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ABSTRACT 

 

Polyelectrolyte complexes are held together by electrostatic interactions between two 

oppositely charged polyelectrolytes (polycations and polyanions). Polyelectrolyte multilayers or 

PEMUs are a particular type of polyelectrolyte complex and they are commonly used as surface 

coatings. These ultrathin films are prepared using a layer-by-layer assembly (LbL). This 

technique is based on alternate deposition of polyelectrolytes onto a suitable charged substrate. 

The physical and chemical properties of the final product depend on the conditions during 

buildup. Parameters such as temperature, dipping time and salt concentration have a significant 

impact on film properties, such as roughness, thickness, stiffness and surface charge. 

Additionally due to the extensive library of polyelectrolytes available, a variety of film 

chemistries and properties can be achieved. 

Polyelectrolyte films have been previously suggested as a revolutionary type of 

biocompatible coatings for cell culture applications. Studies have shown that different properties 

of polyelectrolyte multilayers affect cell behavior. Films depending on their chemistry and 

physical properties can be cytophilic, in other words these multilayers allowed cell adhesion and 

proliferation, while other films have been proven to be cytophobic, where cells on these films 

died after culture via necrosis or apoptosis. In this dissertation we explored cell behavior on 

different polyelectrolyte multilayers made of two strong polyelectrolytes, poly(4-styrenesulfonic 

acid) or PSS; (polyanion) and poly(diallyldimethylammonium chloride) or PDADMAC, 

(polycation). Additionally we introduced a new type of films called “salt hybrids”. These films 

as their name hybrid suggest have properties in between two different conventional (native) 

films. 

In the first part of this dissertation 3T3 fibroblast cells were exposed to different native 

and hybrid polyelectrolyte films. The cells were cultured on these surfaces for 3 days, and bright 

field images were taken in order to visualize cell behavior. Cells on PDADMA-ending films 

showed different behavior depending on the characteristics of the film, on one of PDADMA-

ending films, cells were behaving similar to cells cultured on TCP control surfaces while in 

another film, with the same chemistry, but different physical properties cells died, and some 

signs of necrosis were found. In the case of PSS-ending films, these surfaces were non-toxic 
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regardless of physical properties or buildup conditions, however cell attachment and proliferation 

was abnormal. An intriguing result was obtained with one of the hybrid films; this film was 

named “Anti”. Cells cultured on this film could not attach to surface and cell-cell interactions 

prevailed. Cells culture on this film formed floating quasi-spherical aggregates with high 

viability even after 3 days of exposure to the surface. Extensive film characterization was 

performed and even though previous results reported in the literature found that physical 

parameters such as thickness and roughness were responsible for changes on cell behavior, these 

variables were irrelevant in our system and only changes in surface charge density seemed to be 

responsible for the differences on cell behavior across all surfaces. 

After the introduction of the “anti” film, the next objective of this dissertation was to 

understand the role of surface charge density in cell attachment from a biochemical perspective. 

Cells do not attach to surfaces, they attach to proteins adhered to surfaces. Therefore the next 

step was to test this interaction. To achieve this objective, 3T3 fibroblast cells were cultured on a 

native and anti surfaces at different bilayers for 3 days, film characterization was performed, and 

again only surface charge density seemed to be the most important parameter affecting cell 

behavior and inducing cell aggregation. Once the effect of charge density was confirmed, the 

surfaces were exposed to radiolabeled albumin and protein attachment was tested. The results 

showed that the higher charge density of anti films may interfere with the exchange of adsorbed 

proteins also known as the Vroman effect. The high surface charge density seemed to favor the 

irreversible adsorption of serum albumin, the most abundant serum protein. This is a problem for 

cell attachment, because cells need adhesive proteins such as fibronectin or collagen, and if these 

proteins cannot exchange for serum albumin on the surface, the cells will not be able to adhere.  

Finally in this dissertation, human mesenchymal stem cells (h-MSCs) were exposed to 

our anti film and a control (native 0.15) multilayer, in order to test if the polyelectrolyte film also 

favors cell-cell interaction on a different cell line. The results showed that h-MSCs also formed 

multicellular spheroids when exposed to the anti film, just like 3T3 fibroblast cells did in our 

previous experiments. This result confirmed that the properties of the anti film were not cell line 

dependent. Additionally the stem cell aggregates were tested for multi-linage potential and 

clonogenic activity, the results showed that even after 3 days of exposure, cells remained 

clonogenic and pluripotent. These results suggest that polyelectrolyte multilayers can be 
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potentially use for 3D culture applications. This type of cell culture is necessary for the 

development and implementation of stem cell therapy. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction to Polyelectrolytes 

 

Polymers are characterized as molecules composed of several repeating units called 

monomers, which are each linked to each other by covalent bonds1. Polyelectrolytes also follow 

this definition with the exception that this family of macromolecules has an ionizable group in 

every repeating unit, thus every monomer unit composing the polymer is a potential electrolyte. 

If the monomer unit that forms the polyelectrolyte is negatively charged it is a polyanion, or if 

the charge is positive the polyelectrolyte is a polycation. In some cases the repeating unit has 

both charges, these molecules are called polyzwitterions. Polyelectrolytes have been used in a 

wide variety of commercial applications such as water treatment2, detergents3, wound healing 

treatment4, pharmaceutical formulations5, 6, cosmetics, and hair products7-9.  

However, polyelectrolytes are not exclusively synthetic molecules. Polyelectrolytes are 

abundant in nature, and in fact are essential for living organisms, the most prominent examples 

are DNA, RNA and proteins10. DNA and RNA have a negatively charged phosphate-deoxyribose 

backbone connected to the ionizable purine or pyrimidine bases. Proteins for example, are made 

of amino acids that bear acidic and basic groups and therefore depending on the polypeptide 

chain, the protein can have a net negatively charged or positively charged structure. Additionally 

some polysaccharides found in connective and epithelial tissues of different organisms are also 

polyelectrolytes, including hyaluronic acid11 and chitosan12. Examples of these molecules 

include the two strong polyelectrolytes used in this dissertation, poly(diallyldimethlyammonium 

chloride), PDADMAC as polycation and Sodium poly(4-styrenesulfunate), NaPSS as polyanion 

can be observed in Figure 1.1 

Polyelectrolytes have the potential to be electrolytes in polar solvents, especially water. 

However not all charged macromolecules are strong electrolytes. Some polyelectrolytes have 

weak acids or bases as their main potential source for charge in the chain, with the presence and 

extension of the charge depending on the pH of the solution that contains the polymer, thus 
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illustrating the weak acid-base equilibrium these types of polyelectrolytes are known as a “weak 

polyelectrolytes”. 

 

 

  

 

Figure 1.1 Chemical Structure of the different types of synthetic and natural 

polyelectrolytes. (A) Polyanion, Sodium poly(4-styrenesulfunate), NaPSS. (B) Polycation, 

poly(diallyldimethlyammonium chloride), PDADMAC. (C) Polyzwitterion, 

poly(sulfobetaineacrylamide), polySBAAm. (D) Nucleoside monophosphate monomer used in 

DNA, deoxyadenylate, dAMP. (E) RGD polypeptide sequence, important cell adhesion motif. 

(F) Polysaccharide, hyaluronic acid.  

 

 

Polyelectrolytes have the potential to be electrolytes in polar solvents, especially water. 

However not all charged macromolecules are strong electrolytes. Some polyelectrolytes have 

weak acids or bases as their main potential source for charge in the chain. The presence of charge 

on these polyelectrolytes depends on the pH of the solution that contains the polymer, thus 

illustrating the weak acid-base equilibrium these types of polyelectrolytes are known as a “weak 

polyelectrolytes”. Polymers with monomer units containing carboxylic acids or primary amines 

are some examples of these types of polyelectrolytes. However, if a polyelectrolyte does not 
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depend on pH to be completely ionized or in other words the monomer units are ionic molecules 

regardless of the pH, this is a “strong polyelectrolyte”. Both alkylsulfonates and quaternary 

amines compose a strong presence is this group13-15 

In general, the behavior of polyelectrolytes in aqueous solutions depends on electrostatic 

interactions10. These interactions affect both the polymer structure and physical properties. 

However these characteristics can be tuned by the presence and the concentration of counter ions 

in solution. The polyelectrolyte effect1 is a consequential result of charged repeat units within the 

polymer chain and this can be found in polycations and polyanions in dilute solution. The 

polymer chain of these molecules has repeating units with similar charge, therefore repulsive 

forces within the chain cause a coil expansion15. However when fixed charged counterions 

(inorganic salts) are added to a polyelectrolyte solution, these ions are electrostatically attracted 

to their complementary charge on the polymer chain. At close proximity with the charged 

monomer unit this interaction screens the repulsive forces between monomer units in the coil, 

thus causing contraction of the polymer chain. This phenomenon can be observed by measuring 

the hydrodynamic radius or by measuring the changes in viscosity at different salt 

concentrations. As a result, in higher salt concentrations less polymer molecules repelled each 

other, therefore the viscosity of the solution increased1, 15. A representation of the polyelectrolyte 

effect can be found in Figure 1.2. 

 

 

 

 

Figure 1.2 Representation of the polyelectrolyte chain configuration at different 

counterion concentration. This expansion-contraction behavior of the polyelectrolyte chain due 

to the presence or lack of ions in solution is known as the polyelectrolyte effect.  

Hydrodynamic Radius

[Inorganic Salt]

Polycation chain

Negative counterion in solution
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On the other hand, polyzwitterions have matching charges within the chain, thus inducing 

inter and intramolecular ion-pairing responsible for aggregation and precipitation at salt–free 

conditions. The addition of salt improves solubility of polyzwitterions by disturbing the ion-

pairing between polymer chains, this is known as the anti-polyelectrolyte effect15, 16.  

 

1.2 Polyelectrolytes Multilayer (PEMUs) 

 

1.2.1 Layer-by-layer Assembly Technique (LbL) 

Polyelectrolytes have several previously mentioned applications. However recent 

literature has illustrated new techniques including the Layer-by-Layer assembly (LbL) 

introduced by Decher and Hong17. This method uses an alternating deposition of oppositely 

charged polyelectrolytes for the production of thin films held together by electrostatic 

interactions. Most of the recent polyelectrolyte research interests are centered on the interaction 

of polyelectrolytes with charged surfaces or with other polyelectrolytes14. The layered films 

obtained by this technique are known as polyelectrolyte multilayers (PEMUs). Although in the 

case of polyelectrolytes the assembly is held together by electrostatic interactions, the technique 

is not limited to this specific force. Layer-by-layer assembly can be used as long as two or more 

molecules show affinity to each other by any non-electrostatic interaction, such as biological 

specific recognition18 or H-bonding19.  

The Layer-by-Layer procedure with polyelectrolytes is a stepwise process that starts with 

the selection of a suitable substrate, however hydrophilic materials with permanent charge are 

preferred. Silica20, glass21, mica22, silicon wafers23 and gold24 are among the materials most 

commonly used. The chosen substrate is dipped for a specified amount of time into the 

polyelectrolyte solution containing the complementary charge to the substrate surface charge. 

This step is followed by a series of water rinses to remove the excess polymer and is then 

followed by the substrate with the first layer being dipped into the opposite polyelectrolyte for 

the same specified amount of time. The first bilayer is then finished with another set of water 

rinses. This process can be repeated until the film has acquired the desired properties. Figure 1.3 

shows the basic setup to produce a PEMU using the layer-by-layer procedure. 
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Figure 1.3. Step by step representation of the Layer-by-Layer assembly technique (LbL). 

1) A negatively charged substrate was dipped into the polycation solution to form the first layer. 

The dipping time depends on the experiment, approximately 5-20 minutes. 2) Water rinses to 

remove any excess or loosely attached polymer. Rinsing time is approximately 1 minute per 

beaker. 3) The substrate with the first layer is then immersed into the polyanion solution for the 

same dipping time used for the polycation. 4) Water rinses to remove any excess or loosely 

attached polymer, the multilayer is ready for subsequence layers if needed. 

 

 

The layer-by-layer technique has a significant impact in the search for novel materials 

and coatings. Polyelectrolytes multilayers obtained by this method have been used in several 

applications including separation membranes25, chromatographic separations26, fuel cell 

technology27, electro-optical applications28, drug delivery29, 30, cell culture31-33 and biomedical 

applications34. The result of these successes is largely due to the several advantages of this 

technique. LbL is versatile, easily adaptable to laboratory environments, and compatible with 

multiple substrates and synthetic or natural molecules. Therefore there is no limit on the amount 

of functional materials that can be produced. While dip coating is the most used form of the LbL 
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procedure, this sequential deposition method can also be combined with other commonly used 

coating techniques such as spin coating35 and spray coating36. 

 

1.2.2 Parameters That Affect Polyelectrolyte Multilayers 

There are several parameters that influence multilayer growth and morphology during 

and after the buildup process37 as reported by previous literature including ionic strength, pH and 

temperature. The following is an introduction to these external agents and their resulting effect 

on multilayers. 

Ionic Strength; The presence of external counterions from inorganic salts in 

polyelectrolyte solutions plays a key role in the deposition process and the properties of the film. 

Polyelectrolyte multilayers are held together by electrostatic interactions between two oppositely 

charged polymers38. However, in the presence of salt, the multilayer goes thru a process called 

doping. In this process, the counterions enter the multilayer and break the ion-pairing between 

two polyelectrolytes also known as an intrinsic site, to form polyelectrolyte-counterion pairs also 

called extrinsic sites39, 40. The balance between these two interactions determines the mechanical 

properties of the film41. Figure 1.4 and Equation 1.1, illustrate representations of the doping 

effect and the formation of intrinsic and extrinsic sites.  � +� �− +  ���− + ��+ ↔ � +���− + � − ��+         .  

In Equation 1.1, two oppositely charged polyelectrolytes compensate for each other 

charge and form the ion-pairing called “intrinsic site” and is represented by (Pol+Pol-). However, 

this interaction can be disrupted by counterions in solution. In this case polyelectrolyte charge is 

compensated by the complementary counterion, a process called doping. The new interactions 

formed after doping are known as “extrinsic sites”, and are represented by (Pol+[A-]) and (Pol-

[C+]). The s and aq subscripts refer to the phase of the specific pair, s for solid phase and aq for 

aqueous phase. 

The addition of salt not only affects the mechanical properties of the films. The general 

trend indicates that at higher salt concentration during buildup, thicker38, 39 and more permeable 

multilayers are created23, 42. According to Schlenoff et al43, salt concentration is responsible for 

the amount of polyelectrolyte adsorbed per layer by controlling surface charge during deposition. 
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Ionic strength also has a significant impact after buildup. Postassembly treatment with salt 

reduces film roughness, in addition ionic strength can dismantle a film by disrupting the ionic 

network dissolving the film37, 40. 

 
 

Figure 1.4. Illustration of the intrinsic and extrinsic sites inside a multilayer. These 

interactions are responsible for the mechanical properties of polyelectrolyte films. When two 

oppositely charged polyelectrolytes compensate for each other’s charge, an intrinsic site is 

formed. However, in the presence of salt, the doping process starts and some of the 

polyelectrolyte charge is instead compensated by a complementary counterion in solution, this 

new interaction forms an extrinsic site.  

 

 

pH and temperature; pH primarily affects weak polyelectrolytes, because the degree of 

ionization in the polymer chain, depends on the pH during and after buildup. Therefore 

thickness, mechanical properties and molecular organization depends on this interaction44. In 

general, the resulting films are thin and ion-pairing between the polymers predominates when the 

polyelectrolyte pair is fully ionized. However, if the polyelectrolyte pair is partially ionized, 

more thick and gel-like films are obtained. Mendelsohn et al32 took advantage of this knowledge 

to create a series of multilayers with different architecture in order to study cytophilic and 

cytophobic coatings for cell culture. In the case of temperature, polyelectrolyte films assembled 

Intrinsic site

Add Salt Add Water 

Intrinsic site Extrinsic site
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at high temperature are thicker and rougher than films prepared at room temperature45, 46. 

According to Salomaki et al47, this difference is due to an increase in diffusion of polymer 

throughout the film during each deposition step. 

 

1.3 Polyelectrolytes Complexes (PECs) and Compact Polyelectrolytes Complexes (CoPECs) 

 

Polyelectrolyte complexes (PECs) are amorphous ionically crosslinked hydrogels, 

formed when oppositely-charged polyelectrolytes are mixed in solution48. The extension of the 

crosslink and the resulting mechanical properties of the PECs depend on the salt concentration 

during preparation. This behavior is similar to the one observed in polyelectrolyte multilayers. 

Precipitation of these complexes is due to the formation of insoluble (Pol+Pol-) ion-pairs 

accompanied by the release of their complementary counterions and water. This process has been 

shown to be entropically driven49  and the description of this process can be found in Figure 1.5. 

 

 

 
 

Figure 1.5. Representation of the entropically driven formation of polyelectrolyte 

complexes in solution.  
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Initially these amorphous polyelectrolyte complexes were considered unsuitable for 

processing50. Nevertheless the use of non-stoichiometric conditions during preparation or by 

performing post-assembly treatments, amorphous polyelectrolyte complexes with functionality 

and potential applications had been produced.50, 51  

Since their introduction, polyelectrolyte complexes remained eclipsed by the increasing 

scientific interest in polyelectrolyte multilayers. However in 2009 Porcel et al52 introduced a new 

configuration for these materials with possible bioapplications called Compact Polyelectrolyte 

Complexes (CoPECs). These new ionically crosslink materials were prepared by 

ultracentrifugation of the precipitated complex formed after two polyelectrolytes were mixed in 

solution. The result is a porous, non-stoichiometric hydrogel blob, and its properties depend on 

all the variables involved in their preparation i.e. mixing order53, centrifugation speed54, 

polymers and salt concentrations54, 55. Since their appearance these materials have been 

suggested for different bioapplications including tissue engineering.52, 55, 56 

Recently the perception of these complexes as “unprocessable materials” has changed. In 

fact PECs and CoPECs are now known as “Saloplastic52”, a term used to describe materials that 

could be process into different shapes using salt as an intermediary, similar to the role played by 

heat in thermoplastics. The main advantage of these materials is that they exhibited different 

mechanical properties depending on salt and water concentration inside the polymer matrix.55, 57 

Additionally these materials can be molded and functionalized into different shapes by 

extrusion56, 58, 59, a common and widely used industrial process. 

 

1.4 Cell Culture on Polyelectrolyte Multilayers 

 

1.4.1 Basic Principles in Cell Adhesion. 

Cell adhesion is a necessary process for multicellular organisms. Cell adhesion plays an 

important role in many biological process such as differentiation, proliferation, motility, 

apoptosis, cellular trafficking and tissue formation and development60. Additionally, viability of 

cells associated with tissues depends on their ability to attach to substrates, these cells will not 

survive in fluid suspension61.  
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To understand this process, first it is important to know that cells need adhesive proteins 

in order to attach, either to each other (Cell-Cell attachment) or to a matrix (Cell-Matrix 

attachment). Several adhesive proteins such as fibronectin, vitronectin, fibrinogen, collagen and 

laminin, all present in the extracellular matrix (ECM) share one specific motif that bears cell 

adhesion promoting activity, the RGD site62. In other words the RGD sequence is the cell 

recognition site in adhesive proteins. Several studies showed that the presence of this simple 3 

amino acid sequence enhanced cell attachment63-65.  

When cells attached to a surface, a family of transmembrane receptors called integrins is 

activated. Integrins support migration and adhesion in many cells by activating adhesion-related 

pathways upon binding to several RGD-proteins60, 66. Integrins bind to a RGD site in an adhesive 

protein. Then bound integrins come together and conformational changes occur in the 

extracellular and cytoplasmic domains, and it is in the last one, where actin filaments inside the 

cell are recruited. These clusters with the help of additional proteins such as Rho, paxillin, talin, 

and vinculin, effectively connect the intracellular cytoskeleton with the ECM, in order to form 

“focal adhesions”66, 67. Focal adhesions are not only transmembrane anchoring sites responsible 

for traction (like feet) between the cells and ECM, they are also mechanosensors that transmit 

information about the physical properties of the substrate. This information is vital for cells 

because the mechanical properties of the surface have a significant effect on cell attachment, 

migration and cell growth68, 69. According to Schwartz et al70, cells feel and test their elastic 

microenvironment by pulling through myosin-II based contractility directly linked to the 

cytoplasmic domain of integrins present in focal adhesions attached to matrices. Figure 1.6 

illustrates this process. 

This mechanotransduction step determines cell fate. Cells need to feel their surroundings, 

in fact different cell types are naturally adjusted to the specific elasticity of their 

microenvironment and they require similar conditions in order to function and behave properly71. 

One clear example of how this step affects cell fate was reported by Engler et al72, where 

mesenchymal stem cell (MSCs) differentiation was directly influenced by surface stiffness, cells 

were neurogenic on soft matrices similar to the brain environment, and cells on hard surfaces that 

mimic muscle were myogenic. Although the importance of this process is clear, the exact 

mechanism to describe how specific pathways are activated or regulated by this process is still 

unknown61, 73. However many models had shown the magnitude and role of some cell adhesive 
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molecules. The role of myosin-II was determined by inhibition with blebbistatin, the results 

showed that by blocking this molecule MSCs differentiation can be prevent 72. In other studies 

the non-specific hyperphosphorylation of multiple adhesive proteins induce the formation of 

focal adhesion in soft surfaces, implying the influence of phosphatases74. In the case of integrins, 

they seem to be downregulated on soft surfaces, but vastly express on rigid matrices75, 76. 

Additional studies have shown that tension forces on many cytoskeletal proteins can unfold 

protein domains, or even completely dissociated proteins from ligands77-81. 

 

 

 
 

Figure 1.6. Scheme describing Myosin II contractile forces applied by cells through focal 

adhesions in order to feel the mechanical properties of the surface. Here the contractile forces 

exert by myosin II by pulling actin filaments attached to the cytoskeleton and the cytoplasmic 

domain of a focal adhesion complex. This force travels through the focal adhesion and reached 

the extracellular domain of the integrin clusters linked to a fibronectin protein present in the 

extracellular matrix. 
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1.4.2 Cell Behavior on PEMUs  

Since their introduction polyelectrolytes multilayers have been proposed as new kind of 

biomaterial coating38, 82. The main reasons why they earned that special mention is due to their 

simplicity, controllable architecture, their compatibility with natural polyelectrolytes during 

buildup and additionally they can be prepared on top of implantable biomaterials available 

now34. Many studies had been done in order to understand how polyelectrolyte coatings and their 

properties affect cell behavior. The following is an introduction to how different film properties 

can influence cell adhesion.   

Multilayer stiffness is one of the most studied film properties, because as mention before 

the role of surface elasticity has a significant impact on cell behavior72. In general cells adhere 

better to stiff surfaces than to soft gel-like matrices83. Schneider et al84, investigated the behavior 

of human chondrosarcoma cells (HCS-2/8) on PEMUs made of poly(L-lysine), (PLL) and 

hyaluronic acid, (HA). These multilayers were cross-linked at different cross-linker 

concentration in order to obtain an array of films with diverse mechanical properties. Their 

results showed that cell adhesion depends on film stiffness, cells attached and spread better on 

stiffer films. Likewise our group found similar cell behavior on photocrosslinked poly(acrylic 

acid) (PAA) and poly(allylamine hydrochloride) (PAH)  films, using rat aortic smooth muscle 

A7r5 cells and U2OS osteosarcoma cells21. Here the cells were cultured on a film that exhibited 

a modulus gradient, their results showed that both cell lines migrated toward the stiffer areas, a 

process known as durotaxis. Similar results have been reported by other groups, Thompson et 

al85, found similar behavior on human dermal microvascular endothelial cells (MVEC) on 

poly(acrylic acid), (PAA), and poly(allylamine hydrochloride), (PAH) films, prepared at 

different pH values to alter stiffness between coatings. However they also found differences on 

cell behavior on mechanically identical films, that differ only on which polymer (PAA or PAH) 

is present on the last layer. This result suggested that there are additional factors that alter cell 

attachment on polyelectrolyte films that are not related to the elasticity of the matrix. It is also 

important to address that PEMUs are thin films usually deposited on rigid substrates, therefore 

depending on the thickness of the film, cells can feel the underlying mechanical properties of the 

substrate or an apparent stiffness product of the combination of film and substrate rigidity, 

instead of the pure mechanical properties of the film86, 87. Recent studies based on models 
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showed that cells should feel substrate contributions on polyelectrolyte films thinner than ~50-

60 m88, 89.  

The surface roughness also affects cell adhesion. Price et al90, reported that nanometer-

scale roughness on carbon fibers influence cell attachment differently depending on the cell type, 

osteoblast adhesion is promoted on rough surfaces, On the other hand cell adhesion decreased for 

smooth muscle cells, chondrocytes and fibroblast. The same behavior for fibroblast had been 

reported for implantable biomaterials91. However when cells are cultured on PEMUs, the role of 

roughness seems irrelevant when compared to other physical properties of the films84. Previous 

experiments performed in our group have shown that surface roughness does not have significant 

effect on cell behavior92. 

The role of hydrophobic and hydrophilic films has also been documented in the literature. 

Previous studies performed in our group showed that A7r5 smooth muscle cells prefer 

hydrophobic surfaces93, these results agreed to Niepel et al94 using primary human fibroblast on  

poly(ethylene imine), (PEI), and heparin (HEP) films. However some authors contradicted these 

results, Scheider et al84 found that human chondrosarcoma (HCS-2/8) preferred hydrophilic 

PEMUs made of poly(L-lysine), (PLL) and hyaluronic acid, (HA). Furthermore other studies 

using different films and cell lines showed that wettability has no effect on cell behavior32, 92, 95, 

96. Therefore the influence of hydrophobicity on cell behavior seems to depend on many factors 

such as cell type and polymer chemistry. It is possible that hydrophobicity influence per se is 

negligible for cells itself, however wettability can affect protein adsorption on surfaces which 

would have significant impact on actual cell response.   

Serum-containing medium is necessary for cell culture. This serum contains many 

proteins and cofactors necessary for cell development. Arima et al97 described cell adhesion on 

surfaces during cell culture in 4 steps; (1) adsorption of serum proteins from the medium to the 

surface, (2) approach of cells to the surface,  (3) attachment of  cells, and (4) spreading  of cells. 

Multilayers are a special type or substrate due to their tunable properties such as stiffness, 

wettability, chemistry, and charge, and all these properties have an effect on protein absortion98. 

Additionally proteins are also charged species, therefore their interaction with these films require 

special attention.  
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The effect of wettability and surface chemistry on protein absorption has been reported 

on self-assembled monolayers97, 99, 100. The general trend is that proteins absorbed better on 

surfaces with increasing hydrophobicity101. Arima et al97, 99, 102 studied the direct effect of 

functional groups and wettability in protein adsorption and protein exchange. Their results 

showed that cell adhesion was significantly affected by surface functional groups, such as –NH2 

and –COOH (very common on weak polyelectrolytes) because these groups affect the wettability 

of the film, which have an effect on protein displacement of adsorbed serum proteins.  

Albumin is an not adhesive molecule that prevents cell adhesion103, but is the most 

abundant serum protein with concentrations ranging from 35-50mg/mL97. Its absorption on films 

increases in hydrophobic conditions. Additionally hydrophobic films favored irreversible 

albumin adsorption, consequently cell adhesive molecules present in serum media such as 

fibronectin are not capable to displace albumin from the surface, and cell adhesion decline. On 

the other hand on hydrophilic coatings, adhesive proteins displaced albumin efficiently99, 104. 

Analogous results have been obtain in or group105, where absorption of the adhesive molecule  

fibrinogen was greater on hydrophilic films when compare to albumin absorption on the same 

films.  

Surface charge plays a major role in protein adsorption on polyelectrolyte film. Proteins 

are net positively or negatively charged just like polyelectrolytes. In general proteins adhere to 

either positively or negatively charged surfaces thru hydrogen bonding or hydrophobic 

interactions, however protein concentration is higher on films where the last layer corresponds to 

the complementary counterion, due to the addition of electrostatic interactions to the other 

attractive forces105, 106. Many studies have been done where cell adhesion was improved by 

adding an adhesive ECM protein coating on top of a polyelectrolyte film107-110. However a recent 

study by Trappmann et al111, suggest that the presence of adhesive molecules on a film does not 

guarantee cell adhesion, cell attachment will also depend of how strong are those adhesive 

proteins anchor to the surface, because cells need to complete their mechanotransduction step in 

order to form focal adhesions. These results are in accord with the observation obtained in our 

research on anti-adhesive surfaces92.  

Adhesive proteins are generally negatively charged112. Proteins adsorb on higher 

quantities on films with opposite charge on the top layer (polycation ending films)105. However 
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polycation toxicity has been reported in the literature44, 113. According to their results, free 

polycation chains can disrupt the negatively charged cell or bacterial membrane causing cell 

dead. Achieved this polycation mobility on the upper layer is fundamental for cytotoxicity. 

Martinez et al114 studied the differences in toxicity between free (in solution) vs multilayered 

polyelectrolytes, using A7r5 and U2OS cells on PAH and PAA films and solutions. Their 

observations showed that free PAH (polycation) in solution caused necrotic cell disruption at 

concentrations higher than 1mM, while PAA (polyanion) was never toxic for cells at all 

concentrations. In contrast cells on multilayered films of the same polymers showed no signs of 

cytotoxicity regardless of which polymer was on the surface. Similar behaviors have been found 

in the literature where cells did not showed signs of cytotoxicity on polycation- ending films32, 

115, 116. When multilayered, polycation toxicity decreases due to the strong interactions between 

polyelectrolytes in PEMUs, which reduce the concentration of mobile polycation chain segments 

responsible for membrane disruption44. However this can be overcome to produce multilayers 

with high chain mobility on the surface by tuning the properties of the multilayer during buildup 

or by post-assembly treatments. On films made of weak polyelectrolytes, this can be 

accomplished by adjusting pH during or after build up113, 117. For films made of strong 

polyelectrolytes, chain mobility can be manipulated by altering ionic strength during buildup118, 

119. These findings were consistent with the results obtained in our group were polycation-ending 

films of strong polyelectrolytes prepared at high salt concentration were highly cytotoxic, when 

prepared at low salt concentration (low ionic strength) the same films were cytophilic 92. 

 

1.5 Document Outline 

 

A general overview of all the basic principles on polyelectrolytes, polyelectrolyte 

multilayer (PEMUs) and complexes (PECs), their applications as new biomaterials, and a 

concise description of cell attachment and cell behavior on polyelectrolyte multilayers are 

presented first in chapter 1.  

Chapter 2 is dedicated to methodology optimization and experimental details adequate 

for the study of polyelectrolyte multilayers and for their interaction with cellular organism. 

Details about multilayer characterization techniques and instruments such as atomic force 
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microscopy (AFM), Fourier transform infrared spectroscopy and ellipsometry. Additionally 

detail description of how to observed and quantify large and small cell quantities, also techniques 

to analyze cell behavior on these materials will also be introduced. 

Chapter 3 is centered on the study and preparation of cell resistant surfaces, their 

production and possible applications. This chapter explored in detail the behavior of 3T3 

fibroblast cells on a new type of films created by the layer-by-layer assembly technique. The 

polyelectrolyte films were obtained by modifying deposition conditions during buildup, when 

compare to the multilayer deposition of conventional polyelectrolyte coatings. The final films 

were given the name of “salt hybrids”, because they share physical characteristics with two 

different native polyelectrolyte films. One particular coating called “anti” exhibited 

extraordinary cell-resistant and cell clustering properties that were not present on native films. In 

this chapter characterization of these films was performed in order to establish the property or 

properties responsible for this unusual behavior. Finally surface charge density was measured 

using a radiochemical technique showed that this multilayer characteristic previously ignored in 

the literature is introduced as responsible for this effect, and a hypothesis on the biological level 

was presented. 

In Chapter 4, we explored in detail the hypothesis proposed in our previous work by 

quantifying protein adsorption and strength of adhesion on a series of anti films at different 

bilayers using native films as controls. The different bilayers were used to understand the 

influence of mechanical properties on cell attachment on anti films. Additionally recent studies 

performed in our lab showed that polyelectrolyte migration occurs inside the films, and this 

migration affects surface charge density and the type of charge present on the film surface, the 

effect of this process and its influence in cell response was also analyzed. Finally protein 

absorption was quantified using a radiolabeled albumin and a radiochemical technique described 

in previous chapters. 

In Chapter 5, describes stem cell behavior on anti films. Our previous worked showed  

that anti coatings produced multicellular spheroids on 3T3 fibroblast, in this work hMSCs human 

mesenchymal stem cells were exposed to anti films and their behavior was observed for 24,48 

and 72 hours. Cell clustering was obtained showing that anti films were not specific for 
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fibroblast aggregation. Additionally pluripotency and differentiation of hMSCs spheroids was 

tested and compared to a commercially available anti-adhesive surface.  

Finally in Chapter 6 conclusions regarding future work, challenges and possible 

applications of this research will be discuss in more detail. 
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CHAPTER 2 

METHODOLOGY 

 

2.1 Materials and Chemicals 

 

Poly(4-styrenesulfonic acid), PSS; 18.89 wt % in water, molar mass ~70, 000 g mol-1). 

Poly(diallyldimethylammonium chloride), PDADMAC; 21.3 wt % in water, molar mass  

400,000 – 500,000 g mol-1), sodium chloride (99.5%), CZ-Silicon wafers, sodium chloride 22Na+ 

(0.10 mCi, 22-Na, -emitter, Emax = 511 keV, 1.28 MeV, half life 950 days), sodium iodide 125I- 

(0.792 mCi at the time of use, but initially supplied as 1.1 mCi, 125-I, -emitter, Emax = 35 keV, 

half life 59.4 d), 14C-tetraethylammonium bromide (0.25 mCi, 14-C, -emitter, Emax=156.5 keV, 

half life 5730 years), [125I]-Bovine serum albumin (1 mCi, 125I,  1.1 Ci/ g, -emitter, Emax = 35 

keV, half life 5λ.4 dΨ, δive/Dead™ viability kit (Cyto-dye and propidium iodideΨ, AccuBlue™ 

dsDNA quantification kit, and resazurin sodium salt were all used as received. Cell culture was 

performed using tissue culture plastic as substrate and a 3T3-Swiss albino fibroblasts cell line 

(purchased from American Type Culture Collection as ATCC CCL-92 cells and maintained in 

the lab for several generations).  

All solutions were prepared using 1κε  deionized water (Barnstead, E-pure). PSS and 

PDADMAC were 10 mM (based on the monomer repeat unit) polymer solutions with a [NaCl] 

of 0.15 M or 1.0 M. The pH of the solutions was adjusted to pH 7 with 1.0 M NaOH.    

 

2.2 Polyelectrolyte Multilayers Nomenclature and Preparation17 

 

Polyelectrolyte multilayers (PEMUs) used for film characterization were prepared using 

silicon wafers (OKMETIC) as substrate. Multilayer buildup was carried out manually by 

alternating deposition of the substrate into polyelectrolyte solution inside 1000 mL beakers. A 

custom-made holder was used to prepare up to 6 films at once, this holder allowed for 
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preparation of films that are almost identical to each other, increasing experimental 

reproducibility. A picture of the holder can be observed in Figure 2.1. 

 

 

 
 

Figure 2.1. Custom holder used to prepare polyelectrolyte multilayers on Silicon wafers. 

A) Front facing view, B) Lateral view, C) Example illustrating how silicon wafers are held by 

the clamps. 

 

 

All silicon wafers substrates were cleaned before use. The cleaning process started by 

removing any organic impurity on the surface, this step was achieved using a piranha bath for 10 

minutes. Piranha working solution was prepared by mixing concentrated solutions of sulfuric 

acid (H2SO4) and hydrogen peroxide (H2O2) in a 70/30 ratio by volume. Once completed the 

wafers were rinse 3 times using 18 ε  deionized water for 1 minute and dried using a nitrogen 

gas. Finally plasma cleaning was used to remove any extra contaminants and to create a highly 

hydrophilic and negatively charged surface ideal for polycation deposition.  

The resulting multilayers were classified depending on the ending layer and salt 

concentration during buildup. Figure 2.2 explains in more detail multilayer nomenclature. 



20 

 

 
 

Figure 2.2. Scheme describing multilayer nomenclature on negatively charged substrates. 

 

 

2.2.1 Layer by Layer on Tissue Culture Plates (TCP) 17 

Cell culture experiments were completed on polyelectrolyte multilayers prepared using 

the layer-by-layer technique on tissue culture plastic (TCP) plates as substrate. TCP plates are 

polystyrene plates that undergo an undisclosed treatment to increase cell attachment. Cell culture 

and film coating was also performed on non-treated polystyrene plates in order to investigate any 

possible contribution of the TCP treatment, but the observations showed no differences between 

cells cultured on films made using TCP or non-treated polystyrene films. TCP plates were clean, 

sterile and sealed, and according to the manufacturer the last step of sterilization involves plasma 

cleaning, which produces a negatively charge substrate ideal for initial polycation deposition. 

During buildup the plates were submerged completely into 1000 mL beakers containing polymer 

solution. After the coating was completed the plates were dried and then sterilized inside a 

laminar flow hood using a UV lamp for 5 minutes. Cell seeding was performed less than 24 

hours after film preparation.    

[PDADMA/PSS, X ]n

Polycation

Polyanion
# of Bilayers

Salt concentration 

x[M NaCl]

Multilayer nomenclature

[PDADMA/PSS,0.15]10

[PDADMA/PSS,1.0]10[PDADMA,1,0]

10 Bilayers or  “20 Layers”

10.5 Bilayers or  “21 Layers”

[PDADMA/PSS, 0.15]9[PDADMA,0.15][PSS,1.0] Hybrid 10 or  “Hybrid 20 Layers”

Examples
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2.3 Multilayer Characterization Techniques 

 

2.3.1 Ellipsometry120, 121 

Ellipsometry is a non-destructive, optical technique commonly used to measure thin film 

properties such as thickness and refractive index, without any standards needed. The technique 

measured changes in state of linearly and elliptically polarized light. Light is an electromagnetic 

wave that can be represented by two perpendicular vectors, B for the magnetic field and E for the 

electric field. In the case of ellipsometry on thin films we are only interested in the electric field 

E. Consider two electromagnetic waves (E1 and E2) propagating on the Z axis, if the difference 

in their phases  = ( 2- 1Ψ is a multiple of ±π, the observable vector E due to the superposition of 

the two electric fields is a linear vector, therefore the light is linearly polarized. Now if the 

difference in their phases  = ( 2- 1) is a multiple of ± π/β the observable vector E is a circle, in 

is called circularly polarized light. Anything in between produces an elliptical observable vector 

E, therefore it is called elliptically polarized light. Figure 2.3 describes this process in more 

detail. 

In our case light form a monochromatic source is linearly polarized using a polarizer 

prism, the light beam is then directed towards the sample at an angle of 70° (the closest angle to 

the Brewster’s angle for silicon, 7γ.κ°Ψ, the interaction between the linearly polarized light and 

the sample changes the state form linear to an elliptical polarized state. Two variables are 

measure by the detector from the reflected light, Δ or phase difference (Δ = ( 2- 1ΨΨ and , 

(arctangent of the amplitude ratio between the parallel and perpendicular components of the 

polarized light), the data is analyzed and fitted to a mathematical model, and in thickness and 

refractive index of thin films was estimated. 

A Gaertner Scientific Model L116S ellipsometer was used for these experiments. The 

instrument has a He-Ne laser (632.8 nm, red) as its monochromatic source, a polarizer prism, a 

multiangle platform, however all the experiments were performed at an angle of 70°. The 

analyzer module contains a StokesMeter four-head photodetectors. Data was processed using 

LGEMP software, only thickness was measured, refractive index of all the polyelectrolyte 

multilayers was fixed to 1.55 and 3.85 was used for the silicon substrate. A representation of the 

instrument can be found in Figure 2.4. 
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Figure 2.3. Schematic representation of the possible states of polarization when two 

electric fields orthogonal to each other propagate around the Z-axis. A) Linearly polarized light, 

 = ( 2- 1) = n* ± π, n= (0, 1, β…Ψ. BΨ Circularly polarized light,  = ( 2- 1) = n* ± π/β, n= (0, 
1, β…Ψ. CΨ Elliptically polarized light, Δ = ( 2- 1Ψ, Δ ≠ nΩ ± π, and Δ ≠ nΩ ± π/β, n=(0, 1, β..Ψ. 

 

 

 
 

Figure 2.3. Functional diagram of the basic components of the Gaertner Scientific Model 

L116S ellipsometer. 
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2.3.2 Atomic Force Microscopy (AFM)41, 122 

Atomic force microscopy (AFM) is a sensitive, high-resolution characterization 

technique for the study of samples at nanoscale. AFM has been used in multilayer to 

characterized films in wet and dry conditions, properties such as topography, thickness and 

mechanical properties can be measured. The basic concepts of the technique are simple, a very 

small tip (~10-30 nm in radius) attached to the end of a cantilever scan the surface on the X, Y 

and Z directions, any features present (protuberances or holesΨ on the material is “felt” by the tip 

as a change on the Z-axis, and it is registered by a position sensitive detector. There are two 

types of forces felt by the tip. The first one is attraction forces that are generated between the 

atoms on the tip and the atoms on the surface, this attraction bends the cantilever towards the 

sample, however when the atoms from the tip and the surface get to close together, electrostatic 

repulsion forces between the atoms electron clouds appear. These repulsion forces repel the 

cantilever away from the surface.  

There are 3 popular modes to operate an AFM instrument; contact mode, non-contact 

mode and finally tapping mode. In contact mode, the tip scans the surface by making direct 

contact. The attraction and repulsion forces bend the cantilever depending on topography 

features. Images obtain by this technique have high-resolution, however one of the biggest 

disadvantages of this mode is that reduces the life of the tip and it can damage the sample. On the 

other hand in non-contact mode, the cantilever oscillates at constant amplitude very close to the 

surface without making physical contact. Any topography feature on the surface will attract the 

tip towards the film changing the oscillation amplitude, a high-speed feedback correct and 

registered the changes in amplitude, generating the image and preventing the tip from touching 

the surface. The main advantages of this technique is that it increases the life of the tip, it is ideal 

for soft biological samples because is not destructive technique. However this technique offers 

poor resolution images. Finally in tapping mode the cantilever oscillates near its resonance 

frequency, the amplitude of oscillation is higher than in non-contact mode, and the tip has direct 

contact with the surface, when the tip interacts with the surface the oscillation amplitude is 

reduced, these differences are detected by a the feedback loop that keep either the amplitude 

constant (amplitude modulated) or the frequency constant (frequency modulated). This technique 

offers a good balance between high-resolution and gently sample treatment, which is ideal for 

soft materials. However the rapid oscillation wears down the tip, which reduces resolution over 
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time. The instrument used for this dissertation is a MFP-3D AFM equipped with an ARC2 

controller purchased from Asylum Research. All the tips used for these experiments were Veeco 

NCHV tips with a spring constant between 20 and 80 N m-1. The scan rate was 0.5 Hz and the 

cantilever frequency was kept at 10% below its natural frequency. Data analysis was performed 

using Igor pro software. Figure 2.4 shows a schematic representation of this instrument. 

 

 

 
 

Figure 2.4. Schematic representation of the MFP-3D AFM instrument. A laser is focused 

on the cantilever attached to the head. The head contains a Piezo crystal that controls cantilever 

movement on the Z-axis (Piezo materials change their shape when a voltage is applied). The 

sample is placed on top of the XY scanner. The scanner contains two piezo crystals that control 

sample movement on the X and Y-axis. Finally the reflected light from the cantilever is directed 

towards a position sensitive detector. 

 

 

2.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 123, 124  

Infrared spectroscopy (IR) is the study of the interaction of infrared radiation with matter. 

Qualitative and quantitative analysis can be perform with this technique, however is frequently 
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used for identification of molecules, mainly because every compound has a unique IR spectrum. 

The infrared region is divided into 3 groups, near-infrared (12900-4000 cm-1), mid-infrared 

(4000-200 cm-1) and the far-infrared (200-10 cm-1), being the mid-infrared the most common and 

the one used for this dissertation.  

IR spectroscopy deals with vibrational transitions, a molecule is visible or active in IR, 

when a change in dipole moment occurs from the vibration induced by infrared absorption. 

Figure 2.5 illustrated this process. Functional groups are usually located in the group frequency 

region (4000-1300 cm-1), the exact location of these group varies depending on the molecule. 

The finger print region (1300-400 cm-1) is the preferred region for molecule identification, this 

region is unique for every molecule, because it relies on the absorption of compounds as a whole 

and not as specific functional groups. 

 

 

 
 

Figure 2.5. Illustration of two vibrational modes for CO2. Symmetrical stretching does 

not produce a change in dipole therefore is inactive for IR spectroscopy. However asymmetrical 

stretching induces a change in dipole and can be detected. 

 

 

Modern IR spectrometers rely on the Fourier transform for data analysis. These 

instruments are known as Fourier Transform IR (FTIR). One of these spectrometers was used for 

this dissertation. FTIR instruments acquire data as an interferogram, which in most commercially 

available instruments is obtained using a Michelson interferometer, a schematic representation of 
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this instrument and an interpretation of how the interferogram is obtained can be found in Figure 

2.6. 

 

 

 
 

Figure 2.6. Schematic representation of a Michelson interferometer used in Fourier 

transform IR (FTIR). A) Michelson interferometer, a monochromatic source is directed towards 

a beam splitter which reflects ½ of the source intensity to a fixed mirror and the other ½ towards 

a moving mirror. The light is reflected again by the mirrors and recombined in the beam splitter 

and sent to the dectector. B) Depending on the position of the moving mirror, the intensity 

observed by the detector changes. At the zero path difference (Δ= Ψ both light beams are in-

phase and a maximum is produced. At Δ= 0.5  both beams are completely out-of-phase in a 

minimum is observed. For any other position the intensity will be between those two points. C) 

In FTIR a polychromatic source is used, the combination of all the frequencies produces a more 

complex interferogram, with a maximum at the zero path difference. The shape of the 

interferogram varies depending of which frequencies reached the detector and how much of 

those frequencies were absorbed by the sample. 
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The instrument used for this dissertation is a Thermo Nicolet Nexus 470 FT-IR equipped 

with two detectors a MCT/A and a DTGS-KBr, but all measurements were performed using the 

MCT/A detector. All the samples were prepared on double polished silicon wafers. A custom 

made holder with a 15° angle was used to support the samples. CO2 level was controlled and 

background was collected before any sample was measured. 

 

2.3.4 X-ray Photoelectron Spectroscopy (XPS)125 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is a widely used surface characterization technique. XPS offers 

significant advantages over other surface characterization techniques due to the amount of 

information that can be extracted during an XPS experiment. For example when using XPS it is 

possible to identify and semi-quantify the presence of almost every single element in the periodic 

table (except for H and He) as long as the element’s concentration in the sample is higher than 

0.1%. Additionally, qualitative information including identification of organic groups and 

molecular environments can also be obtained. Additional advantages include the non-destructive 

properties of the technique due to the mere 10 nm in depth of the sample required for scanning.  

The principle of XPS is based on the photoelectric effect, in which a material is irradiated 

by a photon with sufficient energy to overcome the binding energy of an atomic orbital electron 

leading to electron emission, any extra energy transferred to the electron will be transformed into 

kinetic energy for the emitted electron. In the case of XPS, the photons originate from an X-ray 

source with the electrons emitted corresponding to core-level electrons, Figure 2.7 describes this 

process in more detail. During an XPS experiment many electrons across the sample are excited, 

however most of these photoelectrons will be reabsorbed by the sample and only photoelectrons 

coming from atoms near the surface (usually between 1 to 10 nm) will escape and be detected, 

resulting in XPS being  categorized as a surface characterization technique.  

The driving force behind the success of XPS as a surface characterization technique lies 

in the concept of binding energy. This type of energy is related to the energy that bounds 

electrons in a specific orbital to the nucleus in an atom. Every element has a distinct nuclear 

charge, therefore these binding energies are specific for each electron inside a particular element 

and because this energy only depends on the nuclear charge, different isotopes of the given 
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element do not significantly affect the binding energy. Most of the changes observed in binding 

energy are related to the formation of bonds (covalent or ionic) between elements. This 

information can be used to obtain chemical information of the sample tested. During an XPS 

experiment the binding energy is determined by measuring the kinetic energy of the 

photoelectrons emitted from the sample, and a Counts vs. Binding energy spectra is obtained. 

Equation 2.1 describes the binding energy in terms of the X-ray radiation (hv) and the kinetic 

energy (KE) of the electrons captured in the detector. 

 

� = ℎ −      .  

 

 

 
 

Figure 2.7. Illustration of the photoelectric effect. A sample containing nitrogen is 

irradiated using an X-ray source, the X-ray photons produced transferred enough energy to 

overcome the binding energy of 1s electrons inside the atom and add kinetic energy to the 

emitted electrons. The electrons emitted during this process are known as photoelectrons. 

 

 

X-rays can travel and excite electrons throughout the sample, however as mentioned 

previously only electrons from atoms near the surface can be detected. These photoelectrons will 

not be reabsorbed by the sample and will have enough kinetic energy to reach the detector. 

Therefore factors such as inelastic mean free path ( ) which related the thickness at which 63% 

of the electrons will lose energy have to be taken into consideration. In this dissertation a 
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sampling depth of γ  (λ5% of electrons will be detectedΨ and a takeoff angle of 45° is used. A 

schematic representation of an XPS instrument can be found in Figure 2.8.  

 

 

 
 

Figure 2.8 Schematic representation of an XPS instrument. X-ray photons are directed to 

the sample. After the energy transfer is completed the photoelectrons emitted are collected in the 

energy analyzer in which electrons are filtered depending on their kinetic energy, once filtered 

they will arrive at the detector. 

 

 

XPS quantification experiments rely on the total amount of electrons emitted, which are 

obtained by measuring the area under the peaks. In the spectra, the area is related to the 

concentration and the position of the X-axis (binding energy) is related to the element present in 

the sample. In order to accurately quantify elemental composition, a sensitivity factor must be 

taking into account to normalize results. This sensitivity factor includes instrumental and 

experimental parameters such as the instrumental constant (KΨ, inelastic mean free length ( Ψ and 

the take-off angle (θ). Additional parameters such as the angular asymmetry factor and photo-

ionization cross-section are element dependent.  
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In this dissertation all XPS measurements were made using a Perkin Elmer 5100 PHI 

instrument, with a non-collimated εg Kα X-ray source (h  = 1β5γ.6 eVΨ. The system was 

operated at a base pressure of 1.9 x 10-8 torr and a take-off angle of 45°, with a pass energy set 

as 89.45 eV and a speed of 0.5 eV s-1. Ten scans were averaged and quantified using database 

71 software from NIST. 

 

2.4 Radiolabeled Exchange Measurements 

 

Two types of Radiolabeled experiments were performed, ion exchange and protein 

content. In order to quantify small concentration of inorganic ions on the surface and inside the 

multilayer, radioactive ions (hot) were exchanged in solution with their counterparts (cold). The 

concentration of these ions is directly proportional to the amount of extrinsic sites or free 

polyelectrolyte present in the film. Protein absorption was also observed using this technique. 

The films were exposed to a radiolabeled albumin solution. After exposure the radiolabeled films 

were measured and the protein content was quantified. Additional experiments were performed 

in order to understand strength of attachment to different films. 

All radiolabeled experiments were performed using the same setup. The samples were 

placed on top of beveled plastic scintillator form SCSN-81 Kuraray, the scintillator rested on top 

of a photomultiplier tube (PMT) biased to -2300 V by a Bertran 313B power supply. Data 

collection was obtained by a Phillips PM6654C frequency counter connected to a computer with 

custom LabView software for data analysis. Figure 2.9 contains a schematic representation of 

this setup. 

All radiochemical measurements were performed using 3 radionuclides. 22Na+ (Emax = 

511 keV) a -emitter with a half life of 950 days was used to measured polyanion content. On the 

other hand polycation content was measured using 125I- (Emax = 35 keVΨ, another -emitter with a 

short half life of only 59.4 days. Surface charge density was quantified by substituting surface 

polycation with a 14C-tetraethylammonium bromide (14C-TEABr), 14C (Emax=156.5 keV) is a -

emitter with a half life of 5730 years. Protein content was measured using [125I]-Bovine serum 

albumin, the same isotope used in ion exchange experiments. 
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Figure 2.9. Schematic illustration of the radiochemical measurements setup.  

 

 

All ion exchange experiments were conducted using the following procedure. 

Polyelectrolyte multilayers were prepared on double polished silicon wafers. The films were then 

submerged into the radionuclide solution depending on the experiment (polycation content, 

polyanion content or surface charge density) for 15 minutes. Dipping time was based on 

Ghostine et al23 results. The films were removed from the solution and dried using a nitrogen 

stream. The samples were then placed on top of the scintillator plastic resting on top of the PMT. 

Counts were collected for 15 minutes for all radionuclides. A calibration curve was measured at 

the end using 5 uncoated double polished silicon wafers, and each wafer has a known amount 

between 1-5 δ of working solution of the isotope measured. When dried the standards were 

measured facing the PMT. With the calibration curve the counts were converted into mmoles, all 
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samples were normalized by the area of the wafer. All results were reported in units of 

mmoles/m2. 

Two backgrounds are necessary for data analysis, the first one was collected at the 

beginning of experiment, the plastic scintillator by itself was placed on top of the PMT and 

counts were recorded for 15 minutes. The second background was performed in order to correct 

for non-specific absorption, a double polish silicon wafer was coated with 1 layer of PDADMA 

at 1.0 M NaCl, and then the sample was submerged into the 14C-TEABr solution and treated 

exactly like the other samples. Any counts present in this film corresponded to non-specific 

interaction.  

The results obtained with 14C samples were analyzed performing the two corrections 

previously mentioned, however 22Na+ and 125I- samples required a secondary correction due to 

their high energy -particles.  Gamma particles can go cross the silicon wafer, therefore some of 

these particles from the backside of the silicon wafer (the side that is not facing the PMT) will be 

count by the setup. A “BackFace” correction was performed, 5 uncoated double polished silicon 

wafers, and each wafer has a known amount between 1-5 δ of working solution of the isotope 

on one side. This side is called “FrontFace” and the other side, the one without the dried standard 

solution was called “BackFace”. The standards were measured with both FrontFace and 

BackFace facing the PMT, the results were plotted as FrontFace (cps) vs. BackFace (cps). The 

graph showed a linear correlation indicating how many counts form the opposite side can pierce 

thru the wafers. 

For protein content samples, first the films were prepared on squared double polished 

silicon wafers, once ready the wafers were submerged into PBS buffer solution for 1 hour. After 

this the samples were dipped into the [125I]-Bovine serum albumin solution for 30 minutes. 

Finally the wafers were rinse twice for 30 seconds in PBS buffer and a final water rinse to 

prevented crystal formation on the films from the salts present in the buffer. The films were dried 

using a nitrogen jet, and placed on top of a steel spacer resting on top of the plastic scintillator. 

The spacer was 5.08 cm in diameter, 0.29 cm thick, with a center hole of 1 cm in diameter. The 

samples cover the central hole completely, this guaranties that all the samples had the same area 

when measured. Finally data was collected for 15 minutes, and calibration curve and “BackFace” 

correction curve were measured at the end of the day.  
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2.5 Cell Metabolic Studies126, 127 

 

2.5.1 Alamar Blue© Measurements 

Cellular metabolic response in the presence of polyelectrolytes films was measured using 

Alamar blue® (Thermo Fisher). Alamar blue is the commercial name of resazurin, a dark blue, 

non-toxic, non-fluorescent molecule. Once resazurin enters in contact with the cell, it goes thru 

the cell membrane and then is reduced to resorufin inside the mitochondria. This new molecule is 

red in color, non-toxic and fluorescent (Absorption = 540 nm, Emission = 570 nm).  The 

mitochondria is the powerhouse of the cell, therefore any metabolic change can be manifested as 

an increase or decreased in mitochondrial activity. Because the reduction of resazurin to 

resorufin occurs inside this organelle, these changes in metabolic activity will be observed as an 

increase or decrease in fluorescent. 

In this dissertation, cells were exposed to different polyelectrolyte coated well-plates. In 

order to measured changes in cell metabolism, all the cells in coated plates were compared to 

cells growing in tissue culture plates (TCP), these plates were known as control. After seeding 

alamar blue was added to each well, the amount of alamar blue added correspond to 10% of the 

total volume inside the well (usually 1 mL/well, 0.1 mL of alamar blue/well). The cells then 

incubated for 4 hours. After that the supernatant was transferred into a new clear bottom plate 

and fluorescent was measured using a plate reader. Bottom read fluorescent was used for all the 

samples in this dissertation. Figure 2.10 described this process. 

 

 

 
 

Figure 2.10 Illustration of the metabolic assays using alamar blue. Cells were cultured for 

4 hours in the presence of resazurin, mitochondrial activity reduces resazurin to the fluorescent 

compound resarufin. Finally the concentration of resarufin was measured using a plate reader. 
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2.6 Live/Dead Analysis; Measurements of Cell Viability128, 129 

 

Cell viability was measured using a Live/Dead double staining kit (Calbiochem). In order 

differentiate live and dead cells the technique utilizes 2 dyes and a dyeing buffer, which can also 

be replaced with PBS. Cyto-dye (Green, EX/Em = 488/518 nm) is a cell-permeable dye that 

binds with cell DNA, this dye will stain live and dead. However propidium iodide (Red, EX/Em 

= 488/615 nm) the second dye in the kit can only stain cells that have a compromise membrane 

(dead) because is impermeable to the cell membrane.  

To perform the assay a Live/Dead working solution was prepared by mixing 1 δ of each 

dye per mL of dyeing buffer. The plates containing the cells were transferred from the incubator 

to a laminar flow hood were the serum-containing media was removed and the cells were rinse 

with 1 mL PBS buffer. After the rinse, the buffer was aspirated and 100 δ of Live/Dead 

working solution were added and the cells with the dyes were incubated for 15 minutes. It is 

important to mention that 100 δ of this solution can stain up to 100000 cells/well, however 

during this dissertation none of the experiments had a cell concentration higher than 1x105 

cells/well.  

After 15 minutes passed the cells were removed from the incubator and fluorescent 

pictures were taken using a Nikon TS100 microscope fitted with a Nikon DS-Ri1 camera. All the 

images were processed using ImageJ software and finally %viability was calculated using 

equation 2.2.  

 

% � � � � =  −   ∗ %       .  

 

2.7 Cell Culture on PEMUs 

 

Cell culture on polyelectrolyte multilayers was achieved by coating manually tissue 

culture-treaded plates (TCP) with a polyelectrolyte film using the layer-by-layer assembly 

technique. No previous preparation was required for the TCP plates, these plates are negatively 
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charge due to plasma cleaning during manufacture. The plates were submerged into 1000 mL 

beakers containing 1 L of polyelectrolyte solution, starting with the polycation, and each 

deposition was performed for 5 minutes. After polyelectrolyte dipping the plates were rinsed for 

one minute in 3 consecutive water beakers. Once the rinses were completed the plates were 

submerged into the polyanion solution for 5 minutes, followed for another set of water rinses to 

complete the cycle for the first bilayer. This process was repeated until the multilayer coating 

had the specific properties required for the experiment. Finally multilayer films were air dried 

and used within 24 hours after preparation. 

The cells used for this dissertation were 3T3-Swiss albino fibroblasts. All the 

experiments were performed with cell cultured in serum-containing media, which was changed 

every 7β hours. The media selected for all this experiments was a Dulbecco’s εodified Eagle’s 

Medium without phenol red (DMEM-No phenol red) supplemented with 1 g L-1, L-glutamine, 

1.2 g L-1 sodium bicarbonate, 10% Cosmic Calf Serum, 100 U mL-1, penicillin G, 100 g mδ-1 

streptomycin, 0.β5 g mδ-1, amphotericin B and 10 g mδ-1 gentamicin. Cells were incubated at 

37 °C with 5% CO2 (Nu-4750, NuAire). Before cell seeding the plates were sterilized using a 

UV-lamp inside a laminar flow hood equipped with EPA filters for 5 minutes. For all 

quantitative experiments performed on 24-wellplates, seeding concentration was 10000 

cells/well. Seeding concentration in any other type of plate was 10000 cells/cm2 of growth area.  

 

2.8 Live Cell Imaging 

 

Live cell imaging and video was performed in order to observe in detail cell behavior for 

up to 3 days. Multilayers for these experiments were prepared using the same conditions 

described in section 2.7 Cell culture on PEMUs. However instead of well-plates, 35mm TCP 

dishes were used. Cell behavior was recorded using a Nikon Ti-E inverted microscope and a 

Cool Snap HQ2 camera. Cells were contained in a LiveCell chamber (Pathology Devices), 

incubated at 37°C in 5% CO2 and 60% relative humidity was used to prevent media evaporation. 

Pictures were taken in the following time intervals; every 20 s for the first 3 hours, then 1 

minute for the next 21 hours and Finally every 5 minutes for the following 48, for a total of 72 
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hours of observation. All the movie files were converted to .avi files and then compressed into 

.mp4 for further use. 

 

2.9 DNA Counting on PEMUs130 

 

DNA counting was used in order to quantify the amount of cells per well. All the 

experiments in this dissertation were performed using AccuClear™ Ultra high sensitivity dsDNA 

kit (BiotiumΨ. The technique utilizes a dye called AccuClear™ dye (Ex/Em = 46κ/507 nm), that 

shows fluorescence when bind to dsDNA. Cell culture for DNA measurements followed the 

same conditions used for AlamarBlue samples. Once the cells where ready for quantification a 

modified protocol compare to the one suggested by the manufacturer was created in order to use 

this method on polyelectrolyte multilayers. Cells were cultured in serum-containing media for 

24-48-72-96-120-144 hours on a 24 well-plate and every time point was measured by triplicate. 

DNA sampling was performed at each time interval. During the first step media was aspirated 

and the cells were rinse with 1mL of PBS buffer. After the rinse, the PBS buffer was removed 

and the cells were detached from the surface using 100 δ of Trysin-EDTA (0.5%) with a 15 

minutes incubation time at 37°C. The floating cells were recovered and placed into separate 

Eppendorf 1.5 ml microcentrifuge tubes. Cell digestion was performed by adding 50 δ of a γ00 

g/mδ Proteinase K in TE buffer into every sample tube, finally the samples were placed on a 

water bath at 50°C for 24 hours. 

Once the digestion was completed, the samples were removed from the water bath, and 

25 δ of each sample containing cells cultured on polyelectrolyte multilayers was added by 

triplicate into a black, dark bottom, 96-wellplate. However for samples containing cells cultured 

in TCP control plates only 10 δ were necessary. The reason behind this was that the cell 

concentration in TCP control plates was at least an order of magnitude higher than any cell 

concentration cultured on PEMUs.  

After all the samples were seeded into the 96-wellplate, a dye working solution was 

prepared. This solution consisted of AccuClear™ dye with TE buffer at a ratio of 1μ100 of (β0 

δ of dye per β0 mL of buffer). 200 δ of this solution was added in each well and incubated in 
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the dark for 15 minutes. Additionally a calibration curve was prepared using standard solution 

provided in the kit. The plates were measured using a plate reader using top-read fluorescent 

measurements.  

 

2.10 Hemocytometer Counting131 

 

Hemocytometer also known as counting chamber was used in order to prepare working 

solutions and to measure cell viability during initial seeding. This technique measured cell 

concentration by confining the cell into a finite small volume. The hemocytometer contains a 

grid which provides a counting area and a cover slip placed at 0.1 mm from the grid, this 

provides the height to control the volume inside the chamber. Figure 2.9 shows a schematic 

representation of the hemocytometer and how cell counting and viability measures can be 

achieved using this technique.  

For cell counting and viability experiments, first cells were cultured in a cell culture flask 

with a growth area of 175 cm2, once the cells reached 80~90% confluency, cells were recovered. 

First serum-containing media was removed, then the cells were rinsed with 5 mL of PBS buffer 

for 1 minute, then the buffer was aspirated, and 3 mL of Trysin-EDTA (0.5%) solution were 

added and the flask was placed inside the incubator for approximate 3 minutes. Once the cells 

were slightly loose, the trysin solution was removed and 5 mL of serum-containing media were 

added and transfer to a 15 mL conical tube, this new solution was called “stock”. 100 L of the 

stock solution were mixed with 100 L of Trypan blue (dilution factor = 2), and 12 L of this 

solution were loaded into each chamber of the hemocytometer. Trypan blue was used for 

viability measurements, because this dye initially only stained dead cells, however viable cells 

will absorb the dye after several minutes, therefore once this step is performed cell counting must 

be completed immediately.  

After loading the chambers, the total number of viable cell and the total number of blue 

(dead) cells were counted in a total area of 8 mm2 distributed between the two grids on the 

hemocytometer. Cell viability and cell concentration (cells/mL) were calculated using equations 
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2.2 and 2.3. Once the cell concentration was calculated working solutions were prepared using 

the stock solution. 

 

% �� � � � =  �   ��  �   ��  + �    ×      .  

 

 � =  �   �   × , × � �      .  

 

 

 
 

Figure 2.11. Schematic representation of a hemocytometer used to measured cell 

concentration and viability. A) Top view of the hemocytometer. B) Side view of the counting 

chamber with the glass cover slip to ensure constant volume. C) Zoom inset of counting grid, 

only the blue quadrants were used for counting. D) Zoom inset of live and dead cells detected 

using trypan blue inside one of the counting quadrants.  
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CHAPTER 3 

QUASI-SPHERICAL CELL CLUSTERS INDUCED BY A 

POLYELECTROLYTE MULTILAYER 

 

3.1 Introduction 

 

The search for biomaterials that induce multicellular clusters has recently intensified, 

mainly in stem cell research where cell spheroids of human mesenchymal (hMSCs) and 

pluripotent stem cells (PSCs) have demonstrated promise in cellular therapy and tissue 

engineering.132 Recent studies have shown that stem cells in multicellular clusters enhance 

metabolic activity133 and ECM production.134 Most of these clusters are made using suspension 

culture techniques132 or coated microcarrier technology135.  

A new alternative for biocompatible materials are polyelectrolyte multilayers (PEMUs). 

These ultrathin films are prepared by alternating deposition of oppositely charged 

polyelectrolytes.17 These materials have been previously examined in cell culture and the results 

illustrated that, depending on the film composition and properties, multilayers can be cytophilic 

or cytophobic.32, 115 Factors such as surface roughness,136, 137 wettability,136 swelling,138 internal 

ionic crosslinking,32 thickness,89, 139 surface charge and mechanical properties140, 141 have been 

studied, however cell attachment or the lack thereof cannot be attributed to just one unique 

parameter96.  One of the most contradicting properties of these films is surface charge. The 

literature shows that cells can, or cannot, adhere to both positively and negatively charged 

surfaces.32, 115, 139 These studies related cell adhesion to the type of charge on the surface, but do 

not measure the actual magnitude of the charge, otherwise known as charge density. 

In this dissertation, we focused our studies on surface properties of PDADMA/PSS films and 

how these films affect cell culture. Additionally, we introduced a new type of films named Salt 

hybrids. The purpose of these films is to allow us to analyze surface properties without by 

isolating mechanical properties when compare to the native film. Finally we introduced a hybrid 

film that is non-toxic even after 3 days of cultured, prevents cell adhesion and promotes cell 

clustering.  
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3.2 Experimental Section 

 

3.2.1 Materials 

The polyelectrolytes and other materials used in this dissertation were, Poly(4-

styrenesulfonic acid) PSS; 18 wt % in water, molar mass ~75, 000 g mol-1), 

poly(diallyldimethylammonium chloride) PDADMAC; 20 wt % in water, molar mass  400,000 – 

500,000 g mol-1), and sodium chloride (99.5%) all from Sigma-Aldrich. Polyelectrolyte 

solutions were prepared using 18 ε  deionized water (Barnstead, E-pure). Concentration of 

both polymers were 10 mM (based on the monomer repeat unit) with a [NaCl] of 0.15 M or 1.0 

M. The pH of the solutions was adjusted to pH 7 with 1.0 M NaOH.    

 

3.2.2 Multilayer Preparation and Introduction to Salt Hybrids 

[PDADεA/PSS,x]n multilayers (“n” indicates the number of bilayers and x represents 

the NaCl concentration used for the buildup) for surface analysis were manually built using a 

custom holder that allows 6 multilayers to be made at the same time using layer-by-layer 

assembly17 on square pieces of polished silicon wafer (Si 100), which were cleaned by 

immersion for 10 min in “Piranha” solution (70μγ0 ratio of sulfuric acid and hydrogen peroxide). 

Wafers were then rinsed with deionized water, dried and plasma cleaned for 10 minutes. The 

dipping time in each polyelectrolyte solution was 5 min followed by three consecutive water 

rinses for 1 min, after which the PEMU was air dried. For cell culture experiments, PEMUs were 

built on flat bottom, polystyrene 6 or 12-well plates (Jet-Biofil, Tissue Culture Products) instead 

of silicon wafers using the same procedure, but excluding the cleaning procedure. 

 

3.2.3 Surface Characterization 

Topography and thickness measurements were performed in dry and wet conditions 

(under PBS buffer) using MFP-3D AFM equipped with an ARC2 controller (Asylum Research). 

Veeco NCHV tips, with a spring constant between 20 and 80 N m-1, were used in all 

experiments. All measurements were taken at a scan rate of 0.5 Hz with the cantilever tuned to 
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10% below the resonance frequency. Tapping mode was used to obtain 20 m x β0 m images. 

All data was analyzed using Igor Pro software.  

XPS measurements were made using a Perkin Elmer 5100 PHI instrument, with a non-

collimated εg Kα X-ray source (h  = 1β5γ.6 eVΨ. The system was operated at a base pressure of 

1.9 x 10-8 torr and a take-off angle of 45°, with a pass energy set as 89.45 eV and a speed of 0.5 

eV s-1. Ten scans were averaged and quantified using database 71 software from NIST. 

 

3.2.4 Radiochemical Measurements 

For quantification of negative extrinsic sites, 22Na+ ( -emitter, Emax = 511 keV, 1.28 

MeV, half-life 950 days) was used. 22Na+ was supplied from Perkin Elmer as 22NaCl with an 

initial specific activity of 633 Ci g-1. A stock solution was prepared by adding 1.0 mL of 18 ε  

deionized water. The working solution with a specific activity of 5 Ci mol-1 and a concentration 

of 1.0 x 10-4 M was prepared as followsμ β55 δ of the stock solution of 22NaCl (“hot”Ψ were 

added to a plastic container with 50 mδ of unlabeled (“cold“Ψ 1.0 x 10-4 M NaCl.  

For quantification of positive extrinsic sites, 125I- ( -emitter, Emax = 35 keV, half-life 

59.4 days) was used. 125I- was initially supplied from Perkin Elmer as Na125I with an initial 

specific activity of 2157 Ci mol-1. A stock solution was prepared by adding 500 δ of 1κ ε  

deionized water. The working solution was prepared as followsμ 1β6 δ of the stock solution of 

Na125I (“hot”Ψ was mixed with 4λ.λ mδ of cold 1.0 mε solution of unlabeled NaI (“cold“Ψ.  The 

resulting solution had a concentration of 1.0 mM Na125I and specific activity of around 2 Ci mol-

1, supplied with a specific activity of 3.5 Ci mol-1. 

Surface charge density was quantified using 14C-tetraethylammonium bromide ( -

emitter, Emax=156.5 keV, half-life 5730 years). A TEABr in ethanol solution was obtained from 

Perkin Elmer and used as stock. The working solution was prepared by adding 175 δ of stock 

solution to 49.8 mL water, in order to obtain 50 mL of 1.0 x 10-4 M TEA. No unlabeled or “cold” 

TEABr was added. The concentration of the working solution was checked by measuring its 

conductivity with a conductivity meter (Thermo Scientific, Orion 3 Star) fitted with a miniature 

Pt conductivity probe. The conductivity was 5% higher than a 1.0 x 10-4 M TEABr standard 

solution. The actual concentration of 14C-TEABr was 1.05 x 10-4 M. 
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Extrinsic sites and surface charge density were quantified by exchanging unlabeled Na 

inside the film with either 22Na+ (total negative extrinsic sites) or 125I- (total positive extrinsic 

sites). First, films on silicon wafers were immersed into 5 mL of radiolabeled ions for 30 min. 

Multilayers were then removed and blown dry with a strong stream of nitrogen to remove the 

liquid from the film. Once dry, the radiolabeled PEMU was placed face down onto a piece of 

plastic scintillator (SCSN-81 Kuraray), which rested on the end window of a RCA 8850 

photomultiplier tube, PMT, inside a dark box. A drop of immersion oil was added to ensure good 

optical contact between the scintillator and the PMT window. The PMT was biased to -2300 V 

by a Bertran 313B power supply and connected to a Phillips PM6654C frequency counter/timer. 

Labview software was used to collect the counts with a gate time of 10 seconds and a pulse 

threshold of -20 mV. Counts are reported as counts per second (cps). The background, subtracted 

from all readings, was typically 6 cps. The respective counting efficiencies for 14C, 22Na+ and 

125I- were 64%, 76% and 13%. Calibration curves (cps vs. number of moles of ion) were 

prepared by drying 1.0 to 5.0 δ droplets of the radiolabeled solution between Si wafers and the 

scintillator (Supporting Information). The nmoles obtained were converted to moles m-2 using 

the area of the multilayer. Besides background corrections, charge density data was corrected for 

non-specific attachment of radiolabeled 14C. This was performed by depositing one layer of 

PDADMA on the Si wafer and then exposing the wafer to 14C-TEABr as above, because both the 

surface and the radiolabeled ions are positively charged, any counts present correspond to errors 

in the technique and non-specific interactions.   

 

3.2.5 Cell Culture and Live Cell Imaging 

3T3-Swiss albino fibroblasts (purchased from American Type Culture Collection as 

ATCC CCL-92 cells and maintained in the lab for numerous generations) were cultured in 

Dulbecco’s εodified Eagle’s εedium (DεEεΨ without phenol red. DεEε was enhanced with 

1 g L-1 L-glutamine and 1.2 g L-1 sodium bicarbonate both supplied from Sigma-Aldrich, 10% in 

volume of  Cosmic Calf Serum (CCS) from Thermo Scientific, 100 U mL-1 penicillin G, 100 g 

mL-1 streptomycin, 0.β5 g mδ-1 amphotericin B and 10 g mδ-1 gentamicin all obtained from 

Invitrogen. Cells were incubated at 37 °C with 5% CO2 (Nu-4750, NuAire). Uncoated 6- or 12-

well plates were used as controls. 
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Cell viability on surfaces was measured using a Live/Dead double staining kit purchased 

from EMD Chemicals-Calbiochem. The Live/Dead kit is composed of two fluorescent dyes: 

Cyto-dye (green, excitation/emission 488 nm/518 nm) and propidium iodide (red, 

excitation/emission 488 nm/615nm). Cyto-dye is permeable to the cell membrane, therefore live 

and dead cells appeared green. Propidium iodide is impermeable to live cell membranes so only 

dead cells were marked red. Figure 3.1 illustrated how this technique works within our samples. 

 

 

 
 

Figure 3.1. Fluorescence images of 3T3 fibroblasts using a Live/Dead double staining kit with 

two different dyes (Cyto-Green and Propidium iodide). These pictures illustrate the green dye 

staining live and dead cells, with the red dye only staining cell with a compromised membrane. 

The cells were seeded onto different PDADMA/PSS polyelectrolyte multilayers and the images 

were acquired on day 3 following the protocol suggested by the manufacturer. (A) 

[PDADMA/PSS,1.0]10, (B) [PDADMA/PSS,1.0]10[PDADMA,1.0], (C) [PDADMA/PSS,0.15]10, 

(D) [PDADMA/PSS,0.15]10[PDADMA,0.15], (E) 

[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] (F) Polystyrene control surface.  

 

 

Cell culture was performed as followed. Fibroblasts were plated at 1.5 x 105 cells per 

well into polyelectrolyte coated 6-well plates and cultured for three days. On the third day, cell 
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media was removed and only attached cells were exposed to the double staining kit. A Nikon Ti-

E microscope equipped with FITC and Texas red filters was used to image the cells. Cell 

counting was performed using ImageJ. 

Live cell images were collected using a Nikon TS100 microscope fitted with a Nikon DS-

Ri1 camera. Live cell video was captured with a Nikon Ti-E inverted microscope and a Cool 

Snap HQ2 camera. Cells were housed in a LiveCell chamber (Pathology Devices), incubated at 

37°C and monitored for 72 hours in 5% CO2 With 60% relative humidity. 

 

3.3 Results and Discussion 

 

3.3.1 Cell Behavior on PEMUs and Hybrid Films  

Cell behavior on polyelectrolyte multilayers has been probed extensively.31, 108, 138, 139, 142, 

143 As mentioned previously, some polyelectrolyte multilayer properties affect cell behavior, 

with many studies centered on the mechanical properties of the PEMUs, especially surface 

stiffness, recent studies showed that cells migrate towards the stiffer areas on process called 

durotaxis.21, 144, 145 These changes in stiffness and mechanical properties in polyelectrolyte films 

are tuned crosslinking density146 and stiffness gradient production at post-assembly treatment. 

Previous experiments demonstrate that crosslink-induced modulus gradients are especially useful 

for linking stiffness cues to cell fate because these gradients preserve the charge and the 

chemistry at the surface of a film while enhancing modulus.147 However, more work needs to be 

done in order to understand the influence of bulk stiffness on protein adhesion. Initially, an 

approach to better understanding this effect was proposed by Mendelsohn et al32 using films 

made of weak polyelectrolytes. They demonstrated that the properties of a PEMU from two 

weak polyelectrolytes, such as poly(allylamine) and poly(acrylic acid), are capable of being 

tuned to be cytophilic or cytophobic by proper selection of the pH. In contrast to our results, cell 

adhesion was observed on (presumably stiffer), less swollen, more ionically crosslinked PEMUs. 

 The resulting hypothesis stated that the hydration of the entire film altered cell behavior, 

rather than surface properties, as response did not depend on the terminating polyelectrolyte. 

Therefore highly crosslinked films (stiffer and less hydrated films) favored cell attachment when 
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compared to low crosslinked multilayers (softer and highly hydrated films). Taking into account 

that cells attach to proteins adhered to surfaces it is possible to suggest that crosslinking leads to 

better protein adhesion, higher apparent modulus than the thick hydrated films. 

For this dissertation we used a system that is not pH-sensitive. We used two strong 

polyelectrolytes Poly(4-styrenesulfonic acid) PSS; and poly(diallyldimethylammonium chloride) 

PDADMAC. In this study we investigated how two film variables affect cell behavior, these 

parameters are film thickness and surface charge, which is generally believed to depend on 

which “layer” was added last38 (i.e. positive for PDADMA and negative for PSS). As mentioned 

in previous chapters,  thickness of films made with strong polyelectrolytes depend on the salt 

concentrations during buildup.40  

Four different multilayers were initially studied and a brief description of film 

characteristics can be observed in table 3.1.  

 

 

Table 3.1. Characteristics of four multilayer films. 

Film Film Characteristics 

[PDADMA/PSS,1.0]10 Thicker film, with more negatively charged surface 

[PDADMA/PSS,0.15]10 Thinner film, with minimally negatively charged surface 

[PDADMA/PSS,1.0]10[PDADMA,1.0] Thicker film, with more positively charged surface 

[PDADMA/PSS,0.15]10[PDADMA,0.15] Thinner film, with minimally positively charged surface 

 

 

In order to observe cell behavior, bright field images of 3T3 fibroblast on multilayers was 

recorded after three days of culture on the surfaces (Figure 3.2). Cells were exposed to films 

sharing the same chemistry (same polyelectrolytes) but different physical properties: 

[PDADMA/PSS,0.15]10 (“thinner negative”Ψ, [PDADεA/PSS,0.15]10[PDADMA,0.15] (“thinner 

positive”Ψ, [PDADεA/PSS,1.0]10 (“thicker negative”Ψ, and 

[PDADMA/PSS,1.0]10[PDADMA,1.0] (“thicker positive"Ψ.  
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Figure 3.2. Phase contrast micrographs acquired on day 3 of live 3T3 fibroblasts seeded 

at 10,000 cells cm-2 onto PDADMA/PSS polyelectrolyte multilayers prepared at different salt 

concentrations. Text in lower right-hand corner indicates the top layer and [NaCl] used for 

buildup. (A) [PDADMA/PSS,1.0]10 (PSS ending layer), (B) [PDADMA/PSS,0.15]10 (PSS 

ending layer), (C) [PDADMA/PSS,1.0]10[PDADMA,1.0] (PDADMA ending layer), (D) 

[PDADMA/PSS,0.15]10[PDADMA,0.15] (PDADMA ending layer), (E) Tissue culture plastic, 

TCP, (polystyrene) control surface. Scale bar 100μm. 
 

 

Cells on the two PSS-ending surfaces (Figure 3.2A and 3.2B) showed no signs of 

toxicity, but were less abundant in comparison to the control cells on TCP. Cell detachment from 

the PSS-terminated multilayers was also observed. Many of the detached cells floated as 

aggregates in the media and these floating cells were transferred to fresh 6-well tissue culture 

plates. The aggregates adhered to the TCP control surface and cells migrated out of the 

aggregates and then spread on the surface, demonstrating that the poor adhesion to, and 

detachment of cells from, PSS-terminated PEMUs was not a result of cytotoxicity. On the other 

hand, cells on the two PDADMA-ending surfaces (Figure 3.2C and 3.2D) showed completely 

contradictory results. Cells on PDADMA thick films (Figure 3.2C) died after 3 days of exposure, 

additionally the film was covered by small bloops, which were later identified as serum 

molecules and cell membrane components. In comparison, cells on PDAMA thin films (Figure 
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3.2D) were alive and exhibited similar morphologies to cells on TCP control plates. These results 

do not make sense, as cells on PDADMA-ending film behaved drastically different. How can 

two films that share the same chemistry (both are composed using the same polyelectrolytes) and 

only differ in physical properties such as thickness and modulus, exhibit such cytophilic and 

cytophobic properties? There must be another film property responsible for these radical changes 

in cell behavior. 

In order to confirm the results obtained using the bright field images acquired, cell 

viability was measured using live/dead double staining (Figure 3.3). The results showed that 

despite the fact that PSS-ending surfaces did not encourage cell attachment, viability is similar to 

cells on TCP plates. This result confirmed that these surfaces are non-toxic. The non-toxicity of 

PSS-terminated PEMUs is in accordance with previous reports of negative-terminated PEMUs.32, 

96, 116 Fibroblast behavior on PDADMA-ending surfaces also confirmed the results obtained 

using bright field microscopy. Cells on[PDADMA/PSS,1.0]10[PDADMA,1.0] were dead.113 and 

cells on [PDADMA/PSS,0.15]10[PDADMA,0.15] exhibited good cell viability, this was 

expected, because according to the literature148 cells adhere to, and spread better on, stiff 

surfaces. The modulus sensed by cells depends on the mechanical properties of the film and the 

substrate. However, the effective modulus sensed by cells on multilayers increases for thinner 

multilayers.89, 149  Therefore the cells on this surface are sensing the coupling of the thin film 

with the substrate, which would make the apparent stiffness high,89 explaining why the cells 

adhered and spread well (Figure 3.2D) and viability was good (Figure 3.3) therefore suggesting 

no toxicity.32, 116 However on the thicker PDADMA-terminated 

([PDADMA/PSS,1.0]10[PDADMA,1.0]) PEMUs (which should appear softer and more hydrated 

to cells), instead of simply reducing adhesion, proved to be highly cytotoxic (Figure 3.2C and 

3.3). However on PSS-ending films this behavior was not observed. In fact from a mechanical 

properties standpoint, these should be well adhered, as PSS terminated surfaces are stiff.41 In 

addition, as mention before the thinner (0.15 M) PEMU allows the stiff (plastic) substrate to 

considerably enhance the effective modulus detected by cells89 while the cells on the thicker 

PEMU (Figure 3.2A) spread out a little more. These contradictions cannot be completely explain 

using previous arguments documented in the literature, such as mechanical properties or film 

chemistry. 
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Figure 3.3. Viability obtained at day 3 for 3T3 fibroblasts cells on [PDADMA/PSS] 

multilayers using Live/Dead double staining. Cells were originally seeded at a concentration of 

1.5 x 105 cells/well. Viability on the Anti system was determined 48 hours after reseeding cell 

clusters on TCP. (a) Control, (b) [PDADMA/PSS,0.15]10, (c) [PDADMA/PSS,1.0]10, (d) 

[PDADMA/PSS,0.15]10[PDADMA,0.15], (e) [PDADMA/PSS,1.0]10[PDADMA,1.0], (f) Anti. 

 

 

There are serious discrepancies on cell behavior on PDADMA-ending films. A possible 

explanation for the differences in toxicity exhibited by these surfaces, which share the same 

chemistry, may be answer by comparing charge densities. PEMUs with free cationic chain 

segments were shown to be more toxic towards bacteria if prepared under conditions which lead 

to more positive, extrinsic surface charge.113  PDADMA deposited at higher salt concentrations 

results in a thicker layer (higher positive surface charge density). While tetraalkylammonium 

groups such as the one in PDADMA are known to be highly toxic towards cells (both eukaryotic 

and prokaryotic), 44, 113, 139, 150 this toxicity is moderated if the extrinsic charge density (Figure 

3.4) can be lowered. A clear example of this moderation in cytotoxicity can be extracted from the 

work by Martinez et al114, in which free poly(allylamine) PAH in solution proved to be highly 

toxic for cells, however this behavior was not observed when PAH was multilayered with 

poly(acrylic acid) PAA. Thus, PAH toxicity is eliminated by pairing the cationic repeat units 

with anionic repeat units in PEMUs.  
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Figure 3.4. Extrinsic charges, paired with counterions, are more available for interactions 

than intrinsic changes. 

 

 

3.3.2 Hybrid-Salt Multilayers and Cell Behavior.  

Charge density is a surface property, therefore in order to test our hypothesis concerning 

the influence of charge density on cell behavior, this property must be isolated from all other 

film properties. In other words we needed to produce thin films with the surface charge of a thick 

film as well as a thick film with the surface charge of a thin film. In order to provide these 

special “thick” and “thin” PEεUs, a new type of multilayer was created called “hybrid salt” 

films or simply hybrid. The idea behind these hybrids was to keep the bulk of the PEMU 

assembly consistent and vary only the surface charge sign and density.  In other words, the 

bulk of these films were prepared using polymer solution at a specific [NaCl] but the last layer 

was deposited using polyelectrolyte solution at a different [NaCl] (i.e. 19 layers at 1.0 M NaCl 

“thick film” but capped at 0.15 ε NaCl “thin film”, therefore these new films will have the bulk, 

thickness, and mechanical properties of the native thick film, but the surface characteristics of a 

thin film). Four types of hybrid multilayers were constructed: 

[PDADMA/PSS,1.0]9[PDADMA,1.0][PSS,0.15], (“thick” bulk, “thin” negatively charged 

surface), [PDADMA/PSS,1.0]10[PDADMA,0.15], (“thick” bulk, “thin” positively charged 

surface), [PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0], (“thin” bulk, “thick” negatively 
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charged surface), and [PDADMA/PSS,0.15]10[PDADMA,1.0], (“thin” bulk, “thick” positively 

charged surface).  

Table γ.β summarizes the properties of these hybrid salt (or “hybrid”Ψ and the native 

multilayers (PEMUs). Along with the previous PEMUs summarized in Table 1, these cover all 

combinations of thickness, charge and charge density. Importantly, the hybrid salt PEMUs do not 

include the toxic thick/high positive charge density PEMU described above.  

 

 

Table 3.2. Characteristics of the four native and four hybrid multilayer films. 

Film 
Thickness 

(nm) 

surface 

charge 

Surface 

charge 

density 

( moles 
m-2) 

Roughness 

(nm) 

Cell 

morphology, 

viability 

[PDADMA/PSS,1.0]10 258 ± 12 Negative 0.44 21 ± 1.0 
Round, 

viable 

[PDADMA/PSS,0.15]10 38 ± 3 Negative 0.15 1.6 ± 0.6 
Round, 

viable 

[PDADMA/PSS,1.0]10[PDADMA,1.0] 
279 ± 15 Positive n/a 5.0 ± 1.1 Dead 

[PDADMA/PSS,0.15]10[PDADMA,0.15] 
42 ± 1 Positive n/a 1.4 ± 0.3 

Flat similar 

to control, 

viable 
a[PDADMA/PSS,1.0]9[PDADMA,1.0][PSS,0.15] 

224 ± 8 Negative n/a 1.2 ± 0.3 
Round, 

viable 
a[PDADMA/PSS,1.0]10[PDADMA,0.15] 

259 ± 12 Positive n/a 3.0 ± 1.0 
Round, 

viable 

a[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] 
45 ± 3 Negative 0.90 1.5 ± 0.4 

Spherical 

cluster, 

viable 
a[PDADMA/PSS,0.15]10[PDADMA,1.0] 

56 ± 3 Negative n/a 3.2 ± 1.2 
Round, 

viable 
a “Hybrid” 

 

 

Once the films were prepared and characterized to confirm similar physical properties 

(thickness and roughness) to the native films, 3T3 Fibroblasts were exposed to these films in the 

same conditions used with native films. Figure 3 shows the response of cells on the h-PEMUs.  

Three surfaces showed irregular adhesion and spreading compared to control TCP 

(Figure 3.2E): [PDADMA/PSS,1.0]9[PDADMA,1.0][PSS,0.15], 

[PDADMA/PSS,1.0]10[PDADMA,0.15], and [PDADMA/PSS,0.15]10[PDADMA,1.0]. Cells on 

these surfaces were attached, especially in the form of aggregates. None of the surfaces showed 

cytotoxicity, even to include the thin film with the thick polyelectrolyte surface 
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([PDADMA/PSS,0.15]10[PDADMA,1.0]). This density proved toxic for the thicker films (Figure 

3.2C). We hypothesize that the reason for this lack of toxicity on the thinner 1.0 M PDADMA 

terminated films is that only a fraction of PDADMA is added to this multilayer compared to a 

complete 1.0M salt film, therefore the charge density on the surface is lower. Additionally the 

small blobs of residue on the surface found on the native thick film were absent, implying that 

charge density was not high enough to entrap serum proteins and cell membrane. These results 

combined support our initial hypothesis.  

 

 

 
 

Figure 3.5. Phase contrast micrographs of live cells acquired on day 3 of 3T3 fibroblasts 

seeded at 10000 cells cm-2 onto hybrid-salt PDADMA/PSS polyelectrolyte multilayers prepared 

at different salt concentrations. Red rectangle in lower right shows a zoomed-in version of the 

cells illustrated by the white rectangle.  (A) [PDADMA/PSS,1.0]9[PDADMA,1.0][PSS,0.15] 

(PSS ending layer); (B) [PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] (PSS ending layer); 

(C) [PDADMA/PSS,1.0]10[PDADMA,0.15]  (PDADMA ending layer); (D) 

[PDADMA/PSS,0.15]10[PDADMA,1.0]   (PDADMA ending layer). Scale bar 100 m. 
 

 

As mention before 3 out of the 4 surfaces showed similar behavior, the remaining one 

[PDADMA/PSS,1.0]9[PDADMA,1.0][PSS,0.15] exhibits a completely different cell behavior. 
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This “thin” PSS-terminated h-PEMU with thick surface charge density not only completely 

prevents cell attachment but also induces the formation of multicellular aggregates (Figure 3.5B). 

Additionally, experiments showed that most of these aggregates were formed with less than 40 

cells and only a fraction of the cells formed macro-clusters that contained more than 50 cells. 

These results were calculated assuming that all clusters were completely spherical in shape. 

Figure 3.6 describes this process in more detail.  

 

 

 
 

Figure 3.6. % Cells in clusters vs. range of cells per clusters (#Cells Cluster-1) on 

[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0].; Estimate of the number of cells per cluster 

was calculated using two assumptions: 1, clusters and individual cells have a spherical shape, 2, 

the volume occupied by a cell inside and outside of a cluster is the same. The cell marked in red 

was selected as the reference cell and this cell’s volume was calculated using ImageJ. The 
diameter of the clusters (blue circles) was measured using the same software.  

 

 

Aggregates of cells on PEMUs are commonly observed and previously reported on 

fibroblast151, 152 and can be caused by mechanisms such as controlling culture conditions 

(centrifugation, hanging drops, and rotary cell culture system152), using non-adhesive153 or 

mechanically unstable surfaces154 and by modifying growth factor environments during culture. 

However, a completely cell resistant and clustering-inducing polyelectrolyte surface, to our 

knowledge, has not been reported. Live cell imaging demonstrates cluster development (Figure 

3.7): the cells scan the surface, their lamellipodia and filopodia can be observed in these images 
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in which cells are actively searching for an optimal place to adhere and spread. Eventually, cells 

started to establish Cell-Cell interactions and aggregate due to the lack of attachment to the 

surface, this process usually started after 48 hours. Please note that 3T3 fibroblasts are adhering 

cells and more likely to spread on substrate then aggregate, however when cultured on our film 

the cells must attach to each because they cannot adhere to the surface. This aggregation process 

continues for up to 72 hours after seeding, at this point the multicellular spheroids stop scanning 

the surface and float and roll freely inside the coated well-plate.  

 

 

 

 

Figure 3.7. Phase contrast micrographs of 3T3 fibroblast cells on 

[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] film, the sequence illustrates the formation of 

aggregates. Cells scan and attempt to adhere to the surface until encountering each other and 

starting the aggregation process, illustrating that cells prefer to adhere to each other rather than to 

the film surface. Scale bar 10 m.  
 

 

In order to characterize the cluster formed after 72 hours, the supernatant was collected 

and plated onto a new TCP control surface. This plate was placed inside the incubator and the 

cells were observed for the following 48 hours. After a few hours, cells migrated out of the 

cluster and attached to the TCP with a cell viability of 92% (Figure 3.3F). This result confirms 
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that the Anti film is non-toxic, even after 72 hours of exposure cells remained healthy and viable. 

Bright field images of the migration process can be observed in Figure 3.8.  

 

 

 
 

Figure 3.8. Phase contrast micrographs of live fibroblasts. (A) Frame from live cell 

imaging of individual cells scanning the surface of a 

[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] film, the cells extend their lamellipodia 

(highlighted in boxes) in different directions but do not attach to the substrate. Scale bar 10μm 

(B) Fibroblasts leaving a quasi-spherical cluster after being reseeded onto an uncoated 

polystyrene control surface. Scale bar 100 m. 

 

 

Our hypothesis states that the film property affecting cell behavior lies in the film surface 

and not in the bulk, therefore in order to confirm a series of experiments to characterize the 

physical and chemical properties of these films was performed. These experiments focused on 

PSS-ending surfaces, specifically [PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] (ANTI) due 

to its cell resistance surface. This hybrid film was compared with the two PSS ending layer 

native films [PDADMA/PSS,0.15]10 (NATIVE 0.15M) and [PDADMA/PSS,1.0] (NATIVE 

1.0M). These native films were chosen as controls because the hybrid film was based on these 

multilayers, therefore they have similar thickness to the Native 0.15M film and the surface was 

prepared using the same conditions as the Native 1.0M. Additionally PDADMA-ending films 

will not be used for these experiments, first because the “thick” PDADεA ending film is 

cytotoxic, therefore any study on cell behavior will be useless.  In addition, positively charged 

films absorb charged molecules across the film due to their gel-like surface and the excess of 

extrinsic sites on these films105, hence there is not a radioactive technique that can be used to 

accurately measure surface charge density. 
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3.3.3 Atomic Force Microscopy: Thickness and Roughness 

 

Surface roughness is often cited as an important film property in cell adhesion and 

growth.89, 91, 155 AFM was used to image the various PSS-terminated surfaces under wet and dry 

conditions in an effort to identify features that may promote cluster formation. The results 

obtained by AFM are summarized in table 3.3.and AFM images of all films can be found in 

Figure 3.9. 

 

 

 
Figure 3.9. β0 x β0 m AFε images acquired in dry and wet conditions of hybrid and 

native PSS-terminated PDADMA/PSS polyelectrolyte multilayers. (A) dry Native 0.15M, (B) 

wet Native 0.15M, (C) dry Native 1.0M, (D) wet Native 1.0M, (E) dry Anti, (F) wet Anti. 

 

 

According to Prasad et al. illustrated that 3T3 fibroblasts attach and proliferate better on 

smooth surfaces (roughness ~88 nm).155 Our results demonstrated that all films were 

significantly less rough than 88 nm. Anti and Native 0.15M films are very smooth and there are 

A

D

B

E

C

F



56 

 

no significant differences in thickness. This is expected due to the similarity of these two 

multilayers (19 layers of the Anti film were prepared exactly as the Native 0.15M surface, and 

they only differ from each other in the last layer). However, these two films differ considerably 

in thickness and roughness compared to the Native 1.0M multilayer. Again this result was 

expected due to the fact that this film was prepared using a higher salt concentration, therefore 

more polymer is deposited on each layer23 producing thicker films that are rougher. Interestingly, 

both of the native films allowed cell adhesion even with the evident differences in thickness and 

roughness,89 however the Anti film prevents cell adhesion even with similar characteristics to 

one of the Native multilayers. Therefore, it is concluded that thickness and roughness are not 

determining factors for 3T3 fibroblast adhesion on PSS ending multilayers. Richards observed 

no dependence of fibroblast attachment on roughness for titanium surfaces.91  

 

 

Table 3.3.  Comparison of dry and wet thickness and roughness of three different PSS 

ending multilayers. 

 Native 0.15M Native 1.0M Anti 

Dry thickness (nm) 38 ± 3 258 ± 12 45 ± 3 

Dry roughness (nm) 1.6 ± 0.6 21 ± 1 1.5 ± 0.4 

Wet thickness (nm) 58 ± 4 301 ± 13 63 ± 5 

Wet roughness (nm) 1.9 ± 0.6 15 ± 1.2 1.8 ± 0.3 

 

 

3.3.4 Static Contact Angle and X-Ray Photoelectron Spectroscopy 

 

Surface wettability is an important variable for protein adsorption and cell adhesion.136, 

156 Janssen et al. reported that fibroblasts prefer moderately hydrophilic surfaces.157 The air-

water-surface contact angle was employed as a gauge of relative hydrophilicity. Figure 3.10 

shows contact angle images of both native and Anti films and Table 3.4 summarizes the results 

obtained. The results showed that contact angles were similar for all surfaces, however both 



57 

 

native films allowed cell adhesion, therefore, hydrophilicity, does not appear to be a significant 

cause of the difference in cell behavior between native and Anti films.  

Additional information on the chemical composition of the surface was sought with X-

ray photoelectron spectroscopy, XPS, using 2pS (present in PSS) and 1sN (present in 

PDADMA) electrons to probe the relative concentrations of sulfonate and tetramethylammonium 

for the first 8 nm of the film surface.23 XPS spectra are shown in Figure 3.11. The surfaces for 

the two native PEMUs had stoichiometric (1:1) ratios of S:N, showing equal amounts of PSS and 

PDADMA at the surface. In contrast, the Anti film had a 1.6 S:N ratio, suggesting some degree 

of overcompensation by PSS. This overcompensation implies a higher negative (-SO3
-) surface 

charge density for the Anti film.  

 

 

Table 3.4.  Static contact angle measurements of three different PSS ending multilayers. 
 

                                                                    a [PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] 

 

 

 
 

Figure 3.10. Contact angle images of water on PDADMA/PSS polyelectrolyte 

multilayers using a KSV cam200 camera. (A) [PDADMA/PSS,0.15]10 (Native 0.15M), (B) 

[PDADMA/PSS,1.0]10 (Native 0.15M), (C) [PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] 

(Anti). 

Type of film Water contact angle XPS S:N ratio 

Native 0.15M 31 ± 1 0.94 

Native1.0M 27 ± 2 0.98 

Antia 27 ± 4 1.6 
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Figure 3.11. N (1s) and S (2p) core level XPS spectra of three different PSS/PDADMA 

multilayers at a 45º take-off angle, all peak areas were normalized using the corresponding 

sensitivity factors for N (1s) and S (2p), and peak areas and ratios were calculated using the 

instrument software. From left to right, (●)[PDADMA/PSS,0.15]10 (Native 0.15M), 

(■)[PDADMA/PSS,1.0]10 (Native 0.15M), 

(▲)[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] (Anti). 
 

 

3.3.5 Total and Surface Charge From Radiolabeled Ions 

Previous literature demonstrates that there is asymmetric compensation for polyanions 

and polycations during multilayer buildup. After 12 layers of PDADMA/PSS multilayers are 

built at room temperature, the resulting film has a "skin" morphology, with a glassy, 

stoichiometric (i.e. intrinsic) composite on top, and an "extrinsic" complex with excess 

PDADMA inside the bulk23. This morphology is illustrated in Figure 3.12. 

We have developed labeling techniques for exchanging these counterions with 

radiolabeled counterions, this method allows us to quantify the ion content of PEMUs (i.e. the 

extrinsic charge).23 The radionuclide 22Na+ was used to measure negative extrinsic sites because 

it self-exchanges with the nonradioactive 23Na+ populating the multilayer. Radioactive 125I- has 

properties similar to Cl-, therefore was used to measure positive extrinsic sites. 
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Figure 3.12. Differences between surface and bulk ionic network for a PDADMA/PSS 

multilayer. Extrinsic sites in the multilayer can be exchanged with radiolabeled counterions. For 

clarity, the polyelectrolytes are shown as alternating layers. In reality, they are interpenetrating. 

 

 

Both of these isotopes gave acceptable counting efficiencies using our plastic 

scintillator/PMT in-house build apparatus. Figure 3.13 and 3.14 correspond to the calibration 

curves for each isotope. Sufficient counts (>3,000) were obtained to reduce the counting error to 

less than 2%. 22Na+ and 125I- reveal the total negative and positive intrinsic charge, respectively, 

within the PEMU. Given the strong dependence of PEMU modulus on extrinsic site density, 158 

we measured the total positive extrinsic density with 125I-, as seen in Figure 3.15, presented as the 

total positive extrinsic ( moles m-2). 
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Figure 3.13. Count rate (counts per second, cps) vs. nanomoles; calibration curve of 22Na+ 

with each point on the curve corresponding to an aliquot between 0.3 – 20 δ of a standard 
solution of 22Na+. 

 

 

 
 

Figure 3.14. Count rate (counts per second, cps) vs. nanomoles; calibration curve of 125I- with 

every point on the curve corresponding to a volume between 1 – 16 δ of a standard solution of 
125I-. 
 

 

Native 0.15 M films have the lowest amount of total positive extrinsic sites and native 1.0 

M films have the highest amount of positive extrinsic sites, while h-PEMUs fall somewhere in 

between. Extra positive polymer charge was expected in the films due to overcompensation by 

PDADMA during the preparation of the multilayer.23, 159 This residual positive charge is a small 

fraction of the total charge of all the polyelectrolyte in the film (approximately 1.4 mmoles m-2 

for a 260 nm thick film and 0.14 mmoles m-2 for a 40 nm thick film). 
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Figure 3.15. [A] Total positively charged extrinsic sites in PDADMA/PSS multilayers 

ending with PSS.  Cl- was exchanged with 125I- and counted using a plastic scintillator and a 

photomultiplier tube. [B] Total negatively charged extrinsic sites of the same PSS/PDADMA 

multilayers. 22Na+ was exchanged with 23Na+. 

 

 

Total negative extrinsic sites are determined as previously mentioned and were found 

negligible, implying all negatively charged SO3
- groups are compensated by positively charged –

DADMA units. This result was previously reported by in our group by Ghostine et al23 and 

recently confirmed by Fares et al159. 

Once the bulk extrinsic sites were quantified using 22Na+ and 125I, the results, as expected, 

demonstrated that the Anti film is somewhere in between the native films for total positive 

extrinsic sites, and negligible for total negative extrinsic sites23, which is completely reasonable 

based on the fact that this film shares similar characteristics with both native surfaces. Bulk 

properties could not explain the observations made on cell behavior, which again suggests that 

the property that is controlling cell response in our system is located on the surface of the film. In 

order to measure surface charge density, 14C-Tetraethylammonium (14C-TEABr) is the ideal 
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choice. TEABr is apparently too large and the concentration of the working solution is too low to 

induce any movement in the polyelectrolyte chains, allowing it to diffuse through the PEMU but 

is well suited to exchanging with cations at the surface. The detection limit for this method was 

about 0.07 moles m-2 or about 3% of a monolayer. The calibration curve for 14C and the results 

obtained for the surface charge density of three PSS-terminated PEMUs can be found in Figure 

3.16 and 3.17. The surface charge for native 0.15ε was 0.1γ moles m-2 while the native 1.0 M 

had a charge density of 0.44 moles m-2. Interestingly, the Anti surface showed the highest 

charge density of 0.λ0 moles m-2 (Figure 3.17). 

 
 

Figure 3.16. Count rate (counts per second, cps) vs. nanomoles; calibration curve of 14C-

tetraethylammonium bromide. Each point on the curve corresponds to a volume between 0.3 – 5 

δ of a standard solution of 14C-tetraethylammonium bromide. 

 

 

 
 

Figure 3.17. Negative surface charge density data of PDADMA/PSS multilayers ending 

with PSS. 14C-tetraethylammonium bromide was exchanged with surface cations. 
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These differences in surface charge density of ions are major distinctions between the 

three PSS multilayers. The Anti surface is almost nine times more negative than the native 

0.15M film, however both multilayers have similar morphology and thickness. These multilayers 

are both ultrathin, therefore the proximity and stiffness of the substrate do not yield a high 

effective modulus from the perspective of a cell, 89, 138, 149 i.e. “substrate stiffness” is not a 

differentiating factor. Additionally, the Native 1.0 M film that also allows cell attachment is 

almost 7 times thicker, which implies 7 times more polymer than the Anti film, yet this film still 

only has half of the surface charge density as the Anti film. This observation is also supported by 

the X-ray photoelectron spectroscopy (XPS) results, in which the Anti film showed a higher 

concentration of PSS on the surface when compared with the native films. 

 

3.3.6. Weak Interactions at the Surface of a Zwittersolid.  

 

Even though all PSS-terminated multilayers were not toxic and unfavorable for 

promoting cell attachment and spreading, based on their mechanical properties, the thinner films, 

with a high effective modulus, should have induced cell spreading, at least for the few cells that 

did attach. If attachment were related to hydrophilicity, these hydrophilic PEMUs should have 

been as effective as glass for adhering and proliferating cells. Why do these surfaces show poor 

adhesive properties and what is the reason for the exceptional clustering seen on the post-

deposition treated PEMU? 

A possible answer starts with closer examination of the surface which showed the best 

adhesion/spreading properties:  [PDADMA/PSS,0.15]10[PDADMA,0.15] (Figure 3.2D). Cells do 

not adhere directly to surfaces, rather they adhere to adhesive proteins such as fibronectin 

attached to surfaces. Cells scan the surfaces using integrins transmembrane receptors involved in 

all cell-matrix interactions. A vital part of the adhesion process involves mechanical cues 

between these receptors and the proteins adsorbed on the surface, thus, good protein adhesion to 

surfaces is required111. Cell culture on positively charged films showed to possible outcomes. 

Too much surface charge density and the film is cytotoxic (Figure 3.2C), however a mildly 

positive surface will cause adsorption of net negative proteins (such as fibronectin) and proteins 

with negative patches allowing cell attachment (Figure 3.2D).  
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Previously we reported protein adsorption properties for PDADMA/PSS multilayers were 

strongly dependent on the last layer.105 PEMUs terminated with PSS adsorbed very little protein 

while those terminated with PDADMA acted as "sponges" absorbing large quantities of serum 

albumin. Using a similar approach, serum albumim adsorption was measured for the native films 

and the Anti. The results can be found in Table 3.5, illustrating that on both Native 0.15 M and 

Anti films protein was undetectable (the detection limit for this technique was 0.1 μg cm-2). 

Native 1.0 M exhibited low protein levels, and both PDADMA-ending films have a higher 

protein adsorption, consistent with the previous results reported by our group. These protein 

content results alone cannot explain some of the observations, PDADMA-ending films have 

higher protein content and have the capability be cytophobic and cytophilic. Both Native 0.15 M 

and Anti have a low protein concentration, however cells attached to Native 0.15 M. Proteins 

must rely on interactions other than ion pairing ("electrostatic") to adsorb, such as hydrophobic 

interactions (expected to be weak on a hydrophilic surface). Thus, even if a protein does adsorb, 

it is easily stripped off the surface when tension is applied by the cell via integrins, thus the 

mechanotransduction step necessary for cell attachment cannot be completed111.  

 
 

Table 3.5.  Albumin content measured on different PDADMA/PSS multilayers using an 

FTIR technique. 

Film 
Protein Content 

( g cm-2) 

[PDADMA/PSS,1.0]10[PDADMA,1.0] 
17.0 ± 0.1 

[PDADMA/PSS,0.15]10[PDADMA,0.15] 
0.79 ± 0.1 

[PDADMA/PSS,1.0]10 0.13 ± 0.1 

[PDADMA/PSS,0.15]10 < 0.1 g cm-2  

a[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0] < 0.1 g cm-2 

a “Anti” 
 

 

Our hypothesis for greater protein repellency of the Anti surface is that the extra negative 

charge is required to overcome weak hydrophobic interactions with the surface, in other words 

electrostatic repulsion overcomes the weak hydrophobic interactions necessary for protein 
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adsorption, since fibronectin and most adhesion proteins are net negative. The role of slight 

negative charge in discouraging protein adsorption, therefore promoting cell clustering, is, of 

course, speculative at present. Additional experiments are required to gain a complete 

understanding of protein interaction and the strength of their attachment on this film.  

 

3.4 Conclusions 

 

In this work we introduced a new type of PDADMA/PSS polyelectrolyte films called 

“Salt-Hybrids”. From this family of films we found one particular surface that is non-toxic, non-

adhesive and induces the formation of quasi-spherical cell clusters. The results illustrate that the 

cell behavior observed on this multilayer does not depend on substrate stiffness and roughness, 

which have been previously reported as responsible for different cell behavior on polyelectrolyte 

film. However this film possesses a distinct characteristic, an excess of negative surface charge 

density in comparison to similar native films. We hypothesized that this high surface charge 

density affects protein attachment, especially when considering recent experiments by 

Trappmann et al.111 that illustrate cell fate do not depend on the amount of protein available on 

the substrate, but rather on mechanical cues related to how strongly these proteins are anchored 

to the surface. More research is needed on the resilience of the protein-surface interaction, which 

is a more difficult task than measuring the amount of adsorbed protein.  
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 CHAPTER 4 

NEGATIVE SURFACE CHARGE DENSITY AND ITS INFLUENCE ON 

PROTEIN ABSORPTION 

 

4.1 Introduction 

 

Since the introduction of polyelectrolyte multilayers by Decher in 199738, these films 

have been proposed in a variety of applications from corrosion control160 and membrane 

transfer161, to drug delivery and bioapplications34, 44. However, the majority of interest has been 

focused in bioapplications in the past years32, 113, 142, 162. The study of cell interactions with these 

materials is imperative to understanding the viability of these films as biomaterials with real life 

applications.  

 

Cell adhesion is arguably the most important process in determining the fate of an 

adherent cell line. Many efforts have been made to comprehend the intricate details of cell 

attachment onto these films32, 116, 139. Most of these studies have found that the physical 

properties of the film (thickness89, 149, roughness163, mechanical properties21, 33, 164, swelling138 

and chemical composition of the polyelectrolytes162) affect cell behavior onto these films. 

However, previously we suggested another film characteristic that may be responsible for the 

fate of adherent cells onto polyelectrolyte thin films92, by comparing 2 native multilayers that 

allowed cell adhesion made of poly(diallyldimethylammonium), PDADMA, and poly(styrene 

sulfonate), PSS at 0.15 M and 1.0 M NaCl, against a salt hybrid surface that prevents cell 

attachment. This hybrid was prepared using the same polymer combination but changing 

conditions during build up, therefore we were able to identify the role of surface charge density. 

Our results demonstrated the physical properties of polyelectrolyte multilayers previously 

mentioned do not have a significant input in our system and were overwhelmed by the influences 

of charge density. However, our results did not establish how exactly this negative charge 

density directly affects cell attachment.  
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It is important to remember that cells do not attach to surfaces, rather they attach to 

adhesive proteins attached to surfaces, which are present in the serum media or secreted by the 

cells themselves60, 98. The performance of cells on multilayers treated or exposed to adhesive 

proteins has been previously investigated in the literature. Wittmer et al. found that cells better 

attached to fibronectin coated multilayers in comparison to cells on the native films110. Similar 

results were also obtained by Deng et al using fibronectin coatings.106. It is widely known that 

proteins can attach to positively and negatively charged films, but they prefer surfaces with a net 

opposite charge105, 165. The majority of common adhesive proteins have a net negative charge, 

therefore they usually adsorb better on positively charged films112, suggesting that protein 

adhesion on multilayer is influenced by electrostatic interaction. Highly negatively charged film 

completely prevents cell adhesion, perhaps by disturbing the adsorption of adhesive proteins on 

the surface necessary for the formation of focal points.  

 

4.2 Experimental Section 

 

4.2.1 Materials 

Poly(4-styrenesulfonic acid) (PSS; 19 wt % in water, ~70,000 g mol-1 from Scientific 

Polymer Products) poly(diallyldimethylammonium chloride) (PDADMAC; 21.3 wt % in water, 

400,000 – 500,000 g mol-1 Sigma-Aldrich), and sodium chloride (99.5%) were used as received. 

All solutions were prepared with 1κε  deionized water (Barnstead, E-pure). PSS and 

PDADMAC were 10 mM (based on the monomer repeat unit) polymer solutions with a [NaCl] 

of 0.15 M or 1.0 M. The pH of the solutions was adjusted to pH 7 with 1.0 M NaOH. Square 

pieces (area ~ 2.5 cm2) of polished silicon wafer (OKMETIC, N-Phosphorus, 100) were used as 

substrates for film characterization experiments. Cell experiments were performed on flat 

bottom, TCP polystyrene 12-well plates (Jet-Biofil, Tissue Culture Products) 

 

4.2.2 Polyelectrolyte Multilayer Buildup 

Si wafers were cleaned using a piranha bath for 10 minutes. Piranha working solution 

was prepared by mixing concentrated solutions of sulfuric acid (H2SO4) and hydrogen peroxide 
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(H2O2) in a 70/30 ratio by volume, the wafers were then rinsed with deionized water and dried 

with a stream of N2. Finally, multilayers were plasma cleaned for 5 minutes in order to remove 

any extra impurities and make the surface hydrophilic. [PDADMA/PSS,x]n multilayers were 

built manually at room temperature using layer by layer assembly38. The “n” indicates the 

number of bilayers and x represents the NaCl concentration used for the buildup. For example 

[PDADMA/PSS,0.15]10 indicates 20 alternating layers of PDADMA and PSS, starting with 

PDADεA on the Si wafer, using 0.15 ε NaCl in both polyelectrolyte solutions. Salt “hybrid” 

films were built under the same conditions, except that the last (PSS) layer was added from 1.0M 

NaCl. Dry thickness was measured using a Gaertner Scientific L116S ellipsometer equipped 

with a 632.8 nm laser with the incident angle fixed at 70°. The refractive index was set to 1.55 

and 3.85 for the multilayers and silicon, respectively.  

The buildup of the PEMUs was done manually using 1000 mL beakers and a custom 

holder with a capacity for 6 wafers. The dipping time in each polyelectrolyte solution was 5 min 

followed by three consecutive water rinses for 1 min, when finished PEMUs were air dried. For 

cell culture experiments, PEMUs were built on 12-well polystyrene plates using the same 

procedure.  All coated plates were sterilized before seeding inside a laminar flow hood using a 

UV-lamp for 5 minutes. 

 

4.2.3 Cell Culture and Live Cell Imaging 

3T3-Swiss albino fibroblasts (purchased from American Type Culture Collection as 

ATCC CCL-92 cells and maintained in the lab for numerous generations) were cultured in 

Dulbecco’s εodified Eagle’s εedium without phenol red and supplemented with 1 g δ-1  L-

glutamine, 1.2 g L-1 sodium bicarbonate (Sigma-Aldrich), 10% Cosmic Calf Serum (Thermo 

Scientific), 100 U mL-1 penicillin G, 100 g mδ-1 streptomycin, 0.β5 g mδ-1 amphotericin B 

and 10 g mδ-1 gentamicin (Invitrogen). Cells were incubated at 37 °C with 5% CO2 (Nu-4750, 

NuAire incubator). Uncoated 6 or 12-well plates were used as controls. Live cell images were 

collected using a Nikon TS100 microscope fitted with a Nikon DS-Ri1 camera. Cells were 

incubated at 37°C and monitored for 72 hours in 5% CO2 and 60% relative humidity to prevent 

media evaporation. Cells were split at 90% confluence and media was replaced every 72 hours 

for the stock cells. 
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4.2.4 Radioactive Ion Assays 

Radiolabeling measurements were performed to quantify surface charge density and 

protein content. For surface charge density experiments, radiolabeled tetraethylammonium 

bromide (14C-TEABr) was used. 14C- TEABr was supplied with a specific activity of 3.5 Ci mol-

1 (Perkin Elmer radiopharmaceuticals), and was used as a stock as received. The working 

solution was prepared by mixing 175 δ of stock solution with 4λ.κ mδ water in order to prepare 

50 mL of 1.0 x 10-4 M TEA.  Surface charge density was obtained by exchanging surface cations 

with 14C-TEA+. First, the PEMUs were annealed in PBS for 1 hour, films were then immersed 

into 5 mL of radiolabeled ions for 15 min. Multilayers were then removed from solution and 

dried with nitrogen. The dry PEMUs with radiolabeled counterions were placed face down onto 

a piece of beveled plastic scintillator (SCSN-81 Kuraray, 3 mm thick, 38 mm diameter, emission 

peak 437 nm). Counts were collected with PMT (RCA 8850) connected to -2300 V power supply 

(Bertran 313B) and a frequency counter (Phillips PM6654C). Data analysis was performed with 

Labview software, in which the gate time was 10 s and the pulse threshold -20 mV. Counts are 

reported as counts per second (cps), background averaged 8 cps. The counting efficiency for 14C-

TEA was 65%.  

The surface coverage of 125I-labeled albumin was measured similarly, except the 

exposure time to albumin solution was 30 min and a steel spacer, with a hole measuring 1cm in 

diameter, was placed between the samples and the scintillator to avoid contamination on the 

plastic. 

[125I]-Bovine serum albumin (BSA, 1 mCi, 125I,  1.1 Ci/ g, -emitter, Emax = 35 keV, 

half-life 5λ.4 dΨ was supplied with a specific activity of 1.1 Ci/ g  in 1.0 mδ of solution 

containing 0.05 M sodium phosphate at pH 7.5 (Perkin Elmer radiopharmaceuticals). 0.5 mL of 

this stock solution was added to 4 mL PBS to prepare 4.5 mL of 0.101 mg/ml working solution. 

For measuring [125I]-BSA on surfaces a steel spacer (1/κ” thick, β” diameter, with a hole in the 

center measuring 1 cm in diameter) was placed between the silicon wafers and the scintillator in 

order to prevent contamination on the scintillator and to mask the edges of the sample. The 

counting efficiency using this setup was 3%. 

Calibration curves (counts per second, cps, vs. number of moles of ion or mg of BSA) 

were constructed by drying 1.0 to 5.0 δ droplets of the radiolabeled solution between Si wafers 
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and the scintillator. The nmoles or g obtained were converted to moles m-2 or mg m-2 using the 

area of the multilayer or in the case of albumin, the open area of the spacer. The N2 jet technique 

for removing the film of solution was checked by depositing one layer of PDADMA on the Si 

wafer and exposing it to 14C-TEABr as above. The small residual amount of isotope (0.β moles 

m-2), demonstrating the efficiency of the removal of solution from the Si wafer surface, was 

subtracted from all ion quantities. For [125I]-Bovine serum albumin, an additional correction was 

necessary to eliminate counts coming from the back of the wafer. This correction (BackFace 

correctionΨ was performed by drying 1.0 to 5.0 δ droplets of the radiolabeled albumin solution 

on one side of the wafer, then the side that has not been exposed to the wafer was placed on top 

of the spacer and the sample was measured. Any counts collected correspond to “leaked” - 

particles that could not be stopped by the wafer.  This process was then repeated, however this 

time with the radiolabeled side now facing the counter, a calibration curve was constructed to 

correct for the counts coming from the back face. 

 

4.2.5 Surface Characterization 

Topographies of multilayers under wet conditions (sample and tip submerged in 0.15 M 

NaCl phosphate buffered solution) were determined using a MFP-3D AFM equipped with an 

ARC2 controller (Asylum Research). Both wet and dry imaging used Veeco NCHV tips, 

nominal radius 10 nm, with a spring constant between 20 and 80 N m-1. The scan rate was 0.5 

Hz. For dry conditions the spring constant was calibrated in air using the thermal fluctuation 

technique while the cantilever was tuned to 10% below the resonance frequency. For wet 

conditions the spring constant was calculated using the same technique while the tip was 

submerged in buffer solution. The tapping mode was used to obtain 20 m x β0 m and 5 m x 5 

m images. Topography images and rms roughness were analyzed using Igor Pro software.  

 

4.2.6 Zeta Potentials 

The spinning disk method, introduced by Sides et al., 166, 167 was used for PDADMA/PSS 

multilayer analysis159, 168. This method allowed measurement of the streaming potential at the 

surface of the multilayers which could then be converted to the zeta potential. All polyelectrolyte 
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multilayers were prepared on a 1 inch diameter fused silica disk, which was placed on the end of 

a dc motor. An AgCl-coated silver wire electrode was placed 1 mm away from the axial center of 

the disk, while another silver electrode was placed farther away towards the bottom of a 250 mL 

cell fitted with a water jacket and maintained at 25 °C. The motor was powered by a dc power 

supply. Three plastic baffles were attached to the rig holding the motor with minimized 

vortexing in the cell to prevent bubbles. Using an electrometer, the streaming potential was 

measured between both Ag electrodes in a 10−4 M NaCl solution before and after the one hour 

rinse in 1xPBS. The streaming potential, Φs, was converted to the zeta potential, ζ, using the 

following equation 4.1:166 

 

(4.1) 

 

 

 

where a, , , , and z are the disk radius (mΨ, disk rotation rate (s−1), kinematic viscosity 

(m2 s−1Ψ, solution conductivity, and axial distance from the disk (mΨ, respectively.  is the 

permittivity of water at β5 °C (  = r 0, with r being the relative permittivity (80.5 at 25 °C) and 

0 the vacuum permittivity (8.85 × 10‑1β F m−1ΨΨ. All data were from the CRC Handbook of 

Chemistry and Physics.169 The rotation rate was 2580 rpm. 

 

4.3 Results and Discussion 

 

4.3.1 Cell behavior on PEMUs and Anti at different bilayers 

Cells were exposed to two different types of multilayers, [PDADMA/PSS,0.15]n  and 

[PDADMA/PSS,0.15]n[PDADMA,0.15][PSS,1.0] or [Anti]n where n corresponded to the 

number of bilayers. In these experiments n was equal to 1, 2, 4, 6, 8 and 10. Each of these films 

was modified by changing the number of bilayers, but still keeping PSS as the terminating layer. 

Cells were cultured on each of these surfaces for 3 days and bright field images were taken. For 
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the cells exposed to [PDADMA/PSS,0.15]n films (Fig 4.1), there were no significant differences 

between the cells and the control cells up to 6 bilayers, cells grew until reaching 100% 

confluence. However, there is an extreme change in cell behavior when 4 more layers were 

added. Cells aggregated and did not spread on the film. This drastic change in behavior cannot be 

explained by changes in roughness, Table 4.1 and Fig 4.3 show that the two films (6 and 8 

bilayers) have near identical roughness even though there is a change in thickness between (~10 

nm). The films are still too thin for the cells to notice any change in the mechanical properties. In 

fact at this level of thicknesses, the cells are feeling the mechanical properties of the substrate89, 

149, 170. Therefore this abrupt change in behavior must have a different origin other than simply a 

change in physical properties of the films. The same behavior was also observed on the 10 

bilayers film. 

 

 

 
 

Figure 4.1. Phase contrast micrographs acquired on day 3 of live 3T3 fibroblasts seeded 

at 10,000 cells cm-2 onto PDADMA/PSS (PSS ending layer) polyelectrolyte multilayers prepared 

at the same conditions, but different number of bilayers. (A) Tissue culture plastic, TCP, 

(polystyrene) control surface. (B) [PDADMA/PSS,0.15]1, (C) [PDADMA/PSS,0.15]2, (D) 

[PDADMA/PSS,0.15]4, (E) [PDADMA/PSS,0.15]6, (F) [PDADMA/PSS,0.15]8, (G) 

[PDADMA/PSS,0.15]10. Scale bar 100μm. 
 

 

In the case of Anti films (Fig 3), there are no differences between control cells and 

[Anti]1 films, however at 2 bilayers, there is a significant change in behavior with cells starting to 

aggregate very similarly to the previous observation in the [PDADMA/PSS,0.15]n films. The 
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biggest difference being this change happened after only 4 layers of polymers were deposited on 

the surface instead of 16. Additionally, another severe change in behavior was observed after 2 

additional bilayers were added in which cells started forming semi-spherical floating aggregates. 

This behavior was previously reported by our lab, however within that research we used 10 

bilayer films which are significantly thicker92. This behavior is observed in all subsequent films, 

and again these changes cannot be attributed to harsh changes in thickness or roughness as can 

be seen in Table 4.1 and Figure 4.4.   

 

 

 
 

Figure 4.2. Phase contrast micrographs acquired on day 3 of live 3T3 fibroblasts seeded 

at 10,000 cells cm-2 onto a hybrid salt film made of PDADMA/PSS (PSS ending layer) 

polyelectrolyte multilayers prepared with the same conditions but different number of bilayers. 

(A) Tissue culture plastic, TCP, (polystyrene) control surface. (B) [PDADMA,0.15][PSS,1.0], 

(C) [PDADMA/PSS,0.15]1[PDADMA,0.15][PSS,1.0], (D) 

[PDADMA/PSS,0.15]3[PDADMA,0.15][PSS,1.0], (E) 

[PDADMA/PSS,0.15]5[PDADMA,0.15][PSS,1.0], (F) 

[PDADMA/PSS,0.15]7[PDADMA,0.15][PSS,1.0], (G) 

[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0]. Scale bar 100μm. 
 

 

4.3.2 Roughness and Thickness and Their Resulting Influence on Cell Behavior 

Thickness and roughness (Figures 4.3 and 4.4) were measured for all films. The results 

demonstrate that neither of these film properties can be used to explain the differences observed 

in cell behavior. These findings remain consistent with our previous observations. All films with 

the same number of bilayers are very similar to each other in thickness and roughness, however 
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cell behavior differed considerably. Based on these results, summarized in table 4.1, it is possible 

to conclude that another film property must be responsible for the changes in cell behavior.  

 

 

Table 4.1. Thickness and roughness for different [PDADMA/PSS,0.15]n and 

[PDADMA/PSS,0.15]n[PDADMA,0.15][PSS,1.0] polyelectrolyte multilayer films. Thickness 

was measured by ellipsometry and roughness was measured by atomic force microscopy (AFM). 

Bilayers 

(n) 

[PDAD/PSS]n 

0.15M 

Thickness (A) 

Anti 

Thickness 

(A) 

[PDAD/PSS]n 

0.15M 

Wet Roughness 

(nm) 

Anti 

Wet 

Roughness 

(nm) 

1 34 ± 2 39 ± 4 0.32 ± 0.07 0.33 ± 0.07 

2 52 ± 2 58 ± 3 0.29 ± 0.02 0.43 ± 0.07 

4 107 ± 2 111 ± 4 0.74 ± 0.04 0.64 ± 0.06 

6 199 ± 4 236 ± 3 0.88 ± 0.01 0.86 ± 0.02 

8 314 ± 3 368 ± 9 0.87 ± 0.09 0.82 ± 0.14 

10 422 ± 4 428 ± 6 1.22 ± 0.19 1.27 ± 0.22 

 

 

 

 

Figure 4.3. 5 x 5 m AFε images acquired in wet conditions of native PSS-terminated 

PDADMA/PSS polyelectrolyte multilayers at different bilayers. (A) [PDADMA/PSS,0.15]1, 
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Continued Figure 4.3 (B) [PDADMA/PSS,0.15]2, (C) [PDADMA/PSS,0.15]4, (D) 

[PDADMA/PSS,0.15]6, (E) [PDADMA/PSS,0.15]8, (F) [PDADMA/PSS,0.15]10. 

 

 

 
 

Figure 4.4. 5 x 5 m AFε images acquired in wet conditions for a hybrid salt PSS-

terminated PDADMA/PSS polyelectrolyte multilayers at different bilayers. (A)  

[PDADMA,0.15][PSS,1.0], (B) [PDADMA/PSS,0.15]1[PDADMA,0.15][PSS,1.0], (C) 

[PDADMA/PSS,0.15]3[PDADMA,0.15][PSS,1.0], (D) 

[PDADMA/PSS,0.15]5[PDADMA,0.15][PSS,1.0], (E) 

[PDADMA/PSS,0.15]7[PDADMA,0.15][PSS,1.0], (F) 

[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0]. 

 

 

4.3.3 Surface Charge Density Analysis 

Clearly these two different films are almost identical in chemistry and mechanical 

properties; however there is an area in which these two films differ significantly.  Previously we 

reported that cells react to changes in surface charge density92. For negatively charged 

multilayers, if the film reaches a surface charge density of at least 0.λ moles/m2, cells will not 

be able to attach to the multilayer and will start forming floating quasi-spherical aggregates that 

are viable for at least 3 days of exposure to the film. This behavior is observed in these 
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experiments, therefore the next logical step is to analyze the surface charge density of all films. 

Figure 4.5 and Figure 4.6 show the surface charge density and zeta potential measurements for 

[PDADMA/PSS,0.15]n and Anti films. 

For [PDADMA/PSS,0.15]n surfaces (Figure 4.5), an increase in surface charge density is 

observed between 1 and 6 bilayers. These are the films in which there is no difference between 

the cells on these multilayers and control cells. None of these films exceeded the minimum value 

to prevent cell adhesion (at least 0.λ moles/m2), therefore cell adhesion should not be affected 

by the influence of surface charge density. In addition, the films are very thin and the cells feel 

the optimal conditions of the substrate sublayer89. These conditions were optimal for allowing 

cell growth. However at 8 and 10 bilayers cell behavior changes, according to Figure 4.5, surface 

charge density also changes, dropping considerably between 6 and 8 bilayers and completely 

undetectable after the addition of 2 more bilayers. 

 

 

 
 

Figure 4.5. [A] Negative surface charge density data at different bilayers for 

PDADMA/PSS multilayers ending with PSS. [B] ( ) Zeta potentials for all raw 

[PDADMA/PSS,0.15]n films. These zeta potentials were measured immediately after film 

preparation. (   )  Zeta potentials for all [PDADMA/PSS,0.15]n films after being submerged into 

PBS for 1 hour. The error bars correspond to the square root of the standard deviation. 
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Figure 4.6. [A] Negative surface charge density data at different bilayers for Anti 

multilayers capped with PSS at high salt concentration. 14C-tetraethylammonium bromide was 

exchanged with surface cations. The error bars correspond to the square root of the standard 

deviation. [B] ( ) Zeta potentials for all raw [Anti]n films. These zeta potentials were measured 

immediately after film preparation. (  )  Zeta potentials for all [Anti]n films after being 

submerged into PBS for 1 hour. The error bars correspond to the square root of the standard 

deviation. 

 

 

This result can be explained by the findings of Ghostine et al.23, in which after 12 layers 

(6 bilayers) are deposited, extra PDADMA diffuses inside the film and could migrate to the 

surface. This finding was confirmed by Fares et al.159 in which they found that in the presence of 

salt, this excess PDADMA will migrate to the surface and will compensate for any negative 

charge on the surface of the film. Figure 4.7 illustrates this occurrence. In order to confirm this 

behavior in our system, zeta potential measurements were performed and the results for native 

films and Anti films can be observed in Figure 4.8 and 4.9. 

An excess of PDADMA (PDADMA*) develops as the amount of bilayers increases23.  

Multilayers thicker than approximately 12 layers have been shown to contain a large amount of 

PDADMA* compensated by chloride counterions. Excess PDADMA resides throughout the 

film, and in the presence of salt PDADMA* dispersion is promoted throughout the film159. A 
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schematic representation of this process can be observed in Figure 4.8. In the observation of 

[PDADMA/PSS,0.15]n surfaces this effect is very clear, there is no significant change in the zeta 

potential up to 12 layers, however at 16 layers the zeta potential dropped considerably due to the 

migration  of PDADMA* inside the film to the surface. At 20 layers the concentration of 

PDADMA* was so high, that an overcompensation of the PSS occurred on the surface, therefore 

the change from negative to positive zeta potential was observed. 

 

 

 
 

Figure 4.7. Scheme of how excess PDADMA affects the properties of multilayers after 

12 layers have been added. [A] Stoichiometric [PDADMA/PSS]6 Film. [B] 

[PDADMA/PSS]6[PDADMA] film, during the formation of the 13th layer, some extra PDADMA 

diffuses throughout the whole film. [C] [PDADMA/PSS,0.15]10 fresh film, PSS remains on the 

surface. [D] [PDADMA/PSS,0.15]10 annealed film. After the film was exposed to a solution that 

contains salt at concentration higher than 0.1mM, the PDADMA excess in the interior of the film 

migrates to the surface compensating any extra PSS on the surface. If the concentration of excess 

PDADMA is high enough, the surface charge will flip from negative to positive.  [E] Anti fresh 

film, during build up extra PSS was added to the film. [F] Anti annealed film. After the excess 

PDADMA migrates to the surface, the film remains negatively charged due to the extra PSS. 
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Zeta potential for Anti surfaces remains negative after being exposed to PBS buffer for 

three days (Figure 4.8), confirming that the amount of  PSS added during the last step of build up 

is always higher than the concentration of PDADMA* inside the film. However, a reduction of 

the amount of surface charge density was observed from raw to PBS annealed films using 

radiolabeling (Figure 4.9). It is important to clarify that zeta potential values are very useful in 

understanding what type of charge is on the surface of a polyelectrolyte film, however these 

technique cannot be used to correctly extrapolate the surface charge density for polyelectrolyte 

films168, therefore radiolabeling is necessary in order to quantify surface charge density. 

This explains the sudden change in surface charge density on the film. For 8 bilayers the 

amount of PDADMA that migrates to the surface is not enough to completely compensate all the 

PSS, and that is why we can still quantify surface charge density. But in the case of 10 bilayers, 

more PDADMA is found inside the film, so when it migrates to the surface it will completely 

compensate for all the negative charge. The possibility that PDADMA compensate the negative 

charge on the surface, and the film changes from negative to positive, must also be considered. 

However when considering surface charge density as a key factor for cell adhesion, this result is 

contradictory because there is a reduction of the surface charge density, yet cell attachment was 

abnormal on the surface. We suggest two possible explanations for this unusual behavior, the 

first being that the migration of the PDADMA to the surface of the film starts behaving like a 

zwittersolid, and it is known that zwitterionic materials prevent protein attachment171-173, which 

is a key factor in the cell adhesion process60, 111. The other possible explanation being the 

migration of PDADMA, which is a softer and hydrated polymer to the surface41, induces a 

transition on the physical properties of the film, changing it from a glassy film to a more gel-like 

film, thus recent discoveries in the literature demonstrate that cell adhesion can be affected in 

gel-like surfaces174.   

In the case of Anti films, the first two surfaces (1 and 2 bilayers) allowed cell adhesion. 

In fact there are no significant differences between control cells and [Anti]1. This result was 

expected, the film is too thin and there is not enough surface charge density to induce the 

changes observed in cell behavior. On the other hand, there is a significant change in cell 

behavior after just one more bilayer is added. Cells stopped behaving similarly to control cells, 

and even though they were still attached to the surface they started to aggregate. This cell 

behavior may possibly be explained by the surface charge density approaching the 0.9 
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moles/m2 threshold. In this case yet again it seems that surface charge density has a bigger 

influence over cell adhesion than any other physical properties of the film in comparison to the 

native 0.15 M films. For any other films the surface charge is always higher than the minimum 

value required and there is no capability for cell adhesion on these surfaces. This result is 

consistent with what we previously observed92. 

 

 

 
 

Figure 4.8. Zeta potential (mV) vs. Time (hours); zeta potentials for [Anti]10 films after 

being submerged into PBS at different time intervals. The results demonstrate that the surface 

remains negative even after 3 days of exposure, confirming that during cell culture the cells on 

Anti surfaces do not experience any change in surface charge. The error bars correspond to the 

standard deviation. 

 

 

 
 

Figure 4.9. Negative surface charge density data at different bilayers for Anti 

PDADMA/PSS multilayers ending with PSS, before and after annealing for one hour in PBS 

buffer. The results demonstrate a reduction in negative surface charge density after annealing, 

consistent with the migration of excess PDADMA from the interior to the surface. The error bars 

correspond to the standard deviation. 
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4.3.4 Surface Charge Density and Its Influence in Protein Attachment 

Only a change in surface charge density can explain cell behavior on the films. However, 

the question still remains of how specifically surface charge density affects cell adhesion. Cells 

do not attach directly to surfaces, rather they attach to serum proteins attached to surfaces97, 99, 106, 

110. To study protein absorption on these films, radiolabeled [125I]-Bovine serum albumin was 

used. All films were exposed to a radiolabeled protein solution and the amount of protein 

attached to the surface was measured. A calibration curve (Figure 4.10) was used to quantify 

protein coverage. An additional calibration curve called “BackFace correction” (Figure 4.11) 

was required to correct for the leakage of -particles from the side of the wafer that was not 

facing the PMT.  

 

 

 

 

Figure 4.10. Calibration curve for [125I]-Bovine serum albumin. 

 

 

 
 

Figure 4.11. The “BackFace” effect of [125I] occurs because -particles cannot be stopped 

by the Si-wafer/film sample, therefore particles coming from the back of the wafer (the side that 

is not facing the plastic scintillator) leaked through and are collected by the PMT. This 

calibration curve corrects for this error. 
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After the content was measured, and in order to test qualitatively how strongly these 

proteins were attached to the surface, the samples were dipped for 1 hour into a 1.0M NaCl 

solution in PBS. The higher ionic strength of this solution should remove any loosely attach 

proteins105. The results of these experiments can be observed in Figure 4.13. 

 

 

 
 

Figure 4.12. [A] Albumin surface density data at different bilayers for PDADMA/PSS 

multilayers ending with PSS. (   ) Albumin attached to the film in the present of PBS. (   ) 

Albumin attached to the film after being exposed to 1.0M NaCl in PBS mixture.     [B] Albumin 

surface density data at different bilayers for PDADMA/PSS multilayers ending with PSS. (   ) 

Albumin attached to the film in the present of PBS. (   ) Albumin attached to the film after being 

exposed to 1.0M NaCl in PBS mixture. The error bars correspond to the standard deviation. 
 

 

[PDADMA/PSS,0.15]n surfaces demonstrate a consistent trend, the protein concentration 

decreases with increasing thickness. This trend is also observed even after the films are 

challenged with the higher ionic strength solution. [PDADMA/PSS,0.15]1 to 
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all other serum proteins behave similarly to albumin, cells should have enough proteins absorbed 

on the surface to secure proper attachment if these proteins are strongly attached to the film. On 

the other hand, [PDADMA/PSS,0.15]8 to [PDADMA/PSS,0.15]10 multilayers exhibit low protein 

content distributed around the film. This might explain why cells cannot spread on these surfaces 

and form clusters. In the absence of proteins on the surface, fibroblast clustered because this is 

the fastest way that these cells can deposit collagen on the film in order to manipulate their 

microenvironment.  Fibroblasts are known for the production of collagen152, 175, 176. 

Anti-films soak up more protein than [PDADMA/PSS,0.15]n films and after all films 

were challenged,  these films tried to establish an equilibrium of strongly adsorbed protein of 

around one monolayer (~1 mg/m2). Albumin is one of the most abundant proteins in serum 

media177 and its anti-cell adhesion properties are well known104, if serum albumin is strongly 

attached to the surface the exchange with serum adhesive proteins may be unfeasible (Vroman 

effect178) and cell attachment would be impossible95, 97, 179. This hypothesis makes sense 

considering that an albumin monolayer will stay on the surface without penetrating the film, as 

Salloum et al. previously reported on [PDADMA/PSS] multilayers with PSS-ending layer105. 

This could be one of the reasons in which cells cannot attach to this film, yet the mechanism 

behind the irreversible absorption of albumin on PSS-ending films with high surface charge 

densities is still unknown.   

One possible explanation relies on previous work done by different groups on polymeric 

microspheres,180, 181 where protein adsorption increases with the increasing concentration of 

negatively charged groups (sulfonate and carboxylate). According to these authors, this increase 

in protein adsorption is due to an increase in hydrogen bonding and electrostatic interactions 

between the proteins and the charged groups. Another possible mechanism is supported by the 

findings of Dubin et al.,182, 183 in which the electrostatic surface potential of albumin shows the 

presence of highly positively and negatively charged patches across the protein. These patches 

can interact electrostatically with polycations and polyanions, allowing the attachment and 

formation of a protein-polyelectrolyte complex. Another possible explanation to the strong 

interaction between albumin and anti-films relies on the two specific anionic binding sites 

present in this protein, with high affinity for sulfonate groups on these binding sites which has  

been previously reported184-186. As mentioned previously, anti-adhesion properties in our anti-

films began once the surface charge density reaches a minimum of 0.λ m m-2. By using the 
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simple calculation described in equation 4.2, we can correlate approximately how many styrene 

sulfonate units are on the surface per unit area.  �  �   = .  � ×  ×  . × − 9     .  

 

Assuming a rectangular shape for albumin is possible to calculate with its cross-sectional 

area being the dimensions (4 nm x 14 nm) reported in the literature,177 this gives an area of 56 

nm2. This area combined with the results obtained using equation 4.2 indicates there are 

approximately 2.7 styrene sulfonate units per albumin. This number is intriguing considering that 

there are 2 specific anionic binding sites (site I, II) in albumin. 186 However at this point, this is 

only a hypothesis and there is no direct evidence that suggests that the styrene sulfonate groups 

on a polymer chain can access these sites due to steric hindrance. Nevertheless it is important to 

mention that there is evidence that small sulfonated molecules can access and bind to these 

anionic binding sites185, 187. 

Besides the irreversible adsorption hypothesis previously mentioned, another possible 

explanation behind the cell behavior on anti-film relies on the completion of the 

mechanotrasduction step. It is well known that cells have to go to a mechanotransduction step by 

pulling the proteins attached to the substrate before they can decide to attach to a surface111, 148. 

The results showed the presence of more loosely attached protein on anti-films, which is 

probably located on top of the strongly attached monolayer. Therefore cells will interact first 

with the loosely attached protein and the mechanotransduction step will not be completed111, 

therefore no focal adhesion is created.  

 

 

4.4 Conclusions 

 

When comparing a series of almost identical films that only differ from each other on 

surface charge density, it seems that this film characteristic governs over the more common 

physical properties when the concentration reached a threshold of ~0.λ moles/m2. Anything 
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below this value and cell fate is determined by the influences of all the properties of the film. 

This surface charge density does not affect the cells directly, but affects the behavior of the 

proteins that cells use to create focal points, which are necessary for cell adhesion and survival of 

adhering cell lines such as fibroblast. However it is not completely clear how surface charge 

density affects protein adsorption, in fact in spite of excess surface charge density more protein is 

adsorbed when compared to the native films, therefore electrostatic interaction can be discarded 

because albumin is net negatively charged. There also seems to be a relation between the amount 

of protein available and how strongly this protein is attached to the substrate in order for a cell to 

form a focal point. Even though the protein density was quantified accurately, the exact threshold 

of protein-substrate absorption strength required to induce cell adhesion cannot be measured 

solely by adjusting ionic strength.  
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CHAPTER 5 

ANTI-ADHESIVE MULTILAYER COATINGS FOR STEM CELL 

AGGREGATION 

 

5.1 Introduction 

 

Stem cell research has sparked in recent years, especially with the increasing number of 

clinical trials focusing on a broad spectrum of diseases, including heart disease, diabetes, bone 

and cartilage repair, etc188, 189. The therapeutic properties of different stem cell lines have been 

extensively studied in last decades, for example umbilical cord blood stem cells have been tested 

for the treatment of immune disorders and degenerative conditions.190, 191 Embryonic stem cells 

are more promising than any other cell line, as they can differentiate into many cell types and can 

be propagated in a undifferentiated form, however their culture and research has been criticized 

due to moral and ethical issues.192, 193Therefore the majority of stem cell research and trials have 

been centered on tissue-specific stem cell lines, with bone marrow isolated human mesenchymal 

stem cells (hMSC) being the most widely chosen.132, 194 This adherent cell line can differentiate 

into osteoblast, chondrocytes, and adipocytes195 however, recent studies have shown that MSC 

can also differentiate into myocytes and vascular cells132.  

Stem cell doses range from tens of thousands to a few billion cells in any practical 

treatment. While 2-D culture is effective for treatments requiring small cell concentrations, this 

becomes impractical for mass production therefore 3-D culture is used instead.132, 134 3-D culture 

has a variety of advantages, for example Tsai et al196 showed that hMSCs cells expansion on 3-D 

multicellular aggregates exhibited greater functionality than cells on a regular 2-D environment. 

This result is not surprising as many authors reported that stem cells behave better when cultured 

on 3-D environments, including increased metabolic activity133 and extracellular matrix 

production134. Most 3-D culture techniques involve the formation of multicellular aggregates. 

These clusters can be obtained using different techniques, such as magnetic stirring197 or stirred 

suspension198, 199, however the most widely used technique involves the use of microcarrier 

technology in which cells proliferate onto small particles suspended in media.132, 200  
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Another way to create aggregates in-vitro involves the use of low adhesion vessels, 196, 201 

these commercially available plates utilize a hydrogel coating covalently bonded to the TCP 

plate. This hydrogel prevents cell adhesion and promotes cell-cell interactions, which enable the 

formation of multicellular clusters. Previously we reported an anti-adhesive multilayer coating 

that completely prevents cell adhesion and induces cell aggregation without affecting cell 

viability of 3T3 fibroblast cells.92 Please note that our anti-adhesive film had not been tested in 

any other cell line besides 3T3 fibroblast. 

 Multilayer films have been previously used for stem cell culture, however to our 

knowledge PEMUs have not been used to induce cell clustering, and most of the research has 

been centered on the effects of physical properties of polyelectrolyte multilayers on stem cell 

differentiation.202-204 In this work we propose a comprehensive study of our anti-adhesive 

polyelectrolyte film, composed of sodium poly(4-styrenesulfonate) PSS and 

poly(diallyldimethylammonium chloride) PDADMA, as a new alternative for the formation of 

hMSCs multicellular aggregates. Our multilayer coating will be tested against a commercially 

available ultra-low adhesion plate (Corning) which will be used as the control. Once the 

aggregates are obtained, stem cells will be exposed to both surfaces for 3 different time intervals 

(24, 48, and 72 hours) in order to establish any possible changes in stem cell functionality and 

cytotoxic response over time. In order to quantify hMSCs functionality post aggregation, the 

cells will be exposed to conditions that induce osteoblast and adipose differentiation, therefore 

the results will indicate if the aggregates obtained on the polyelectrolyte film retain stemness and 

pluripotency. This study not only intends to showcase the possible applications of multilayers as 

cluster-inducing surfaces, but also confirm that our anti-adhesive film is not cell line dependent. 

 

5.2 Experimental Section 

 

5.2.1 Materials 

Poly(4-styrenesulfonic acid) (PSS; 19 wt % in water, ~70,000 g mol-1 from Scientific 

Polymer Products) poly(diallyldimethylammonium chloride) (PDADMAC; 21.3 wt % in water, 

400,000 – 500,000 g mol-1 Sigma-Aldrich), and sodium chloride (99.5%) were used as received. 
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All solutions were prepared with 18 ε  deionized water (Barnstead, E-pure). PSS and 

PDADMAC were 10 mM (based on the monomer repeat unit) polymer solutions with a [NaCl] 

of 0.15 M or 1.0 M. The pH of the solutions was adjusted to pH 7 with 1.0 M NaOH. Square 

pieces (area ~ 2.5 cm2) of polished silicon wafer (OKMETIC, N-Phosphorus, 100) were used as 

substrates for film characterization experiments. Cell experiments were performed on flat 

bottom, TCP polystyrene 6-well plates (Jet-Biofil, Tissue Culture Products) 

 

5.2.2 Anti-Adhesion Film Buildup 

The buildup of the PEMUs was done manually on 6-well polystyrene plates using 1000 

mL beakers. The dipping time in each polyelectrolyte solution was 5 minutes followed by three 

consecutive water rinses for 1 minute. After 19 layers of 

([PDADMA/PSS,0.15M]9[PDADMA,0.15M]), the last layer is then added using PSS in 1.0 M 

NaCl ([PDADMA/PSS,0.15M]9[PDADMA,0.15M]_[PSS,1.0] or Anti). Finally, PEMUs were air 

dried. All coated plates were sterilized before seeding inside a laminar flow hood using a UV-

lamp for 5 minutes. 

 

5.2.3 Human Mesenchymal Stem Cells (hMSCs) Culture and Aggregation  

Human mesenchymal stem cells were acquired from Tulane Center for Stem Cells 

Research and Regenerative medicine. hMSCs in passage 5 through 8 were used for experiments. 

Cells were thawed and seeded on normal culture plates with minimum essential medium-alpha 

(Life Technologies) supplemented with 1% penicillin/streptomycin (Life Technologies) and 10% 

fetal bovine serum (FBS; Atlanta Biologicals) and then cultured until reaching 80% confluence 

in a standard 5% CO2 incubator. Culture medium was changed every other day. Two additional 

cell culture media were tested similar to the media previously described, only differing in serum 

conditions. The first media used cosmic calf serum (CCS) instead of FBS to match previous 

experiments92 and the second cell culture media used was prepared without serum. After 

reaching approximately 80% confluence, cells were trypsinized and harvested. Cell number was 

acquired by a hemocytometer, after which hMSCs were seeded into the 3 different surfaces used 

for these experiments: 1) 2D TCP plate; 2) ultra-low attached plates (ULA-P) (Corning); and 3) 
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multilayer culture plates. Aggregates of hMSCs were obtained in the following time intervals: 

24, 48, and 72 hours. Multicellular clusters were visualized under an Olympus IX70 microscope.  

 

5.2.4 Colony-Forming Unit-Fibroblasts (CFU-F) assay 

hMSCs were harvested and cultured as previously described. Cells were seeded at a 

concentration of 3x105 cells per well on the 3 surfaces (Corning ultra-low attach plates (ULA-P), 

multilayer films (Anti) on 6-wellplates, and 2D-TCP plates used as controls). Aggregates were 

obtained on ULA-P and Anti surfaces, the clusters were then collected in the following time 

intervals: 24, 48, 72 hours. Aggregates were then transferred to TCP plates and the cells were 

allowed to re-adhere. Re-attached aggregates from both surfaces and 2D monolayer culture 

hMSCs were trypsinized, counted, and seeded on different TCP plates at a cell density of 12 

cells/cm2. Cells were grown for 14 days, media was removed and cells were washed with PBS 

and stained with 0.25% crystal violet solution (Figure 5.1). The visible colonies were counted 

manually. 

 

 

 
 

Figure 5.1. Colony-forming unit-fibroblasts (CFU-F) assay performed on hMSCs. (A) 

hMSCs stained with crystal violet solution after being cultured on Anti film (B) hMSCs stained 

with crystal violet solution after being cultured on a ultra-low adhesion surface.  

 

A B
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5.2.5 Osteoblast Differentiation   

hMSCs were harvested in suspension and cultured on Corning ultra-low plates and Anti 

coatings on 6-well plates. Seeding concentration for these experiments was 3x105 cells/well, with 

2D TCP plates used as control. Aggregates were obtained on ULP and Anti surfaces, the clusters 

were then collected in the following time intervals: 24, 48, 72 hours. Aggregates were then 

transferred to TCP plates and the cells were allowed to re-adhere in normal culture medium. 

After 24 hours of re-adhesion, media was changed with osteogenesis-induced media containing 

high glucose Dulbecco’s modified Eagle’s medium (δife TechnologiesΨ supplemented with 10% 

FBS, 1% penicillin/streptomycin, 100 nM dexamethasone (Sigma Aldrich), 10 nM sodium-b-

glycerophosphate (Sigma Aldrich), and 12.8 mg/L ascorbic acid-2-phosphate (Sigma Aldrich). 

Cells were cultured for 18 days for osterogenesis with media being changed every 3 days. Von 

Kossa staining technique was used to detect mineralization of the ECM of hMSC aggregates. 

Cells were fixed in 10% formalin solution for 1 hour, then washed in silver nitrate under a UV 

light for approximately 15 minutes or until the calcium nodules turned black.  

 

5.2.6 Adipocyte Differentiation 

Adipocyte differentiation of the cells from different surfaces was also examined. hMSCs 

were harvested in suspension and cultured on Corning ultra-low plates and Anti coatings on 6-

well plates. Seeding concentration for these experiments was 3x105 cells/well, with 2D TCP 

plates used as control. Aggregates were obtained on ULP and Anti surfaces, the clusters were 

then collected in the following time intervals: 24, 48, 72 hours. Then aggregates were transferred 

to TCP plates and the cells were allowed to re-adhere in normal culture medium. After 24 hours 

of re-adhesion, cells were induced by treatment with adipogenic induction (AI) medium (high 

glucose DMEM supplemented with 10% FBS, 0.2 mM indomethacin, 0.5 mM isobutyl-1-methyl 

xanthine, 1 mM dexamethasone and 5 ug/mL insulin). After 2 days, the AI media was removed 

and replaced with adipogenic maintenance (AM) medium (high glucose DMEM supplemented 

with 10% FBS and 10 ug/mL insulin). The medium was changed every third day in a cycle of 

induction and maintenance for 22 days. Differentiation into adipocytes was detected using the 

Oil Red O staining, which stained lipid vacuoles. Cells were fixed and stained with Oil Red O 

working solution for 5 minutes.  
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5.3 Results and Discussion 

 

 5.3.1 Aggregate Formation Depending on Serum Media Conditions 

In previous work we reported the formation of multicellular spheroids of 3T3 fibroblast 

on a Anti multilayer ([PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0]).92 Cell behavior on this 

film was compared against two native films, [PDADMA/PSS,0.15]10 (NATIVE 0.15M) and 

[PDADMA/PSS,1.0] (NATIVE 1.0M). In order to assure that cell behavior on these films is not 

cell type or media specific, hMSCs were exposed to all surfaces and 3 different mediums. The 

media conditions tested in these experiments have the following components in common: 

minimum essential medium-alpha (Life Technologies) and 1% penicillin/streptomycin (Life 

Technologies), however the serum conditions varied. The first medium contained 10% cosmic 

calf serum (CCS), the second one used 10% fetal bovine serum (FBS) and on the last one no 

serum was added.  

Bright field images after 24 hours of cultured hMSCs on the 3 multilayer films and 

different media conditions can be found in Figure 5.2 

The results were very similar to the observations previously reported using the 3T3 

fibroblast cell line,92 however cell clustering occurred at a faster rate. Similar to 3T3 fibroblast, 

hMSCs cells were able to attach to Native 0.15M and Native 1.0M multilayers (Figure 5.1A, 

5.1b, 5.1D and 5.1F) but were not able to adhere to the Anti film, additionally multicellular 

aggregates were formed (Figure 5.1H and 5.1I). In the case of hMSCs cultured in media without 

serum, cells attached and spread better on Native 0.15M and Anti films rather than the Native 

1.0M. This result was expected as Native 0.15M and Anti are very thin (~40nm) in comparison 

to the thicker Native 1.0M (~260 nm)92 and without serum albumin, cell attachment depends on 

the feel of mechanical properties by the cells, therefore on thin films, cells only feel the ideal 

stiffness of the TCP plate.89 These results also indirectly confirm the observations previously 

mentioned in chapter 4 in which Anti films strongly adsorb albumin, which is a non-adhesive 

protein103. Without serum albumin present, cell adhesion should not be affected by this thin film. 

Additionally, in the case of cells cultured on Anti films in serum-containing media, CCS 

seems to be a better serum in terms of obtaining anti-adhesive properties. All hMSCs cells 
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cultured under this condition formed floating multicellular spheroids. Cells on Anti films, but 

with FBS-containing media, also formed multicellular spheroids however only a small amount of 

cell attachment was observed. In order to avoid adding more variables to our system, 

conventional FBS-containing media was used during these experiments. Bright field images of 

the cell aggregates formed using ultra-low attach plates and the Anti films can be observed in 

Figure 5.3.  

 

 

 
 

Figure 5.2. hMSCs on 3 different polyelectrolyte multilayer films under 3 different media 

conditions. (A) hMSCs cultured on Native 0.15M film in media containing 10% CSS. (B) 

hMSCs cultured on Native 0.15M film in media containing 10% FBS. (C) hMSCs cultured on 

Native 0.15M film in media without serum. (D) hMSCs cultured on Native 1.0M film in media 

containing 10% CSS. (F) hMSCs cultured on Native 1.0M film in media containing 10% FBS. 

(G) hMSCs cultured on Native 1.0M film in media without serum. (H) hMSCs cultured on Anti 

film in media containing 10% CSS. (I) hMSCs cultured on Anti film in media containing 10% 

FBS. (J) hMSCs cultured on Anti film in media without serum. 
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Figure 5.3. Multicellular spheroids of hMSCs obtained after 24 hours of culture on two 

different anti-adhesive surfaces that promote Cell-Cell interactions (A) hMSCs aggregates 

cultured on a Anti polyelectrolyte film. (B) hMSCs aggregate cultured on a commercially 

available ultra-low attach plate. 

 

 

5.3.2 Colony Forming Unit-Fibroblasts (CFU-F) Assay 

A cell line that is able to generate fibroblast-like colonies from single cells seeded at very 

low densities is considered clonogenic. According to Bianco et al205 any genuine stem cell within 

the bone marrow stroma (such as mesenchymal stem cells) would be clonogenic. In order to 

address the cells’ ability to maintain the multi-potency of stem cells, hMSCs derived from the 

surfaces were plated at clonal density 12 cells/cm2 and colony forming unit-Fibroblast assays 

(CFU-F) were performed. After 14 days of culture, CFU-F was collected for 3 different 

conditions; 2-D TCP control plates, ultra-low adhesion plates and Anti films, all at different time 

intervals. The results obtained in these experiments can be found in Figure 5.4. 

The results showed that all the multicellular clusters remained clonogenic even after 3 

days of exposure to both anti-adhesive surfaces (ULA-P and Anti). Additionally hMSCs cultured 

on the 2-D TCP control showed higher colony formation efficiency, followed by cells cultured 

on Corning ultra-low attach plates and finally those cultured on Anti film. At first glance 

aggregate formation reduces CFU efficiency, especially on cells cultured on Anti films, however 

it is important to remember that the purpose of CFU-F assays is to address if cells are (or remain) 

clonogenic, which is a requirement for stemness and pluripotency, but does not  determine if 

those cells are more or less pluripotent than one another. To quantify pluripotency additional test 

are required, however that is not the main objective of this work.  

A B
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Figure 5.4. Results obtained for the Colony Forming Unit-Fibroblast assays (CFU-F) 

performed on the 3 different surfaces at different time intervals. The error bars represent the 

standard deviation between trials.  

 

5.3.3 Osteogenic Differentiation 

After confirmation that hMSCs remained clonogenic after aggregation and long-term 

exposure to the polyelectrolyte film, the next step in establishing the stemness and pluripotency 

of the aggregates was performed using osteogenic differentiation experiments. Cells were 

cultured on ultra-low attach plates and Anti polyelectrolyte film. Multicellular spheroids were 

collected from both anti-adhesive surfaces every 24 hours for 3 days, and the aggregates were 

then trypsinized and replated, and finally after 12 hour of re-adhesion the media was replaced 

with an osteogenic-inducing medium and cultured for 12 days. The cells were stained to identify 

calcified tissues characteristic of osteoblast cells206 using the von Kossa staining protocol. Bright 

field images after von Kossa staining obtained during these experiments can be observed on 

Figure 5.5.  

The results of the Von Kossa staining confirmed the presence of calcium deposits. The 

positive staining in both surfaces also confirms that cell aggregates (regardless of their origin 

maintained differentiation potential), which combine with clonogenic activity, corroborate 

stemness and pluripotency of hMSCs. Additionally, differentiation potential was also maintained 

regardless of exposure time. In other words, aggregated cells were able to survive and retain 
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stemness and pluripotency when cultured on the Anti film, similarly to the cells cultured on the 

commercially available control ULA-Plates. This result indirectly validates the previous 

observations obtained by our group concerning the non-cytotoxic properties of the Anti film92. 

Please note that even though osteoblast differentiation was confirmed, additional 

quantitative analyses are required in order to compare performance between anti-adhesive 

surfaces. 

 

 

 
 

Figure 5.5. Von Kossa staining of replated multicellular spheroids obtained from ULA-P 

and Anti surfaces collected every 24 hours for 3 days and cultured for 12 days in osteogenic-

inducing media. 
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5.3.4 Adipogenic Differentiation 

Previous literature207 has stated that von Kossa staining by itself is not enough to confirm 

osteoblast formation. In order to address this concern and to investigate multi-lineage potential 

adipogenic differentiation, specific experiments were performed. Similarly to osteoblast 

experiments, cells were cultured on both anti-adhesive surfaces (ultra-low attach plates and the 

Anti polyelectrolyte film). Multicellular spheroids were collected from both anti-adhesive 

surfaces every 24 hours for 3 days and the resulting aggregates were trypsinized and replated.  

Finally after 12 hour of re-adhesion, the media was replaced first with adipogenic induction 

media and cultured for 2 days then later replaced with adipogenic maintenance media and 

cultured for a total of 22 days. Adipogenesis was visualized using oil red o staining and the 

resulting bright field images can be found in Figure 5.6.  

The images confirmed the presence of adipocytes cells from hMSCs aggregates obtained 

from both anti-adhesive surfaces. Similarly to the conclusions obtained during osteoblast 

differentiation, the images illustrate that adipogenesis was still possible even after 3 days of 

exposure to the polyelectrolyte film. This result, in combination with the data obtained from 

previous experiments, allowed us to completely confirm that hMSCs multicellular spheroids 

obtained with our polyelectrolyte film maintained stemness and pluripotency. Please note that 

additional testing must be performed in order to quantify and compare the performance of this 

film, as our results are qualitative. Our experiments have the sole purpose of exploring possible 

applications of our anti-adhesive polyelectrolyte coating as a multicellular cluster-inducing 

surface as well as its’ influence on stemness and pluripotency.  

Additional experiments are also required in order to quantify any changes in pluripotency 

over time. The clusters were formed in less than 24 hours after exposure to the film, but some of 

these clusters were kept in contact with the film for up to 72 hours. And even though multi-

lineage differentiation and clonogenic activity were confirmed in our experiments, all these 

results were qualitative, therefore it is not possible to establish if the multicellular cluster formed 

during the first 24 hours of exposure were more or less pluripotent than the multicellular 

spheroids that were cultured for 48 or 72 hours.  
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Figure 5.6. Oil red o staining of replated multicellular spheroids obtained from ULA-P 

and Anti surfaces collected every 24 hours for 3 days, then cultured first in adipogenic induction 

media for 2 days and then in adipogenic maintenance media for 22 days. 

 

5.4 Conclusion 

 

In this work we studied aggregate formation of human mesenchymal stem cells (hMSCs) 

on a salt Anti film composed of sodium poly(4-styrenesulfonate) PSS and 

poly(diallyldimethylammonium chloride) PDADMA. This specific film previously demonstrated 

anti-adhesive and cluster-inducing properties on 3T3 fibroblast cells92. The results illustrated that 

Hybrid Corning

24 hours

48 hours

72 hours
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the polyelectrolyte coating not only effectively produces cell aggregates, the data also 

demonstrated ability of these hMSCs aggregates to differentiate into osteoblastic and adipogenic 

lineages at the end of the culture period was also maintained. These results are taken as evidence 

of stemness and progenitor roles in mesenchymal tissue are not affected by exposure to the 

polyelectrolyte film. In addition, these results demonstrate the multilayer coating surface has 

well controlled ultra-low attachment for cell aggregation and well maintenance of stem cell 

properties.  

To our knowledge this is the first time a polyelectrolyte film was suggested for the 

formation of multicellular spheroids of stem cells. All of these results are qualitative, with the 

experiments designed to establish aggregate formation, and conservation of stemness and 

pluripotency, in comparison to a commercially available clustering surface. Additional 

experiments are required in order to quantify performance of our polyelectrolyte film with 

respect to accepted 3-D culture techniques. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 

The main objective of this investigation was to perform a comprehensive study of the 

interactions that occur during 2-dimensional cell culture between eukaryotic cells and 

polyelectrolyte films obtained by a layer-by-layer assembly technique. Throughout this research 

we found that surface charge density, a multilayer property almost completely ignored in the 

literature on polyelectrolyte multilayer films, seems to be responsible for most of the cell 

behaviors reported. This film property does not interact directly with cells instead it affects the 

affinity of different serum proteins in the film, to be more precise it increases the affinity of 

serum albumin, a non-adhesive protein known for its anti-adhesive properties.   However, there 

are additional factors that play a role in this interaction. 

The first of these factors involves the active exchange of serum plasma proteins attached 

to a surface, which is known as the Vroman effect. Previously we suggested that anti-films 

support the irreversible adsorption of serum albumin. In other words albumin will irreversibly 

exchange all other proteins attached to anti films, which will eventually lead to an anti-adhesive 

surface that favors cell-cell interactions instead of the cell-matrix interactions required for cell 

attachment. In order to confirm this hypothesis several experiments involving protein exchange 

should be performed. One experiment that could corroborate this hypothesis consists of repeating 

the cell culture trials using albumin-depleted media, if our premise is correct cells should adhere 

and proliferate on the surface. However albumin-depleted media is not commercially available, 

which causes the biggest limitation in this experiment. There are kits that allow depletion of up 

to 95% of serum albumin, however these kits are expensive and limited to small amounts of 

serum media (usually between 200 – 400 L).  

Another further, conclusive experiment involves the active exchange of proteins on the 

surface. These experiments will require films pre-coated with different adhesive proteins, these 

films will then be exposed to radiolabeled albumin at different time points. If albumin can 

exchange with the pre-coated proteins on the surface, the films will become radiolabeled and the 

concentration of albumin attached to the films can be quantified. Additional experiments should 
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be performed, however with films coated with the radiolabeled-albumin, which then will be 

exposed to solutions containing different adhesive proteins present in serum media. Any 

decrease in counts can be attributed to the exchange of radiolabeled albumin by one of the other 

proteins. The biggest limitation of these experiments would be the quantification of the adhesive 

proteins, their presence on the films could be confirmed by antibody staining and the changes in 

radioactive counts, however neither of these techniques would be useful to correctly quantify 

their concentration. 

One of the biggest questions involves the specific process in which the excess of 

polystyrene sulfonate on the surface (which was observed as an increase in surface charge 

density) increases the irreversible absorption of albumin. In chapter 4 this was addressed, 

according to the literature, at increasing surface charge density there is an increase in 

electrostatic interaction that favors the adsorption of albumin. However albumin is net negatively 

charged, just like the sulfonate group, so electrostatic repulsion should increase as well. The 

literature attends this issue by mentioning the positively charged patches across the protein that 

may interact with the polyelectrolyte, implying that all the albumins attached to the film are 

oriented in a similar way across the surface. If the protein orientation can be measured, this could 

be a possible way to confirm that the absorption of albumin on anti films is due to the 

electrostatic interaction between the positively charged patches and polystyrene sulfonate units. 

Additionally a second possibility is discussed involving the two anionic binding sites in albumin 

(site I, II). These sites have been extensively studied in the pharmaceutical field and their affinity 

for organic anions is well documented. In this discussion we mentioned that when the charge 

density reaches 0.λ moles m-2, which is the minimum required value to prevent cell adhesion, 

the amount of PSS units per albumin cross-sectional area is 2.7, which contains enough units to 

cover both binding sites. In order to test this hypothesis first we will need to confirm that the 

styrene sulfonate monomer can bind in these two sites. Then if binding is allowed, the same 

experiment should be performed, however this time using polystyrene sulfonate, which is 

necessary in order to understand if there are any steric effects with the polymer form that are not 

present with the individual monomer units. These experiments will most likely require protein 

NMR in order to confirm the binding on these two sites, which unfortunately is out of the scope 

of this dissertation.  
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Another important factor that needs to be addressed is the effects of different functional 

groups. All experiments performed in this dissertation used the same polyelectrolyte system, PSS 

as our polyanion and PDADMA as our polycation. However there are several possible 

polyelectrolyte combinations, some including natural polyelectrolytes. We obtained the high 

charge density by modifying the deposition conditions during the last layer, however it is still 

unknown whether this will be the case with other polyelectrolyte combinations. And even if the 

deposition under hybrid conditions increases surface charge density with other systems, there is 

no certainty that the minimum charge density of 0.λ moles m-2 can be achieved with different 

polyelectrolytes due to differences in polyelectrolyte diffusion coefficients. Assuming it is 

possible to reach the same levels of surface charge density using different polyelectrolyte 

combinations, the next step would be to compare cell behavior and protein adsorption on these 

new films. These experiments could clarify the presence of any effect due to different functional 

groups. Our results suggest a strong affinity between polystyrene sulfonate and albumin, which 

is ideal for anti-adhesive coatings. However other polyelectrolyte multilayer systems containing 

different functional groups, i.e. carboxylate, may induce selective adsorption of adhesive 

proteins present in serum media, such as fibronectin and vitronectin, which will favor cell 

attachment and proliferation. 
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APPENDIX A 

COPYRIGHTS AND PERMISSIONS 

 

Permission to use the article “Quasi-Spherical Cell Clusters Induced by a Polyelectrolyte 

εultilayer”, is attached in the following page. Chapter γ was based on this paper. 

 

 

  



103 

 

APPENDIX B 

LIST OF ABBREVIATIONS 

 

PSS ....................................................................................................poly(styrene sulfonate) 

PDADMA ......................................................................... poly(diallyldimethylammonium) 

PEMUs ...................................................................................... Polyelectrolyte Multilayers 

PEC............................................................................................ Polyelectrolyte Complexes 

CoPEC ........................................................................ Compact Polyelectrolyte Complexes 

LbL .............................................................................................................. Layer-by-Layer 

TCP......................................................................................................Tissue Culture Plates 

FTIR .......................................................................................... Fourier Transform Infrared 

AFM ........................................................................................... Atomic Force Microscopy 

CFU-F............................................................................... Colony Forming Unit-Fibroblast 

NMC ............................................................................ Normalized Metabolic Contribution 
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