indicated by yellow arrows. (B) 
Migration velocities of edge and internal cells (n=5 cells each) were measured as net nucleus 
movement distance over 30 minutes. (C) Ratios of average edge to internal cell migration 
velocities. Red dash lines indicate Student's T-test P values of <0.05 for significance of 
difference between denoted conditions. Scale bar, 100 µm. 
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Figure 48: Myosin II dependent “tension-induced-retraction”. (A) An epidermal sheet cell 

migrating from a scale explant on the 90-120 MPa region of a shallow (~5MPa mm
-1

) modulus 

gradient was imaged for 30 min. Highly elongated cells are indicated by yellow arrows. A ‘crop 
zoom-in’ of elongated cells are boxed in yellow dash outline. (B) An epidermal sheet migrating 

on a PAH-PEMU of uniform modulus (~38MPa)
200

 was imaged for 19.5 minutes, during which 

four episodes of periodic ‘tension-induced-reaction’ on the PAH-PEMUs of uniform modulus 

were observed (indicated by white arrows). 
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Figure 48-continued: Myosin II dependent “tension-induced-retraction”. (C) Kymographs 
of cell sheets untreated and treated with the myosin II inhibitor Blebbistatin on uncoated 
coverslips and on PAH-PEMUs of uniform modulus imaged for 30 minutes. Scale bar, 100 µm. 
Sheets on uncoated coverslip migrate collectively, increasing the amount of distance traveled. 
After treatment with the myosin II inhibitor, Blebbistatin, the cell sheet was unable to establish 
progressive migration. Cell sheets on PAH-PEMUs are unable to establish progressive 
migration, but until sheets treated with Blebbistatin, the cell sheet remains intact and despite 
repeated ‘tension-induced’ retraction events continues to collectively migrate forward. After 
treatment with Blebbistatin these cell sheets are able to undergo progressive migration for some 
period of time. 
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Figure 49: Epidermal sheet cells collectively durotax along a PAH-PEMU shallow modulus 
gradient. (A) Images of epidermal cells sheets migrating over a 30 minute period on an uncoated 
glass (Coverslip) and when oriented on a PAH-PEMU shallow modulus gradient with the 
direction of sheet emergence toward decreasing modulus (Shallow Gradient; yellow arrow 
indicates direction of gradient). The migration trajectory of the sheet cells on the shallow 
modulus gradient curves toward the gradient region of increasing modulus (red dashed arrow). 
Relative positions and migration trajectory plots for 4 edge cells (1-4) and 6 internal cells (5-10) 
in the sheet on the uncoated glass coverslip (B) and in the sheet emerging toward the softer end 
of the gradient (C) with the starting position of each cell (*) and subsequent positions marked 
every 30 seconds. Scale bar, 100 µm.  
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Figure 50: Epidermal sheet cells elongate and orient toward increasing stiffness on PAH-

PEMUs with a steep modulus gradient. Explanted scales were placed on PAH-PEMUs with a 
uniform modulus and a steep modulus gradient (~1.5 mm; ~90 MPa to ~120 MPa) with the scale 
oriented so that sheet migration would initiate in a direction parallel to the modulus gradient and 
toward the stiffer end. (A) Epithelial cell sheets emerging from fish scales placed on PAH-
PEMUs of uniform modulus (~120 MPa) have morphologies similar those on uncoated glass. (B) 
Cells along a 0.65 mm region of a steep modulus gradient orient and elongate (arrow) toward 
increasing stiffness. Cells were stained for actin (red) and DNA (blue). Scale bar, 100 µm. 
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Figure 51: Keratocyte migration on PAH-PEMU with shallow and steep modulus gradient. 

Explanted scales were placed on (A) an uncoated coverslip and PAH-PEMUs with (B) a uniform 
modulus (38 MPA), (C) a shallow modulus gradient (~15 mm, ~90 MPa to ~120 MPa), and (D) 
a steep modulus gradient (~1.5 mm; ~90 MPa to ~120 MPa) with the scale oriented so that sheet 
migration would initiate in a direction parallel to the modulus gradient and toward the stiffer end. 
The position of each cell nucleus was tracked over 30 minutes using the Image J Manual 
Tracking plugin. Wind rose plots were generated for 10 keratocyte single cells that broke away 
from the emerging epithelial cell sheets and migrated independently of the sheet cells. 
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CHAPTER 5 

 

CELL RESISTANT ZWITTERIONIC POLYELECTROLYTE COATING 

PROMOTES BACTERIAL ATTACHMENT: A SURFACE 

CONTRADICTION 

 

 
Introduction 

Biomaterial surface properties are key factors in clinical complications arising after 

implantation. Surfaces promoting adhesion and activation of macrophages and immune cells can 

trigger a foreign body acute inflammatory response that can persist for the lifetime of the 

medical implant, increasing mechanical wear and corrosion of the biomaterial thereby reducing 

its stability and overall lifespan.213-214 Adhesion of bacteria to prosthetics can cause additional 

complications. Development of bacterial biofilms (bacteria encased by a protective polymeric 

matrix) initiates when bacteria firmly attach to biotic or abiotic surfaces.215 Biofilms are resistant 

to antimicrobial agents (e.g. antibiotics) and the host immune response; treatment requires 

removal of the implant, subjecting a patient to additional surgeries and potential medical 

complications.170,215-222 Biofilms of Escherichia coli, Staphylococcus epidermidis, or 

Staphylococcus aureus are predominantly responsible for the numerous cases of bacterial 

infections of intravascular catheters and metal implants.
170,222 

 

Chosen for their capacity to resistant mechanical wear and corrosion, and overall biological 

inertness, stainless steel, titanium, tantalum, cobalt-chromium and titanium alloys, ceramics, 

silicone, and plastics (e. g. polyethylene) are the most commonly used biocompatible materials 

and have been subjected to various types of surface modifications in recent years to improve 

surface chemistry and biocompatibility.221,223 Some FDA and ISO approved surface modifying 

methodologies include plasma spraying224 or encasing biomaterials with hydroxyapatite coatings 

(e. g. plasma sprayed coating of hydroxyapatite).225-226 Emerging coating techniques use 

polyelectrolyte composites227-228 and layer-by-layer build-up102,121,171,229-230 to coat medical 

devices with proteins or antibacterial components.  

 

Polyelectrolyte multilayers (PEMUs) constructed layer-by-layer (LbL) with pairs of 

polyelectrolytes (PE) of alternating charge are biocompatible coatings stabilized by ion pairing 
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interactions between the PE layers.
150

 Assembly of PEMUs via the LbL process of dipping a 

surface into PE solutions is relatively inexpensive and ideal for coating irregularly shaped 

objects. PEMU surface properties can be tuned by varying the PE pairs and ionic/pH conditions 

in the LbL construction of the thin film coating. Mechanical properties of PEMUs can be tuned 

by introducing covalent bonds between the layers through thermal crosslinking,
110,145,147

 

chemical crosslinking,
148,173-175

 or photocrosslinking,
17,107,109,175

 as in the PEMUs used in this 

investigation.  

 

Zwitterionic functionality effectively prevents cell and protein adhesion to surfaces. 

Incorporation of various zwitterionic components into coatings has been shown to decrease 

adsorption of proteins, attenuate immune responses,93-95 resist attachment of eukaryotic cells,86,88-

90 and occasionally bacteria.231 Zwitterionic repeat units are hydrophilic and net neutral. 

Zwitterionic polymers create a hydration layer thought to play an important role in resistance to 

protein absorption.232 Zwitterion neutrality eliminates driving forces for protein adsorption due to 

counterion release.233 Our previous investigations demonstrating that PEMUs containing the 

zwitterionic group 3-[2-(acrylamido)-ethyldimethyl ammonio] propane sulfonate (AEDAPS) are 

both protein and mammalian cell resistant86-87 suggest a coating for implants potentially resistant 

to both eukaryotic and bacterial cell attachment, two critical variables driving implant failures. 

Indeed, it seemed logical to assume efficiency of repulsion for a particle that was intermediate in 

size between a protein and a mammalian cell.  

 

In this investigation, we compared attachment of rat aortic smooth muscle (A7r5) and mouse 

fibroblast (3T3) cells (representative of cell types associated with arterial stent failures109,234-238 

and fibrous encapsulation213-214,239-240 of implants, respectively) with attachment of biofilm-

forming gram negative Escherichia coli enterobacteria to PEMUs from poly(allylamine 

hydrochloride) [PAH] and poly(acrylic acid) [PAA] containing the AEDAPS zwitterionic group 

at the outer surface. Because previous multilayers with increasing proportions of zwitterion had 

proven to be unstable,86 a new approach of including photocrosslinkable stabilizing 

benzophenone groups was employed in the LbL construction of AEDAPS-containing PEMUs. 

Benzophenone was interspersed as comonomer units on one of the polyelectrolytes. 

Unexpectedly, AEDAPS PEMUS proved highly adherent for bacteria. In the present work, we 
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describe simultaneous nonattachment by eukaryotic cells and strong affinity for prokaryotic cells 

and we discuss possible reasons for this difference.  

 

Materials and Methods 

Reagents. Poly(allylamine hydrochloride) (PAH) (molecular weight 56,000 g mol-1), 

poly(acrylic acid) (PAA) (molecular weight 100,000 g mol-1, 47.2 wt% in water), sodium 

chloride (NaCl, 99.5%), sulfuric acid (H2SO4), Tris (C4H11NO3 > 99%), and hydrogen peroxide 

(H2O2) were used as received from Sigma Aldrich. PAA grafted with benzophenone (PAABp, 

benzophenone, Bp, is 18 mol% of the polymer, n = 0.82, m = 0.18), PAA grafted with AEDAPS 

(PAA-co-AEDAPS, AEDAPS is 25 mol% of polymer, n = 0.75, m = 0.25 were synthesized as 

described previously.85,87 All solutions were prepared using 18 MΩ deionized water (Barnstead, 

E-pure). Structures of polymers are shown in Scheme 1. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Structures of polyelectrolytes employed. 

 

Polyelectrolyte multilayer preparation and nomenclature. One inch diameter double-side-

polished silicon [100] wafers (100 mm) from Silicon, Inc., divided into 22 x 22 mm squares, 

cleaned in “piranha” solution (70:30 H2SO4:H2O2, caution: strong acid and oxidizer) for 15 min, 

rinsed thoroughly with water, then dried under a stream of N2. Microscope glass coverslips 22 x 

22 x 0.17 mm (Fisherbrand Scientific cover slips No. 1) were flame cleaned for 1-2 seconds in 

three separate intervals. 
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LbL build-up of PEMUs was done as follows: Si wafers and glass coverslips were mounted 

onto glass microscope slides using ParafilmTM to hold the edges of the coverslips while exposing 

one side to solution during multilayer build-up. PEMUs were built using 10 mM (with respect to 

the repeat unit) PE solutions in 150 mM NaCl, 25 mM Tris-HCl, pH 7.3, with the aid of a robot 

(StratoSequence V, nanoStrata Inc.), which sequentially dipped the Si wafers and glass 

coverslips for 5 min into 50 mL of PE solutions and rinsed them for 1 min in 50 mL buffer, pH 

7.3. After the final rinse, each PEMU was dried under N2. No antimicrobial agents were used 

during the build-up of PEMUs. PEMUs were covered during and after build-up to prevent air 

particulate contamination. Personnel in direct contact with PEMUs used sterile laboratory 

practices, and contamination of solutions or PEMUs was extremely rare. All coated surfaces 

were stored dry in a sterile petri dishes sealed closed with ParafilmTM to prevent contamination 

(storage time ranged from a few days to a month at room temperature). 

 

In the PEMU nomenclature used here, (A/B)m-(A/B-co-C)n indicates a multilayer containing 

“m” bilayers of polycation A and polyanion B, and “n” bilayers of A and copolymer B-co-C. 

Photocrosslinked PEMUs are denoted as (A/B)m-X-(A/B-co-C)n.  

 

The PEMUs used for this investigation were: (PAH/PAABp)2-X-(PAH/PAA-co-

AEDAPS)4PAH (AEDAPS-PAH); (PAH/PAABp)2-X-(PAH/PAA-co-AEDAPS)4PAABp 

(AEDAPS-PAABp); (PAH/PAABp)2-X-(PAH/PAA-co-AEDAPS)4 (AEDAPS); 

(PAH/PAABp)2-X-(PAH/PAA-co-AEDAPS)4 PEMU ‘supplemental soaked’ in PAA-co-

AEDAPS for 16 h (AEDAPS-SS). The PEMUs containing the base layers (PAH/PAABp)2 were 

photocrosslinked in a UVP CL-1000 Ultraviolet Crosslinker for 15 min at 200-280 nm before 

addition of the terminating layer. After buildup with or without ‘supplemental soaking’, all 

PEMUs were rinsed with water and dried under a N2 stream. 

 

Polyelectrolyte multilayer characterization. PEMUs were characterized by ellipsometry, 

static contact angle determination, and Fourier transform infrared spectroscopy (FTIR). Dry 

thicknesses of PEMUs were determined using a Gaertner Scientific L116S Autogain 

ellipsometer with 632.8 nm radiation at 70° incident angle and a refractive index of 1.55. FTIR 
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spectra of PEMUs were obtained at a resolution of 4 cm-1 with 100 scans using a Thermo Avatar 

360 equipped with a DTGS detector. The background was determined using an uncoated (bare) 

Si wafer. All experiments were conducted at room temperature (23 ± 2 °C).  

 

The dry surface roughness and thickness of PEMUs were determined using an MFP-3D atomic 

force microscope (AFM) (Asylum Research Inc., Santa Barbara, CA) equipped with an ARC2 

controller. NCHV probes obtained from Veeco (radius = 10 nm, spring constant 20−80 N m−1) 

were used at a scan rate of 0.5 Hz. Images of 20 x 20 µm and 5 x 5 µm scan ranges were 

collected and then analyzed using Igor Pro software. Roughness was obtained from 5 x 5 μm 

regions (at different positions of 20 x 20 μm images). PEMUs thickness was determined by 

scanning the surface across a scratch made in the films and measuring the step height. 

 

Mammalian cell culture. Rat aortic smooth muscle A7r5 cells and mouse fibroblast 3T3 cells 

(originally ATCC CRL-1444 and ATCC CRL-2752 respectively, both maintained through 

numerous passages and stored frozen in the lab over several years) were cultured on tissue 

culture plastic plates (TCP) in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) 

(D5648, Sigma-Aldrich) prepared from powder with sterile double distilled H2O and 

supplemented with 1.5 g L-1 NaHCO3, 10% fetal bovine serum (HyClone Standard Bovine 

Serum, Thermo Scientific), 10 µg mL-1 gentamicin (Gibco Gentamicin Reagent Solution, 

Invitrogen), and an antibiotic-antimycotic supplement providing final concentrations of 100 units 

mL-1 penicillin G, 100 µg mL-1 streptomycin, 0.25 µg mL-1 amphotericin (Gibco Antibiotic-

Antimycotic, Invitrogen). The cells were cultured at 37 °C and 5% CO2, refed every 3 days, and 

subcultured when populations were 70% confluent. For adhesion analysis, cells were trypsinized 

off TCP plates and plated onto uncoated and PEMU-coated glass coverslips.  

 

Escherichia coli culture. The ATCC-8739 E. coli strain of biofilm-forming gram negative 

enterobacteria (NCBI taxonomy ID 481805) used for this investigation was originally purchased 

from American Tissue Culture Collection, cultured in Luria Broth (LB) media in the lab, and 

stored as 40% glycerol stocks at -80 °C and on LB agar plates stored at 4 °C, which were 

replated on a monthly basis. ATCC-8739 E. coli used in fluorescent adhesion analysis were 

transformed with pGLO plasmid (Bio-Rad Laboratories). Concentrated culture suspensions were 
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prepared from cultures inoculated with E. coli from a single colony into 1 mL of LB media in 1.5 

mL microcentrifuge tubes kept at 37° C with constant shaking (200 rpm) in a Thermo Scientific 

MaxQ 5000 Incubated/Refrigerated Floor Shaker for 12 h. E. coli concentrations in cultures were 

determined by measuring 600 nm light scattering using a ND-1000 NanoDrop 

Spectrophotometer (Thermo Scientific) and calculated assuming 1x10
8
 E. coli CFUs/mL/0.1 

OD600 value.
241

  

 

Live cell imaging and adhesion analysis. To facilitate DIC imaging of live mammalian cells 

and bacteria on uncoated and PEMU coated coverslips, sterile 35 mm tissue culture dishes were 

‘windowed’ by drilling a hole with a variable speed bench drill press fitted with a 3/4” smooth-

finish wood bit. The drilled culture dishes were sterilized with 70% ethanol, washed extensively 

with sterile PBS, and dried before gluing a PEMU coated or uncoated coverslip over the hole. 

The glue was allowed to cure for at least 24 h, after which the ‘windowed’ culture dishes were 

washed extensively with sterile PBS to remove any particulates. Alternatively, 35 mm glass 

bottom dish with a 20 mm micro-well sealed with a coverslip (#1 from In Vitro Scientific) were 

used.  

 

Live cell imaging was conducted in a microscope-mounted LiveCell™ Chamber (Pathology 

Devices, Westminster, MD). During live cell recordings of mammalian cells, the chamber was 

maintained at 37 °C with 5% CO2 input and 40% relative humidity. For live cell imaging of E. 

coli biofilm maturation, the chamber was maintained at 37 °C and 40% relative humidity, but no 

CO2 was added into the chamber. Differences in reversible and irreversible attachment of E. coli 

under ‘near static’ conditions (some convection was caused by the influx of humidified air 

continuously pumped into the chamber) were recorded to analyze attachment of planktonic E. 

coli and subsequent biofilm formation during various periods after initial inoculation.  

 

Mammalian cells and E. coli were imaged using a Nikon TS100 microscope equipped with a 

Nikon Digital Sight DS-Ri1 digital camera for Phase Contrast imaging and a Nikon Ti-E 

inverted microscope equipped with a Nikon Intensilight C-HGFI illuminator and a Photometrics 

Cool Snap HQ2 camera (Photometrics) for Differential Interference Contrast (DIC) and for 

Fluorescence imaging using Texas Red, DAPI, and GFP filters (Chroma Technologies Corp, EX: 
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560 nm, BS: 595nm, EM: 645 nm; EX: 350 nm, BS: 400nm, EM: 460 nm; EX: 470 nm, BS: 

495nm, EM: 525 nm). Images were analyzed and processed using NIS-Elements Advanced 

Research (Nikon), ImageJ (NIH), and Adobe Photoshop.  

 

E. coli attachment and retention analysis. For adhesion assays, substrates were washed three 

times in 1 mL of phosphate buffered saline (PBS, pH 7.4) and soaked in 3 mL of PBS for 30 min 

at room temp before inoculating with 3 mL bacteria in LB media containing 5 x 10
4
 E. coli CFU 

mL
-1

 or 7.7 x 10
6
 E. coli CFU mL

-1
. Cultures were maintained at 37 °C under static conditions 

for up to 48 h to allow formation of biofilms.  

 

Surface coverage of tightly adherent E. coli after various times of incubation was analyzed by 

washing the surface with five rapid successive swirls in 1 mL PBS three times to remove non-

adherent bacteria. Adherent bacteria were fixed and stained for 15 min with filtered 0.01% 

crystal violet prepared in PBS containing 20% methanol, destained with five rapid successive 

swirls in 1mL sterile deionized H2O, and mounted with sterile gelvatol (13% v/v 1.5M Tris, pH 

8.8; 21% v/v glycerol; 10.5% w/v polyvinyl alcohol; 0.02% w/v of sodium azide, NaN3 prepared 

in deionized H2O and stirred on low heat for 4 h). Prepared slides were imaged with the Nikon 

Ti-E and analyzed for relative coverage compared to uncoated coverslips with ImageJ (NIH).  

 

Results and Discussion 

Following the discovery that the zwitterion functionality is highly effective at defeating non-

specific adhesion/fouling of natural surfaces242 many strategies for modifying synthetic polymers 

with zwitterions were reported.243 One of the most effective approaches has been to grow 

brushes from surfaces using controlled polymerization methods. For example, Jiang’s group244 

has reported inhibition of bacterial adhesion on substrates grafted with poly(sulfobetaine 

methacrylate) brushes.231 Unfortunately, if end-attached brushes, which are already quite 

strained, lose their single anchor point the entire molecule is lost to solution. We introduced the 

use of zwitterion-modified copolyelectrolytes as an alternative for immobilizing sulfobetaine 

groups.87 When combined with oppositely-charged polyelectrolytes in a thin multilayer these 

copolymers eliminated cell- and protein adhesion.86 Some evidence was seen that the 

proportionate decrease of charged repeat units that comes with increasing zwitterionic content 
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leads to instability and loss of materials.86 Thus, in the current work a new approach of including 

photocrosslinking benzophenone groups was employed. 

 

The final multilayered film had the composition (PAH/PAABp)2-(PAH/PAA-co-AEDAPS)4. 

The first two bilayers were to provide a “base” of crosslinkable material on which to build four 

zwitterion-containing bilayers, terminated with zwitterion copolymer. The benzophenone content 

of the base layer was rather high (18%) to promote extensive photocrosslinking. This 

crosslinking moiety was omitted from the top layers because it is known that polyelectrolytes in 

PEMUs interdiffuse about 3-4 bilayers.77 Thus, a 4-bilayer PAH/PAA-co-AEDAPS cap should 

present no (hydrophobic) benzophenone at the surface.  

  

Transmission FTIR of the final PEMU and comparison to reference spectra of the pure 

components revealed the composition of the PEMU (Figure 52). Exposing (PAH/PAABp)2-

(PAH/PAA-co-AEDAPS)4 PEMUs to UV light (200-280 nm) produces a free radical on the Bp 

group of PAABp that drives random C-C crosslinking between layers within the PEMU.85 A 

higher resolution FTIR spectrum comparing uncrosslinked to crosslinked (PAH/PAABp)2-

(PAH/PAA-co-AEDAPS)4 PEMUs shows reduction of the Bp diarylketone peak after 15 min of 

UV exposure (Figure 53) amounting to about 50% conversion of the Bp units. 

 

A7r5 and 3T3 cell adhesion and spreading on zwitterionic surfaces. Previous findings by 

our group demonstrated that PEMUs terminated with zwitterionic PAA-co-AEDAPS (25 mol% 

AEDAPS) resist adhesion of both the extracellular matrix protein fibronectin and A7r5 rat aorta 

smooth muscle cells (SMCs).86 The studies described here investigated adhesion of mammalian 

fibroblast 3T3 cells, representing a second type of clinically important cell line. In addition, time 

resolved analysis of cell adhesion demonstrates AEDAPS- directed resistance occurs during 

initial spreading and attachment and persists during longer incubation times. SMCs and 3T3 cells 

were individually seeded onto uncoated and AEDAPS-coated glass coverslips and imaged for 24 

h (Figure 54 and 55). Cells from both lines began to attach and spread on the uncoated glass 

surfaces within 3 h of culture and continued to spread and increase attachment for the remaining 

time. In contrast, cells from both lines failed to adhere to the AEDAPS surface and instead 

aggregated into free-floating clusters.  
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The AEDAPS PEMUs used for this investigation were not directly cytotoxic.150 When 

removed from the AEDAPS surface after 48 h in culture and replated onto tissue culture plastic 

the 3T3 cells in the clusters attached and migrated out of the cluster (Figure 56). Similarly, 

clustered A7r5 cells exposed to AEDAPS for 24 h adhered and spread when replated onto TCP. 

This is consistent with other studies demonstrating the effect of zwitterions, such as those on 

AEDAPS, on animal cell adhesion.86-88,93,245 Unlike the 3T3 cells, however, extended AEDAPS 

exposure led to increased evidence of apoptosis in the clusters owing to the highly adhesion-

dependent nature
234,237,246

 of A7r5 cells (data not shown). 

 

E. coli adhesion on zwitterionic surfaces. Biofilm-forming bacterial substrate adhesion 

depends on a variety of factors, including the composition and amount of extracellular polymeric 

substances (EPS) surrounding the bacterium. EPS production can depend on growth 

conditions.66,72,241 Before inoculation on the tested surfaces, the E. coli used here were grown to 

stationary phase, at which point the amount and composition of EPS they produce is conducive 

for substrate attachment and biofilm formation.66 Irreversible attachment of E. coli onto a 

substrate is a critical variable in the development of biofilms that have extensive clinical 

consequences.71,75,216,218,247-248 

 

To test whether the zwitterionic coatings also resist adhesion of biofilm-producing bacteria, 

sterile uncoated glass coverslips, AEDAPS and AEDAPS-SS coated coverslips were inoculated 

with E. coli at a concentration of 5 x 104 CFU/mL. Under these 'static' conditions, the bacteria 

tended to grow as strands and clusters. Images of the cultures were recorded with DIC 

microscopy for 15 h (Figure 57). Bacteria in images taken every 15 min for 30 min time frames 

between 2 and 5.5 h of culture were pseudocolored blue for the first image, red for the image 15 

min later, and green for the image 30 min after the first image of the group. The images were 

then merged to analyze immobilization of bacteria on these surfaces (Figure 57, 58, and 59). 

Bacteria that were immobile despite subtle liquid convection in the growth chamber were clearly 

visualized as magenta (overlap of blue and red, indicating immobilization for only the first 15 

min time period), yellow (overlap of red and green, indicating immobilization for only the 

second 15 min time period), and white (overlap of blue, red, and green, indicating 
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immobilization for the entire 30 min time period). E. coli on AEDAPS-SS PEMUs began to 

establish robust irreversible attachments, which still allowed propagation, by 2 h in culture. 

Development of a similar level of bacterial adhesion to the AEDAPS PEMU was delayed by 

close to 2 h, whereas bacteria were poorly immobilized on uncoated glass coverslip surfaces 

even after 5.5 h in culture. 

 

The unexpected finding that bacteria bind avidly to AEDAPS prompted attempts to enhance 

the zwitterion content, thereby achieving the intended bacterial repellency, of the PEMUs by 

extended “supplemental soaking” in excess PAA-co-AEDAPS. Such a supplemental soaking for 

(PAH/PAABp)2-(PAH/PAA-co-AEDAPS)4 PEMUs in 10mM PAA-co-AEDAPS for durations 

up to 16 h the AEDAPS zwitterion concentration increases (and slightly decreases at the 16 hour 

time point) as demonstrated by increases in the AEDAPS FTIR absorption bands at 1050 and 

1200 cm-1 (Figure 60). Supplemental-soaked (PAH/PAABp)2-(PAH/PAA-co-AEDAPS)4 are 

denoted as AEDAPS-SS. 

 

Incorporation of additional PAA-co-AEDAPS in the AEDAPS-SS PEMUs was accompanied 

by significantly greater thickness and (less pronounced) changes in dry surface topography, 

without a significant change in the wettability as reflected by similar contact angles. The 

supplemental soaking caused a significant increase in bacterial attachment to the AEDAPS-SS 

PEMUs (Figure 57). Although at higher bacterial concentration there was little difference in the 

adhesion of the bacteria to AEDAPS and AEDAPS-SS PEMUs up to 30 min, at a lower 

concentration of bacteria, far more bacteria adhered sooner and more prolifically to AEDAPS-SS 

than to AEDAPS. The additional amount of AEDAPS absorbing into the AEDAPS PEMU, 

shown in Figure 60, reaches a limiting value suggesting the supplemental AEDAPS is loosely 

bound. The decrease in E. coli surface coverage percentages of AEDAPS-SS after 24 h might be 

a result of a bacteria-‘trapping’-layer coming off with a loose AEDAPS layer. 

 

Considerable differences in bacterial exposure conditions exist in the literature on bacterial 

adhesion and biofilm formation. Often, surfaces are challenged with bacteria for only a few min 

then washed, which only provides information on the initial stages of planktonic attachment. In 

contrast, biofilms, which are more troublesome from a clinical standpoint, are typically formed 
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over the course of a day or so. To compare short- and longer-term adhesion properties of 

zwitterion polymer films, AEDAPS, AEDAPS-SS and uncoated coverslips surfaces were 

inoculated with two bacterial concentrations then cultured for up to 30 min (“short” exposure) or 

48 h (“long” exposure). The ATCC-8739 bacteria used for these investigations were transfected 

to express pGLO green fluorescent protein. Surfaces were inoculated with either 1.5 x 10
5
 CFU 

E. coli (“low” concentration) or with 2.3 x 10
7
 CFU E. coli (“high” concentration) under static 

culture conditions (no shaking). Prior to imaging the cultures were washed vigorously with 

swirling, which displaced more weakly than the adhered bacteria that were retained in the images 

in Figure 57. The bacterial surface coverage percentage was calculated for each surface 

(duplicates at each time point; Figure 61 and 62).  

 

The percentage of surface covered by tightly adhered bacteria increased with increasing 

incubation time for the control (glass) and AEDAPS surfaces. The ability of the zwitterion 

surfaces to support (instead of suppress) bacterial adhesion is clearly evident. The addition of 

more zwitterion copolymer by supplemental soaking enhanced the takeup of bacteria: at the 

lower inoculation concentration, the bacterial surface coverage percentage was two-fold greater 

on AEDAPS-SS compared to AEDAPS after 4 h and ten-fold greater after 8 h of incubation. 

Interestingly, the bacterial surface coverage percentage after 8 h continued to increase on the 

AEDAPS and uncoated coverslips but decreased on AEDAPS-SS with incubation time until it 

was equivalent to that on the uncoated coverslips and two-fold lower than on AEDAPS by 48 h. 

E. coli coverages on AEDAPS and AEDAPS-SS PEMUs after 24 h were greater than those 

found for PAH/PAABp PEMUs containing no zwitterions and PEMUs containing zwitterions 

terminated with a net negative (PAABp) or positive (PAH) polyelectrolyte (Figure 61 A and B, 

Figure 63 and 64). The conclusion is that biofilm formation on the zwitterion surfaces is not 

suppressed over the long term and is, rather, substantially promoted in some cases. 

 

Bacteria inoculated at the much higher concentration and cultured for 5 and 30 min showed 

more dramatic differences between control and coated surfaces (Figure 61C, D). These short 

times are less than the period needed for the bacteria to multiply significantly and reflect the 

physical and mechanical interactions of bacteria in their planktonic (individual) state with 
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surfaces. A dense coverage of bacteria with relatively uniform distribution is seen on the PEMU 

surfaces in Figure 61D. 

 

Possible attachment mechanisms. The process of initial bacterial attachment to surfaces is 

complex and depends on variables such as substrate hydrophobicity, chemical composition, 

modulus, and (nano)morphology.121,249,250-252 Attachment of planktonic bacteria (Stage 1 Stage 

II in the illustrative model of Figure 65) is followed by the start of biofilm formation.  

 

Water contact angles were measured in an effort to identify a difference, compared to glass 

control, in “hydrophilicity” between surfaces responsible for the affinity of bacteria for the 

zwitterionic films. Supplemental soaking increases AEDAPS PEMU thickness, but has no 

detectable effect on the static contact angle (Table 4). AEDAPS and AEDAPS-SS PEMU static 

contact angles are significantly lower than that of the more hydrophobic (PAH/PAABp)2 PEMU.  

 

The similarity between glass, AEDAPS and AEDAPS-SS in contact angle and the difference in 

their bacterial affinity does not support an adhesion mechanism based solely on hydrophilicity. 

Two mechanical/topological mechanisms have been advanced recently to account for differences 

in bacterial adhesion. First, extending from findings and arguments made with eukaryotic 

cells,
253

 substrate stiffness is thought to influence adhesion. Greater bacterial adhesion was 

observed with increasing stiffness of PEMUs
254

 and hydrogels.
255

 Stiffness, however, is sensed 

actively by mammalian cells whereas bacteria have less developed and less sophisticated 

cytosketeletal machinery to translate stiffness cues into cellular response. Second, topological 

differences at a scale smaller than the size of a bacterium (i.e. smaller than the obvious 

contribution of defects that are large enough to trap bacteria) have been suggested to play an 

important role in adhesion.
256

 

 

Puckett et al. 252 showed that a range of nanometer size topographies created by various 

treatments of Ti can reduce or increase adhesion of Staphylococcus aureus, Staphylococcus 

epidermidis, and Pseudomonas aeruginosa. Similarly, Truong et al. 257 analyzed the chemical 

composition, wettability, surface topography, and roughness of various Ti surfaces and found 

that variation of the surface roughness in the nanometer scale alone was the influencing factor in 
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increasing attachment of Staphylococcus aureus and Pseudomonas aeruginosa. Mitik-Dineva et 

al.258 tested Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli adhesion to 

glass surfaces modified to have varying nanometer differences in their surface topography and 

found that bacteria bound better to “nano-smooth” glass surfaces (Rz 4.8 nm), which were 2x 

smoother than their control surfaces (Rz 12.2 nm),258 and that bacteria attached best when surface 

nanometer morphologies are comparable to the size of a bacterium.259  

 

AFM topographical analysis shows AEDAPS-SS PEMUs to have similar roughness and 

thicknesses compared to AEDAPS (Figure 66), although the features on AEDAPS were more 

granular (Figure 66).  AEDAPS-SS PEMUs were rougher than uncoated glass coverslips (Rq 2.5 

nm, n=2 for 20 x 20 µm areas; 0.3 nm, n=2 for 5 x 5 µm areas) and that of reported average 

surface roughness for glass surfaces (~2.1 nm).258 

 

The three dimensional topography of the zwitterion multilayers in Figure 66 is finer than the 

size of an E. coli bacterium. However, the nanometer scale surface peaks and valleys are 

comparable in size and spacing to E. coli fimbria (See Supporting Information Figure 67 for 

illustration comparing E. coli and a mammalian cell interaction with the AEDAPS-SS PEMU 

surface). In addition, surfaces rich in zwitterions are likely to be softer because they are not 

ionically crosslinked like the bulk of the PEMU. A combination of softness and nanoscale 

features may create an ideal environment where a bacterium can engage the surface with its 

fimbriae and maximize interactions. Because the additional copolymer introduced into the 

PEMU on supplemental soaking is loosely attached and the carboxylate repeat units not fully 

paired with polycation, the interactions are more extensive with AEDAPS-SS.  

 

E. coli surface coverages on AEDAPS and AEDAPS-SS PEMUs after 24 hours were greater 

compared to PAH/PAABp PEMUs containing no zwitterions and PEMUs containing zwitterions 

terminated with a net negative (PAABp) or positive (PAH) polyelectrolyte (AEDAPS-PAABp 

and AEDAPS-PAH respectively, see Figure 62, 63, and 64). Interestingly, E. coli surface 

coverages on PAH/PAABp PEMUs is greater than those on AEDAPS-containing PEMUs 

terminated with PAABp or PAH. Additionally, these surfaces had greater surface coverage 

percentages than uncoated coverslips, however, coverage percentages were significantly lower 
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compared to PEMUs terminated with AEDAPS (Figure 61 and 64). Despite this, supernatant 

growth of E. coli remained unaffected for all conditions (Figure 63). 

 

Surfaces showing vast differences in bacterial attachment have the potential to shed insight into 

the mechanism of adhesion. An attempt is made in Table 1(see Introduction) to summarize the 

differences in adhesion modalities between bacteria and mammalian cells. The main purpose of 

this simplified comparison is to illustrate the additional reliance of bacteria on nonspecific 

interactions. Thus far, the zwitterion coatings showing the greatest bacterial antifouling 

properties have been made of brushes, usually made by “living” radical polymerization, 

extending from an attachment point at the surface.
231,243

 These high-performance brushes are of 

the same order of thickness as the PEMUs described here but they offer more dense coverage of 

zwitterions and they have no permanently charged co-units, such as the carboxylates in AEDAPS 

that might exhibit electrostatic attractions with bacteria. In addition, the fact that brushes are 

usually dense and extended means fimbriae would find it more difficult to penetrate this 

excluded volume. 

 

A surface treatment that resists the attachment of mammalian cells but encourages bacterial 

adhesion is not viewed to be suitable for implant coatings. However, surfaces that promote 

bacterial attachment have potentially valuable niches in applications and in fundamental studies 

in “bioreactors.” For example, bacterial films are useful in water and waste management260, 

biofuel production261, and even for designing enhanced coatings to test incorporation of 

bactericidal and bacteriostatic agents (i.e incorporation of metal nanoparticles262) or for the 

development of “living materials.”263 

 

Conclusion 

It cannot be assumed that a surface which is highly effective at preventing protein and cell 

adhesion will also prevent biofouling by bacteria. For example, the zwitterion polymer coating 

described here is at opposite ends of the adhesion spectrum for the eukaryotic and prokaryotic 

cells studied. A survey of the literature on zwitterionic polymers suggests only the dense, neutral 

coating provided by a grafted polyzwitterion brush has so far provided complete antifouling 
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properties against both cell types. These structure are absent in vivo because they would isolate 

cells from each other. 
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Figure 52: FTIR spectra of a (PAH/PAABp)2-x-link-(PAH/PAA-co-AEDAPS)4 PEMU and 

component reference films. Six bilayers of PAH/PAA (red), PAH/PAABp (green), a cast film 
of PAA-co-AEDAPS (blue), and (PAH/PAABp)2-X-(PAH/PAA-co-AEDAPS)4 (purple) are 
compared via FT-IR spectroscopy (A and B "Zoom-in"). The numbered boxes represent 
characteristic peaks of each film with a carboxylic acid stretch from the PAH/PAA film (1), a 
decomposed diarylketone peak from the post-crosslinked PAH/PAABp film (2), and a sulfonate 
stretch from the cast film of PAA-co-AEDAPS(3).  
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Figure 53: Diarylketone peak reduction after UV exposure of PAABp containing PEMUs. 

FTIR analysis of (PAH/PAABp)2-(PAH/PAA-co-AEDAPS)4 PEMUs (blue) contains a 
diarylketone peak at ~1650 cm-1, which decreases after exposure to UV light between 200-280 
nm for 15 min (red). The PAABp degradation produces free radicals that drive random C-C 
covalent bond crosslinking within the PEMU and strengthens the film creating the 
(PAH/PAABp)2-X-(PAH/PAA-co-AEDAPS)4 PEMU denoted as AEDAPS in this investigation. 
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Figure 54: Live A7r5 and 3T3 cells on uncoated and AEDAPS coated coverslips. Uncoated 

glass coverslips and AEDAPS (PAH/PAABp)2-X-(PAH/PAA-co-AEDAPS)4 coated glass 

coverslips were seeded with 1 x 10
4
 A7r5 or 3T3 cells and cultured at 37° C with 40% relative 

humidity and 5% CO2. Images are taken at 5 and 30 min and 1, 3, 6, 9, 15, and 20 h of culture. 

Scale bar is 100µm. 
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Figure 55: Attachment of A7r5 and 3T3 cells cultured on uncoated and AEDAPS coated 

coverslips for 24 hours. Uncoated and AEDAPS-coated coverslips were seeded with 1 x 104 
A7r5 or 3T3 cells and cultured for 24 h under normal tissue culture conditions. Cells were 
imaged with phase contrast microscopy. Scale bars are 50µm.  
 
 

 
 

Figure 56: Attachment and spreading on TCP of 3T3 cells cultured on AEDAPS coated 

coverslips for 48 hours. AEDAPS coated coverslips were seeded with 1 x 104 3T3 cells and 
cultured for 24 h (A) and 48 h (B) under normal tissue culture conditions. Cell clusters on 
AEDAPS surfaces after 48 h were gently aspirated from the surface and replated and cultured for 
24 h on tissue culture plastic (TCP) (C). Cells were imaged with DIC (A) and phase contrast (B 
and C) microscopy. Scale bar is 100µm. 
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Figure 57: E. coli adhesion over time on uncoated and AEDAPS, and AEDAPS-SS coated 

coverslips. Uncoated coverslips and coverslips coated with AEDAPS and AEDAPS-SS PEMUs 

were inoculated with 1.5 x 10
5
 CFU E. coli in 3 mL media cultured at 37°C with 40% relative 

humidity, and imaged at 30 min intervals. The 2-5.5 h time frame from (A) is expanded in (B), in 

which bacteria in three images for each of the time frames indicated were pseudocolored blue 

(first image), red (15 min image), and green (30 min image) and merged to show bacteria 

pseudocolored magenta (blue and red overlap indicating immobilization only for the first 15 min 

time period), yellow (red and green overlap, indicating immobilization only for the second 15 

min time period), and white (blue, red, and green overlap, indicating immobilization for the 

entire 30 min time period). White arrows in (A) and (B) point to regions on the AEDAPS and 

AEDAPS-SS surfaces where E. coli irreversibly attached and initiated biofilm formation. Scale 

bar is 50µm. For details of how merge images were created (Figure 58). For larger sized image 

of time lapse recording see Figure 59. 
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Figure 58: Tracking time lapse of E. coli on uncoated coverslips. Surfaces were inoculated 
with 5x103 E. coli CFUs/mL immersed in 3mL of Luria Broth media. Live cell imaging was 
conducted for surfaces immediately after inoculation using a LiveCell™ Chamber (Pathology 
Devices, Westminster, MD) maintained at 37°C with 40% relative humidity. Still frames of time 
lapse recording taken at 240, 255, 270 min after seeding. These three sequential images (at 15 
min intervals) were merged together. DIC images (1st row) were converted to binary using 
ImageJ and pseudo-imposed with colors (2nd row): blue, red, and green. Images were overlaid 
and merged. Regions where image overlay and produce yellow, magenta, and white colors 
signify regions of E. coli attachment and reduced movement during the three 15 min intervals. 
Scale bar is 100µm. 
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Figure 59: Enlarged time lapse of E. coli on uncoated AEDAPS and AEDAPS-SS coated 

coverslips. Image of live cells taken at 30 min from 2 to 5 h of culture are shown. Image is 
enlarged time lapse image from Figure 57. White arrows points to one of the regions along the 
AEDAPS and AEDAPS-SS surfaces where E. coli cells irreversibly attached and greatly 
propagated the initiation of biofilm formation compared to that of uncoated surfaces. Scale bar is 
50µm.  
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Figure 60: Concentration of AEDAPS zwitterion increases in AEDAPS PEMUs with 

increased soaking time. AEDAPS PEMU was soaked in 10 mM PAA-co-AEDAPS 
polyelectrolyte solution (containing 150 mM NaCl and 25 mM Tris, pH 7.3). FTIR spectra after 
supplemental-soaking for: 0, 30, 60, 90, and 120 min and 2, 4, and 16 h, corresponding to the 
order of spectra from bottom to top (A) and areas for the sulfonate stretch at 1200 cm-1 for each 
time point (B).  
 

A
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Figure 61: Inoculation concentration dependence of tightly adhered bacteria surface 

coverage on uncoated and AEDAPS and AEDAPS-SS coated coverslips. Average surface 
coverage percentages of tightly adhered E. coli expressing pGLO fluorescent protein, after 4, 8, 
24, and 48 hours of static incubation with (A, B) compared to 5 and 30 min static incubations of 
E. coli, inoculated with 2.3 x 107 CFUs, on uncoated coverslips and AEDAPS, AEDAPS-SS 
coated coverslips (C, D). DIC and fluorescent (GFP) images were merged for each condition 
tested (B, D). Surface coverage percentages were calculated using ImageJ (Figure 62) to measure 
the total surface area covered with E. coli on 0.15 mm2 areas of images (n=10) for 2 trials. 
Average surface coverage % increases with increasing incubation time on both AEDAPS and 
AEDAPS-SS coated coverslips. After 24 hours of incubation average surface coverage % 
decreases for AEDAPS-SS. (*) indicates P values of <0.05 compared to average surface 
coverage percentage on uncoated coverslips and other tested surfaces. Scale bar 100µm. 
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Figure 62: Surface coverage percentage ImageJ analysis of E. coli on uncoated coverslips. 
DIC image of E. coli on glass coverslip after 24 h of incubation (A) is converted to a binary 
image (B) and analyzed using ImageJ (NIH imaging software) (C) and Microsoft Excel (D) to 
calculate E. coli area coverage (total area covered by white pixels) and the E. coli area coverage 
% (total area covered by white pixels compared to total area of the image). Scale Bar 25µm. 
 
 

 
 

Figure 63: Suspended E. coli from uncoated and PEMU coated coverslips for 24 hours. 
Liquid suspension of E. coli (inoculate supernatant) were collected after 24 h of static culture 
incubation at 37°C for E. coli inoculated at 5x104 CFUs/mL on uncoated coverslip, 
(PAH/PAABp)2-X (PAH/PAA-AEDAPS)4 (AEDAPS), and [(PAH/PAABp)2-X-(PAH/PAA-
AEDAPS)4 soaked in PAA-co-AEDAPS for 16 h] (AEDAPS-SS). Supernatant was diluted 1:100 
in PBS and kept on ice to stop further division. OD values were taken at 600 nm. No statistically 
significant difference observed between tested surfaces compared to uncoated coverslip. Error 
bars are standard deviation. 
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Figure 64: Surface coverage percentages of E. coli on glass and PEMUs. Average Surface 
Coverage Percentages of adherent E. coli after 24 h of static incubation with 1.5x105 CFUs of E. 

coli on uncoated coverslips and PAABp [(PAH/PAABp)6], AEDAPS-PAABp [(PAH/PAABp)2-
X-(PAH/PAA-co-AEDAPS)4PAABp], and AEDAPS-PAH [(PAH/PAABp)2-X-(PAH/PAA-co-

AEDAPS)4PAH], coated coverslips. Asterisks (*) indicate Student's T-test P values of <0.05 for 
significance of difference compared to average surface coverage percentage of uncoated 
coverslips and other tested surfaces.  
 
 

 

 
Figure 65: Illustration of two of the stages of bacterial adhesion. In the short term (Stage II) 
individual planktonic bacteria interact, often reversibly, with the surface. Over longer time scales 
more rugged irreversible biofilms are formed, often with loss of flagella and with more intensive 
intrafilm communication between bacteria.  
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                                   Table 4: PEMU thickness and contact angle. 
Substrate Thickness (Å) Ɵc  

Coverslip* - ~0°  

AEDAPS 1056±6 10±2°  

AEDAPS-SS 1173±16 10±2°  

(PAH/PAABp)2 207±2 66±3°  

* Ɵc too low to measure  
 
 

 
 

Figure 66: Atomic Force Measurement (AFM) of dry AEDAPS and AEDAPS-SS PEMU 

surface roughness and thickness. Dry thickness and surface roughness of photocrosslinked 
AEDAPS and AEDAPS-SS were measured using AFM (n=2 trials). AEDAPS PEMUs have a 
surface roughness of 4 ±1 nm, AEDAPS-SS PEMUs have a roughness of 6 ±1 nm. Surface 
roughness scale ranges from +25 nm to −25 nm. 
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Figure 67: Illustration comparing E. coli and mammalian cell attachment on PEMUS. 

Cartoon illustration of E. coli bacterium is 0.5 x 2 µm in size with fimbriae drawn to scale using 
an SEM image of E. coli K-12 as a reference for proportions and distribution. The E. coli cartoon 
image is overlaid on the 5 x 5 µm AFM image of AEDAPS (A) and AEDAPS-SS (B). A cartoon 
of a mammalian cell (50 µm diameter) with its nucleus (gray, 6 µm diameter) is compared to the 
cartoon E. coli (proportions maintained) overlaid on AFM image of AEDAPS-SS (C). Scale bar 
is 1 µm.  
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CHAPTER 6 

 

SUMMARY AND CONCLUSION 

 

 
Polyelectrolyte multilayers (PEMUs) can be designed to modulate eukaryotic cellular 

adhesion and migration or eukaryotic cell-resistant while promoting bacterial attachment. This 

investigation showed that terminating layer characteristics and modulus of biocompatible 

PAH/PAA PEMUs influence eukaryotic and bacterial cellular behavior. PEMUs terminated with 

the polycation PAH drive reorganization of eukaryotic cell focal adhesions to the cell periphery. 

Cells develop robust stress fibers, while maintaining a non-contractile morphology and greater 

motility. Thermally crosslinking PAH/PAA PEMUs creates amide bonds between the PE layers, 

significantly increasing the PEMU modulus, while decreasing the surface positive charge. Cells 

maintain a contractile morphology while spreading, and development of large mature FAs 

increases. Compared to cells on uncrosslinked PEMUs, cells on thermally crosslinked PAH/PAA 

PEMUs decrease motility. 

 

In order to modulate PEMU modulus while preserving surface charge, the polyanion PAA was 

grafted with the photosensitive group benzophenone. Upon ultraviolet irradiation, benzophenone 

creates free radicals, covalently linking PEMU layers, while preserving the terminating layer 

surface charge. Cells can detect the variation s modulus in PAABp/PAH PEMUs. Smooth 

muscle, osteoblast, and fibroblast cells are more adherent on stiffer PEMUs, developing large 

robust and mature focal adhesions. Cells on PEMUs with little to no crosslinking have a more 

motile phenotype, with fewer focal adhesions and stress fibers, a more fibroblast-like shape. 

Using either an edge mask or an optical density mask these photosensitive PAABp/PAH PEMUs 

were UV irradiated to create gradients of compliance. Both steep (~50 MPa mm-1) and shallow 

(~5 MPa mm-1) PAABp/PAH PEMU compliance gradients were utilized to investigate 

durotaxis of three cell types, smooth muscle (A7r5), osteoblast (U2OS), and fibroblast (3T3). 

Each cell response was different. Their adhesion and motility responses were cell type 

dependent. The smooth muscle cells detected the steep compliance gradient more robustly and 

durotaxed toward increasing stiffness. The osteoblast cells showed an adhesion preference for 
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the stiffer regions of the gradients, while fibroblast cells did not show any discriminating 

response of behavior along either gradient. 

 

Epithelial cells sheets associated with fish scales were cultured on uncrosslinked PAABp/PAH 

PEMUs and PEMUs crosslinked to form steep or shallow compliance gradients. As these 

migrated away from the scales on PEMUs, they formed robust actin containing stress fibers and 

large mature focal adhesions. The cells in these sheets were under high intracellular tension and 

periodically retracted their leading edge during migration. Inhibiting myosin II with Blebbistatin 

or Rho Kinase (ROCK), Y27632, had negative effects on the collective migration of these cell 

sheets, particularly when cultured on uncoated coverslips. Over time, in either inhibitor, cell-cell 

contacts at the sheet leading edge disassembled and individual cells migrated away from the 

sheet. Sheet cells relocated their focal adhesions to the cell periphery and disassembled stress 

fibers. In contrast, sheet cells cultured on uncrosslinked PAABp/PAH PEMUs in either inhibitor 

had less dramatic reorganization of cell cytoskeleton, and the cell-cell contacts at the sheet 

leading edge did not disassemble. In these sheet cells, individual cells were not observed to 

migrate away from the sheet as rapidly as those on uncoated coverslips. Longer exposure to 

either inhibitor was required to observe disassembly of sheet cells.  

 

Retraction behavior observed in sheet cells culture on uncrosslinked PAABp/PAH PEMUs 

intensified when the sheets were cultured in the 90 MPa region of a shallow compliance gradient. 

On the steep compliance gradient, the epithelial sheet cells oriented and elongated toward 

increasing stiffness. Similarly, despite the periodic retraction of the leading edge, cell sheets 

placed 180° opposite of the shallow compliance gradient reoriented to migrate toward increasing 

stiffness, showing evidence of collective durotaxis. Treating cell sheets cultured on PAABp/PAH 

PEMUs with 5 µM Blebbistatin to inhibit myosin II eliminated retraction of the leading edge, 

indicating intercellular tension is likely the driving force for leading edge retraction. 

 

PEMUs containing the zwitterionic polyelectrolyte AEDAPS, were found to be cell-resistant. 

Smooth muscle and fibroblast cells cultured on PAH/PAA-AEDAPS PEMUs were unable to 

adhere, but remained viable and able to re-adhere when transferred to tissue culture plastic. 

Interestingly, AEDAPS containing PEMUs although cell resistant and also reported to be 
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protein-resistant86, were found to enhance bacteria attachment. Large numbers of gram negative 

Escherichia coli bacteria attached to AEDAPS containing PEMUs within 5 minutes. Super 

soaking PAH/PAA-AEDAPS PEMUs with the zwitterionic polyelectrolyte incorporated more 

AEDAPS into the bulk PEMU but did not significantly reduce bacterial attachment.  

 

Overall, this investigation further explored the versatility of biocompatible PEMUs with 

tunable mechanical and chemical properties by characterizing individual and collective cellular 

responses to these thin film coatings. Findings of this investigation show that a variety of cell 

types are capable of detecting and responding to the mechanical and surface chemistry properties 

of these PEMUs. This study provides insight into how PEMUs might be used to improve the bio-

interface of implantable biomedical materials or even for purposes requiring immobilized growth 

of bacteria.  
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APPENDIX A 

 

GRADUATE STUDENT ASSURANCE LETTER 
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Jessica S. Martinez, Ali M. Lehaf, Joseph B. Schlenoff, and Thomas C.S Keller 
III (2013) Cell Durotaxis on Polyelectrolyte Multilayers with Photogenerated 
Gradients of Modulus. Biomacromolecules  14 (5), 1311-1320. 
 
Jessica S. Martinez, Thomas C.S Keller III, and Joseph B. Schlenoff (2011) 
Cytotoxicity of Free versus Multilayered Polyelectrolytes. Biomacromolecules  
12(11):4063-4070. 
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Abstracts 

Jessica S. Martinez; Joseph B. Schlenoff; and Thomas C. S. Keller III (2014) 
Collective Epithelial Cell Sheet Adhesion and Migration on Polyelectrolyte 

Multilayers with Uniform and Gradients of Modulus. Mol Biol Cell 25, 4299 
(2042); (2014 ASCB Annual Meeting, Poster Abstract)  
 

Jessica S. Martinez; Joseph B. Schlenoff; and Thomas C. S. Keller III (2013) Fish 

Scale Keratocyte Migration and Collective Epithelial Cell Sheet Durotaxis on 

Polyelectrolyte Multilayers with Modulus Gradients. Mol Biol Cell 24, 4299 
(2042); (2013 ASCB Annual Meeting, Poster Abstract)  
 
Jessica S. Martinez; Joseph B. Schlenoff; and Thomas C. S. Keller III (2012) Cell 

Type Specific Durotactic Response on Polyelectrolyte Multilayer Modulus 

Gradients. Mol Biol Cell 23, 4299 (2042); (2012 ASCB Annual Meeting, Poster 
Abstract)  
 
Ali M. Lehaf ; Jessica S. Martinez; Maroun D. Moussallem; Thomas C. S. Keller 
III; and Joseph B. Schlenoff. (2012) Coatings from polyelectrolytes: Tuning 

surface properties for controlled cell fate. From Abstracts of Papers, 244th ACS 
National Meeting & Exposition, Philadelphia, PA, United States, August 19-23, 
2012 (2012), PMSE 353. 
 
Ali M. Lehaf; Maroun D. Moussallem; Jessica S. Martinez; Joseph B. Schlenoff; 
and Thomas C. S. Keller III (2011) Photo-crosslinkable polyelectrolyte 

multilayers: Enhanced mechanical properties for cell culture applications. 
From Abstracts of Papers, 242nd ACS National Meeting & Exposition, Denver, 
CO, United States, August 28-September 1, 2011 (2011), COLL-60.  
 
Ali M. Lehaf; Maroun D. Moussallem; Jessica S. Martinez; Thomas C. S. Keller 
III; and Joseph B. Schlenoff (2010) Tuning the modulus of polyelectrolyte 

multilayers by UV crosslinking. From Abstracts of Papers, 239th ACS National 
Meeting, San Francisco, CA, United States, March 21-25, 2010 (2010), COLL-157 
 

Jessica S. Martinez; Ali M. Lehaf; Joseph B. Schlenoff; and Thomas C. S Keller 
III (2010) Cell Response to Native and Cross-Linked Polyelectrolyte Multilayers. 
Mol Biol Cell 21, 4299 (2335); (2010 ASCB Annual Meeting, Poster Abstract) 
 

 

Honors and Awards 

2014-2015   Florida State University Outstanding Teaching Assistant Award 
2011-2015   Florida State University Teaching Assistantship Award 
2014            ASCB COMPASS Science Outreach Grant 
                             American Society of Cell Biology (ASCB) 

                             Committee of Postdocs and Students (COMPASS) 

2014            McKnight Dissertation Fellowship 
2014            Ford Foundation Dissertation Fellowship Honorable Mention 

https://scifinder.cas.org/scifinder/references/answers/98026710X86F350AFX4B649AF52AE0977230:9802A994X86F350AFX28BA0BF242B11444ED/4.html?nav=eNpVkLEvQ0Ecx399jYgwYBGRisEgJPeqHmlDQpu22nh5lRYRi5z20j7ee_fcXatdhAGDxaAsBoNNd-JPkBiFRSJ2VonJvZaImy75fe5z39-38Q5tAnxYwHAkHAxFIxFtNTyVnJgMRpOroXAsGowlQ1ooNj6uaVoiLtENzqBnE1cwsrBTRGlHkCJhvW-XV5_7R2EFfGloq2CrTKoMuv84o2xvEHbYqAc6T1-PFYCqCwB-KSwJGIguL6Uy2fW0sZIwluTFyKzPZzPLi2ljXkCHabuUCWng27ALfvkOBCiM_k8So9Qi2HkYYnuPF18fMsnabxLX4zmX_BhlRZTHHFGexwxxwiqEoQK1semgPLVt6qCc_CznkvzMyfVl4Pz1XgFFhy67lmEF08HWAqkJGNGlSJUitSlSWyK1JVJbIlWS0zq02zXPyAX0615atSxMS9VNZ4sUUpiXckRMV11XhutrLuON0b_xs_W0Vn8ZHfRa-125Sf3M7-IH9bPbG83vtbrTJevpnp2D5ql-AxCTndo&key=caplus_2011:1037795&title=Photo-crosslinkable%20polyelectrolyte%20multilayers:%20Enhanced%20mechanical%20properties%20for%20cell%20culture%20applications&launchSrc=reflist&p=1
https://scifinder.cas.org/scifinder/references/answers/98026710X86F350AFX4B649AF52AE0977230:9802A994X86F350AFX28BA0BF242B11444ED/4.html?nav=eNpVkLEvQ0Ecx399jYgwYBGRisEgJPeqHmlDQpu22nh5lRYRi5z20j7ee_fcXatdhAGDxaAsBoNNd-JPkBiFRSJ2VonJvZaImy75fe5z39-38Q5tAnxYwHAkHAxFIxFtNTyVnJgMRpOroXAsGowlQ1ooNj6uaVoiLtENzqBnE1cwsrBTRGlHkCJhvW-XV5_7R2EFfGloq2CrTKoMuv84o2xvEHbYqAc6T1-PFYCqCwB-KSwJGIguL6Uy2fW0sZIwluTFyKzPZzPLi2ljXkCHabuUCWng27ALfvkOBCiM_k8So9Qi2HkYYnuPF18fMsnabxLX4zmX_BhlRZTHHFGexwxxwiqEoQK1semgPLVt6qCc_CznkvzMyfVl4Pz1XgFFhy67lmEF08HWAqkJGNGlSJUitSlSWyK1JVJbIlWS0zq02zXPyAX0615atSxMS9VNZ4sUUpiXckRMV11XhutrLuON0b_xs_W0Vn8ZHfRa-125Sf3M7-IH9bPbG83vtbrTJevpnp2D5ql-AxCTndo&key=caplus_2011:1037795&title=Photo-crosslinkable%20polyelectrolyte%20multilayers:%20Enhanced%20mechanical%20properties%20for%20cell%20culture%20applications&launchSrc=reflist&p=1
https://scifinder.cas.org/scifinder/references/answers/98026710X86F350AFX4B649AF52AE0977230:9802A994X86F350AFX28BA0BF242B11444ED/6.html?nav=eNpVkLEvQ0Ecx399jYgwYBGRisEgJPeqHmlDQpu22nh5lRYRi5z20j7ee_fcXatdhAGDxaAsBoNNd-JPkBiFRSJ2VonJvZaImy75fe5z39-38Q5tAnxYwHAkHAxFIxFtNTyVnJgMRpOroXAsGowlQ1ooNj6uaVoiLtENzqBnE1cwsrBTRGlHkCJhvW-XV5_7R2EFfGloq2CrTKoMuv84o2xvEHbYqAc6T1-PFYCqCwB-KSwJGIguL6Uy2fW0sZIwluTFyKzPZzPLi2ljXkCHabuUCWng27ALfvkOBCiM_k8So9Qi2HkYYnuPF18fMsnabxLX4zmX_BhlRZTHHFGexwxxwiqEoQK1semgPLVt6qCc_CznkvzMyfVl4Pz1XgFFhy67lmEF08HWAqkJGNGlSJUitSlSWyK1JVJbIlWS0zq02zXPyAX0615atSxMS9VNZ4sUUpiXckRMV11XhutrLuON0b_xs_W0Vn8ZHfRa-125Sf3M7-IH9bPbG83vtbrTJevpnp2D5ql-AxCTndo&key=caplus_2010:341217&title=Tuning%20the%20stiffness%20of%20polyelectrolyte%20multilayers%20by%20UV%20crosslinking&launchSrc=reflist&p=1
https://scifinder.cas.org/scifinder/references/answers/98026710X86F350AFX4B649AF52AE0977230:9802A994X86F350AFX28BA0BF242B11444ED/6.html?nav=eNpVkLEvQ0Ecx399jYgwYBGRisEgJPeqHmlDQpu22nh5lRYRi5z20j7ee_fcXatdhAGDxaAsBoNNd-JPkBiFRSJ2VonJvZaImy75fe5z39-38Q5tAnxYwHAkHAxFIxFtNTyVnJgMRpOroXAsGowlQ1ooNj6uaVoiLtENzqBnE1cwsrBTRGlHkCJhvW-XV5_7R2EFfGloq2CrTKoMuv84o2xvEHbYqAc6T1-PFYCqCwB-KSwJGIguL6Uy2fW0sZIwluTFyKzPZzPLi2ljXkCHabuUCWng27ALfvkOBCiM_k8So9Qi2HkYYnuPF18fMsnabxLX4zmX_BhlRZTHHFGexwxxwiqEoQK1semgPLVt6qCc_CznkvzMyfVl4Pz1XgFFhy67lmEF08HWAqkJGNGlSJUitSlSWyK1JVJbIlWS0zq02zXPyAX0615atSxMS9VNZ4sUUpiXckRMV11XhutrLuON0b_xs_W0Vn8ZHfRa-125Sf3M7-IH9bPbG83vtbrTJevpnp2D5ql-AxCTndo&key=caplus_2010:341217&title=Tuning%20the%20stiffness%20of%20polyelectrolyte%20multilayers%20by%20UV%20crosslinking&launchSrc=reflist&p=1
https://scifinder.cas.org/scifinder/references/answers/98026710X86F350AFX4B649AF52AE0977230:9802A994X86F350AFX28BA0BF242B11444ED/6.html?nav=eNpVkLEvQ0Ecx399jYgwYBGRisEgJPeqHmlDQpu22nh5lRYRi5z20j7ee_fcXatdhAGDxaAsBoNNd-JPkBiFRSJ2VonJvZaImy75fe5z39-38Q5tAnxYwHAkHAxFIxFtNTyVnJgMRpOroXAsGowlQ1ooNj6uaVoiLtENzqBnE1cwsrBTRGlHkCJhvW-XV5_7R2EFfGloq2CrTKoMuv84o2xvEHbYqAc6T1-PFYCqCwB-KSwJGIguL6Uy2fW0sZIwluTFyKzPZzPLi2ljXkCHabuUCWng27ALfvkOBCiM_k8So9Qi2HkYYnuPF18fMsnabxLX4zmX_BhlRZTHHFGexwxxwiqEoQK1semgPLVt6qCc_CznkvzMyfVl4Pz1XgFFhy67lmEF08HWAqkJGNGlSJUitSlSWyK1JVJbIlWS0zq02zXPyAX0615atSxMS9VNZ4sUUpiXckRMV11XhutrLuON0b_xs_W0Vn8ZHfRa-125Sf3M7-IH9bPbG83vtbrTJevpnp2D5ql-AxCTndo&key=caplus_2010:341217&title=Tuning%20the%20stiffness%20of%20polyelectrolyte%20multilayers%20by%20UV%20crosslinking&launchSrc=reflist&p=1
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2012-2014   The Institute on Teaching and Mentoring Travel Award 
                           Sponsoring Organization: Southern Regional Education Board 

                           Attended as a Bridges Scholar 
2011-2014   Department of Biology Travel Award 
2011-2014   Congress of Student Government Presentation Grant 
2011-2014   ASCB MAC Travel Award 
                             American Society of Cell Biology (ASCB) 

                             Minorities Affairs Committee (MAC) 
2013            Florida State University Dissertation Research Grant Award 
2013            P.E.O Scholar Award Department Nominee 
                             Philanthropic Educational Organization (P.E.O)  
2012            Florida State University Leslie N. Wilson-Delores Auzenne Graduate                   

Assistantship for Minorities Nominee 
2009            Phi Beta Kappa Honor Society Inductee 
2005-2009   Florida State University Academic Excellence TRiO Scholar Award 
                             Center for Academic Retention and Enhancement (C.A.R.E) 

                             Student Support Services Programs (SSSP) 

2005-2009   Florida Bright Futures Academics Scholarship 
2005-2009   National Science & Mathematics Access to Retain Talent Grant 
2005-2006   Florida State University Freshman Incentive Scholarship 

 

Professional Memberships 

2014-2015   McKnight Fellow 
2011-2015   American Society of Cell Biology (ASCB)  
2011-2015   ASCB Minorities Affairs Committee (MAC) Scholar 
2012-2015   NIGMS-MARC Bridges to the Professoriate Scholar 

 

University Organizations 

2010-2015   Graduate Women in Science (GWIS) 
2013-2015   The Cell and Molecular Graduate Student Association (TCGA) 
2014-2015   Hispanic Graduate Student Association (HiGSA) 
2005-2009   Center for Academic Retention and Enhancement (C.A.R.E) 

 


