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ABSTRACT 

 

Biomolecular Interactions with Synthetic Surfaces 

by 

Aftin M. Ross 

 

Chair: Joerg Lahann 

 Augmenting the surface properties of synthetic materials can modulate 

biomolecular functions. In this dissertation research, the chemical vapor deposition 

(CVD) platform is used to generate reactive polymeric surfaces for various applications 

including sensing, “click” chemistry, and tissue engineering. For the first time, thin CVD 

films are used as novel sensors for imaging surface plasmon resonance enhanced 

ellipsometry (SPREE), a tool used in biosensing/diagnostics.  CVD coatings are 

advantageous because they have better long-term stability and do not require special 

storage conditions. CVD-coated sensors are capable of detecting many biomolecules 

which may be tuned by altering film reactivity. 

  Another area of this dissertation research is the use of a reactive CVD coating as 

a binding partner in thiol-based “click” chemistry reactions and a Diels Alder “click” 

reaction, types of immobilization strategies used to modify surfaces. Successful surface 

modification with thiols and maleimides is demonstrated and further exploited to create 
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multifunctional surfaces, which may serve as building blocks for complex surface 

architectures. CVD coatings are beneficial as they extend the utility of thiol-based “click” 

chemistry reactions by increasing the number of binding substrates. 

      In the final portion of the dissertation research, a polymeric brush was generated that 

undergoes a change in wettability (how water interacts with a surface) as a function of 

brush thickness. At low thicknesses, this brush is known to maintain human stem cells in 

a form that allows them to become any cell type. The use of a synthetic substrate to 

maintain this state is advantageous because material parameters can be tightly controlled. 

By altering wettability and other material characteristics, properties important for 

maintaining these cells are evaluated and may be utilized for future biomaterials designs.  

This dissertation research has made numerous contributions to the field of biomaterials 

science through the generation of a range of surface modification platforms that could 

ultimately aid in elucidating cellular and biomolecular behaviors, which have 

applications in diagnostics, molecular self-assembly, and tissue engineering/regenerative 

medicine.  
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CHAPTER 1  

INTRODUCTION 

 

The materials in this chapter have been adapted with minor modifications from the 

following published articles:  

Ross, A.M., Nandivada, H., Lahann, J. Switchable Surface Approaches. In Handbook of 

Stimuli-Responsive Polymers; M. Urban, Ed.; Wiley NY, 2010. 

Nandivada, H., Ross, A.M., Lahann, J., “Stimuli-responsive Monolayers for 

Biotechnology”, Progress in Polymer Science 2010, 35(1-2), 141-154. 

1.1 MOTIVATION AND BACKGROUND 

 The treatment and diagnosis of disease may be improved by innovations in 

materials science and in the methods utilized in the surface modification of these novel 

biomaterials.
1-5

 Synthetic materials are utilized in a host of biomedical applications from 

the use of nanowire sensing arrays in point of care diagnostics
6
 to the use of polymer 

scaffolds for bone regeneration.
7
 As a result, there has been an increased interest in the 

design and surface modification of synthetic biomaterials. Ideally biomaterials are 

biocompatible, generated from repeatable processes, and should maintain their form and 

function for the desired time period.
8
 However, an important factor that influences the 

success of these materials in a given application is their interaction with various 

biomolecules, which is the focus of this dissertation research. 
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1.2 SURFACE MODIFICATION: SWITCHABLE SURFACE APPROACHES 

 In this chapter, general methods for surface modification using synthetic materials 

and biomolecules are detailed with a specific emphasis on switchable surfaces. 

Switchable surfaces can reversibly alter material properties in response to changes in the 

environment or an external stimulus. Currently, a myriad of stimuli are utilized to control 

surface properties including electrical potential, light, pH, temperature, and mechanical 

forces. Exposure to stimuli results in changes in surface conformation, wettability, optical 

properties, and biocompatibility. Switchable materials exist in nature and their synthetic 

analogues may find wide ranging applications. Because the behavior of stimuli-

responsive materials can be controlled, potential benefits of their utilization abound, 

particularly in the biotechnology industry. Exploiting macroscopic changes in these 

“smart” materials is useful for a variety of applications including tissue engineering, 

microfluidics, biosensors, molecular electronics, and colorimetric displays. Diverse 

material platforms that function as switchable surfaces are highlighted and Table 1.1. 

provides a listing of the materials discussed herein and their respective stimuli.  

1.2.1 Electro-active Materials 

 1.2.1.1 High density and low density self-assembled monolayers 

 The behavior of electro-active materials is controlled by the application of an 

electrical stimulus. Changes in surface properties as a result of electrical exposure include 

alterations in wettability, conformation, and protein adsorption.  A self-assembled 

monolayer (SAM) is a single layer of amphiphilic molecules that spontaneously organizes onto 

a substrate as a result of an affinity between the amphiphile and the substrate and is an example of 
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an electro-active material. 
9
 A gold-alkanethiolate system is commonly utilized due to the 

ease of SAM formation and the use of gold as an electrode. Traditional SAMs result in 

densely packed structures called high-density self-assembled monolayers (HDSAMs). Because 

HDSAMs have limited steric freedom due to their dense packing, the structure is unable to 

undergo conformational changes. Thus low-density self-assembled monolayers (LDSAMs) were 

created to decrease molecular steric hinderance, allowing for greater conformational freedom of 

the molecules and the creation of reversibly switchable surfaces. SAMs are created via 

physioabsorption onto a substrate. Typically a substrate is immersed in a SAM solution for a 

sufficient period of time (generally 12 to 24 hours) to form a homogenous layer. Modifications 

can be made to the SAM both before and after assembly to augment SAM responsiveness to 

various stimuli.  

 HDSAMs are characteristically made electro-active by changing the electric potential of 

the gold substrate acting as the electrode. Modulating the electrical potential can result in 

desorption of thiols from the substrate leading to changes in surface properties, such as the 

wettability, or hydrophilicity and hydrophobicity, of the material. 
10-12

 Several methods exist for 

creating LDSAMs that are modulated by electric potentials. 
13-15

  In one method, SAMs with 

bulky end groups are assembled onto a surface. This SAM is densely packed with respect to the 

end groups which are then cleaved resulting in a monolayer that is loosely packed with respect to 

the alkyl chains. Loosely packed chains are capable of undergoing reversible conformational 

transitions in response to an external electrical stimulus.
16-18

 Lahann et al. utilized this concept to 

reversibly modulate the wettability of LDSAMs. 
19

 Upon the application of an electric potential, 

the top of the molecule, which is negatively charged, bends into a loop shape as it is 

attracted to the positively charged surface as seen in Figure 1.1. Thus the surface changes 
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from hydrophilic in the “straight” conformation to hydrophobic in the “bent” 

conformation due to the exposure of the hydrophobic alkyl chains. This conformational 

alteration also results in a change in impedance, or resistance to current flow.
17

 Potential 

applications for this technology abound and include diagnostics, cell adhesion/motility 

studies, and tissue engineering. 

 An alternative method for creating an LDSAM is the assembly of pre-formed 

inclusion complexes (ICs) comprised of cyclodextrin and alkanethiol.
15

 The space-filling 

cyclodextrin is subsequently unwrapped via dissociation in an appropriate solvent, 

generating an LDSAM. Liu et al. found that tuning the applied electrical potential 

resulted in reversible changes in surface wettability as well as protein adsorption. This 

system was extended when low-density acid and amino terminated SAMs were used to 

coat microfluidic devices in order to reversibly and selectively adsorb proteins of varying 

isoelectric points in a mixture. When a negative potential was applied, acid-terminated 

LDSAMs were able to adsorb the positively charged protein and released the protein 

upon the application of a positive potential. Thus this method could play a role in protein 

separation studies for applications in proteomics and sensing technologies.  

1.2.1.2 Self-assembled monolayers with hydroquinone incorporation 

 The incorporation of electro-active hydroquinone moieties into SAMs has also 

been utilized to generate electro-active monolayers. Hydroquinone moieties can be 

reduced by electrochemical oxidation to generate benzoquinone and this has been used to 

release ligands attached to a substrate surface.
20

 For example, Yeo et al.  detached RGD 

peptides which function as a cell adhesive from the substrate surface which triggered the 
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release of cells adhered to the peptides.
21

 Furthermore, benzoquinone units resulting from 

this reduction were then utilized (by means of a Diels-Alder reaction) to selectively 

immobilize diene-functionalized peptides. This reaction resulted in cellular reattachment 

and migration. 

1.2.2 Photo-responsive Materials 

 In addition to electric potential, light can also be used to trigger switching 

properties of surfaces and polymers. Application of ultraviolet light to these materials 

may result in reversible changes in characteristics such as hydrophilicity/hydrophobicity, 

structural arrangement, and shape. Commonly utilized photo-responsive materials include 

azobenzene molecules, spiropyran molecules, and shape memory polymers.  

1.2.2.1 Molecules containing azobenzene units 

 Upon the application of a certain wavelength of light, azobenzene units switch 

their structure from the trans (straight) to the cis (bent) isomerization. This 

conformational change corresponds to different dipole moments, with the cis-isomer 

having a higher dipole moment.  Alterations in molecular spatial arrangement can then be 

translated into macroscopic changes in surface wettability.
22, 23

 For example, azobenzene 

treated surfaces have demonstrated the ability to control liquid droplet and liquid crystal 

(LCs) alignment.
24, 25

 Ichimura et al. formed azobenzene monolayers on quartz substrates 

and established that exposure of ultraviolet light resulted in a reversible conformational 

change that led to the parallel alignment of LCs in contact with the monoloayer. Changes 

in the molecular shape of azobenzene molecules also result in mechanical acutuation. Ji 
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et al. demonstrated the efficacy of azobenzenes in actuation by coating a micro-cantilever 

with a thiol-terminated azobenzene derivative.
26

 Application of UV light caused the 

downward deflection of the coated cantilever because alterations in azobenzene 

arrangement from the trans-to-cis conformation resulted in the repulsion of molecules 

within the monolayer. 

 The photoresponsiveness of azobenzenes have been exploited in biology via the 

incorporation of azobenzene units into peptides. Hyashi et al. synthesized a peptide with 

an azobenzene backbone and then utilized this peptide and its corresponding RNA 

binding aptamer as an in vitro selection tool for RNA-ligand pairing.
27

 The peptide 

exhibited reversible photoresponsive binding to target RNA that was turned “on” in the 

presence of visible light and turned “off” upon application of UV light. Auenheimer et al. 

utilized Arginine-Glycine-Aspartic acid (RGD) peptides in conjunction with azobenzene 

to influence cellular adhesion.
28

 Adding an azobenzene derivative to the peptide sequence 

enabled spatial control as the trans-conformation of azobenzene is 3 Å longer than the 

cis-conformation. After coating a substrate with the photoresponsive peptide, a reduction 

in spacing between peptides and substrates in the cis-conformation resulted in lower cell 

adhesion while the converse was true for molecules in the trans-conformation. 

1.2.2.2 Molecules containing spiropyran units 

 Spiropyrans are another class of photoresponsive materials with reversible 

switching capabilities. In this instance, switching is modulated by the photochemical 

cleavage of a C-O in the presence of UV light which changes it from a closed non-polar 

form to an open polar form.
29-34

 Because the closed form of the molecule is hydrophobic 
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and the merocyanine form is hydrophilic, exposure to UV light alters wettability. Thus 

incorporating spiropyrans into a substrate or using them as a surface coating, allows for 

the control of substrate wettability.
35

Athanassiou et al. exploited the ability of 

spiropyrans to modulate wettability in conjunction with nanopatterning to control 

volumetric changes.
36, 37

 In this work, a nanopatterned poly(ethyl methacrylate)-co-

poly(methyl acrylate), P(EMA)-co-P(MA) was doped with spiropyran and then exposed 

to UV illumination. The contact angle of the doped P(EMA)-co-P(MA) was reduced as 

compared to the material without the incorporation of spiropyran indicating increased 

hydrophilicity. Upon exposure of green laser pulses, the doped material returned to a 

hydrophobic state and the contact angle increased. Alterations in wettability are ascribed 

to dimensional changes in the nanopatterning due to light irradiation.  

 Control of wettability is also imperative in modulating cell behavior, particularly 

cell attachment.  Higuchi et al. utilized a copolymer of nitrobenszospiropyran and methyl 

methacralate, poly (NSP-co-MMA) to control platelet and mesenchymal stem cell 

adhesion to substrates.
38

 After exposure to UV irradiation, cells or platelets that were 

previously attached to the copolymer coated substrate were detached. As protein 

adsorption, specifically fibrinogen adsorption, is known to play a significant role in 

platelet adhesion, the impact of UV exposure on fibrinogen adhesion was measured. 

Because no substantial differences in fibrinogen adhesion were observed in the presence 

of UV light, it was concluded that cell and platelet detachment resulted from a change in 

surface energy and/or an alteration in the surface conformation derived from the switch 

of spiropyran from the closed non-polar state to the polar merocyanine state upon UV 

light exposure. Edahiro et al. exploited the wettability control afforded by spiropyrans to 
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create a photo-responsive cell culture surface.
39

 In this instance, spiropyrans were 

incorporated as side chains for a poly (N-isopropylacrylamide) polymer. Conformational 

transitions of spiropyran from the non-polar to polar states after UV exposure modulated 

the adhesion of living CHO-K1 cells.  

 A unique application of spiropyrans can be found in molecular gating. Aznar et al. 

utilized spiropyrans to control nanoarchitecture through the creation of a gating system 

consisting of mesoporous MCM-41 incorporated with spiropyran moieties (which 

functioned as a 3-D support) and 1.5 poly(amidoamine) dendrimers which served as 

naonmechanical stoppers.
40

 UV light exposure resulted in the attraction of the negatively 

charged dendrimers to the positively charged spiropyrans in the polar conformation. This 

led to the entrapment of the dye molecule, Ru(bipy)3Cl2 as seen in Figure 1.2. However, 

the dendrimers and therefore the dye molecules were released to the bulk solution upon 

the application of visible light as spiropyran reverted to its neutrally charged non-polar 

conformation. 

1.2.2.3 Photo-responsive Shape-memory Polymers 

 Shape-memory polymers can undergo reversible structural transitions in response 

to UV light.
41-45

  These polymers are typically comprised of elastic polymeric networks 

and molecular switches. The polymeric network provides the support structure and 

determines the permanent shape while the molecular switch undergoes reversible cross-

linking in the presence of a photostimulus.
46

 Shape-memory polymers modulated by 

temperature, thermally induced shape-memory polymers, also exist. However polymers 

that are light actuated are advantageous in that structural changes in these materials occur 
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at room temperature, thereby diversifying the application scope. For example, external 

heating effects may damage tissue if the material was utilized in an implant. Applications 

for shape memory polymers include optical sensors and actuators, microrobots, optical 

microtweezers, and photoresponsive medical technologies.
44, 47

  

 Lendlein and co-workers created two types of photoresponsive shape-memory 

polymers. The first is a grafted polymer containing hydroxyethyl ethylene-glycol-1-

acrylate-2-cinnamic acid (HEA-CA) molecules and the second is a doped star-poly 

(ethylene glycol) polymer network containing cinnamylidene acetic acid (CAA) 

molecules. Both of these materials are modulated by the application of an external force 

and UV light greater than 260 nm.
41

 Materials were stretched from some original length 

and then exposed to UV irradiation. After irradiation, the polymers were fixed in an 

elongated state because of the [2+2] cycloaddition reaction that occurred in response to 

the UV exposure. This elongated state was maintained upon removal of the external force 

but could be reversed upon the application of UV light less than 260 nm due to crosslink 

cleavage. In addition, the authors found that if UV irradiation greater than 260 nm was 

only applied to a single side of the stretched polymer, the resulting temporary shape was 

that of a corkscrew spiral. The corkscrew shape occurred because two layers were 

formed, a top layer with a fixed elongation and a bottom layer that retained its elasticity 

and thus could contract upon the release of the external stress. The reversible polymer 

conformations are displayed in Figure 1.3. 
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1.2.3 pH-responsive Materials 

 Unlike several of the other stimuli considered in this chapter, pH is an internal 

stimulus and thus requires alteration of the chemical environment. As a result, the use of 

pH triggers are limited, particularly for basic cell studies which are confined to a narrow 

pH range. The complexity of reversibility is another drawback that arises with the use of 

pH responsive materials because the solution must be removed or extracted before reuse 

which may also alter the physical environment. Nonetheless, pH responsive materials 

have shown promise in fields such as drug delivery and micro-processing.
48

  

1.2.3.1 pH Switchable Surfaces Based on Self-assembled Monolayers (SAMs) 

 As manufactured products become miniaturized, there is a need to enhance 

assembly processes. One of the primary issues is the interaction of the assembly tools 

with the surfaces forces of the object (e.s., van der Waals forces) that result in adhesion 

of the object to the assembly tool(s) thereby preventing object release.
49

 Recently this 

problem has been addressed through the use of pH-modulated SAMs.
50

 In this work, the 

micro-object (a glass microsphere) and the silica gripper tool (microcantilever) were 

chemically modified with SAMs consisting of aminosilane-grafted 3-

(ethoxydimethylsilyl) propylamine (APDMES) and (3-aminopropyl)triethoxysilane 

(APTES). Both SAMs are amine-functionalized and thus can be protonated at acidic pH. 

The authors found that as the solution environment pH was modulated so were the 

attractive and repulsive forces between the tool and the micro-object. In particular, as the 

liquid pH was increased from acidic to basic conditions, the repulsive forces increased 

enabling object release. This concept could be utilized to create a submerged 
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microhandling tool that could grasp and release microbjects based on the solution 

environment.  

1.2.3.2. pH Switchable Surfaces Based on Polymer Brushes 

 Polymer brushes are comprised of polymer chains that are tethered on one end to 

a solid substrate.
51, 52

 Two methods are commonly employed in the synthesis of polymer 

brushes, grafting to and grafting from. In the grafting from approach, brushes are created 

via surface initiated polymerization (SIP) of the polymer chains.
53

  Brushes generated in 

the grafting to method involve adhering pre-synthesized polymers to the substrate 

surface.
54

   Polyelectrolyte brushes are pH-responsive materials that undergo structural 

changes at interfaces when their chains are charged and/or discharged because of the 

protonation/dissociation of acid/base groups. As a result, upon an alteration in pH, 

polyelectrolyte brushes transform from the swollen state to a shrunken state in which the 

polymer chains are collapsed.
55, 56

 Tam et al., exploited this property of polyelectrolyte 

brushes to create a responsive interface with tunable/switchable redox properties.
57

In this 

system, indium tin oxide (ITO) served as the substrate and a modified poly(4-vinyl 

pyridine) modified with an Os-complex redox unit was grafted to the surface. At an 

acidic pH (pH = 4), the polymer brush was swollen and thus the redox units were in 

direct contact with the conducting ITO surface resulting in an active electrode. However, 

at a neutral pH (pH > 6), the brush was in the shrunken state which restricted the mobility 

of the polymer chains and therefore access of the redox units to the conducting surface 

yielding a non-active electrode state as indicated in Figure 1.4.  
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 The pH-responsiveness of polymer brushes has also been exploited as a molecular 

gate. Motornov et al. created a mixed polyelectrolyte brush consisting of poly(2-

vinylpyridine) (P2VP) and poly(acrylic acid) (PAA) that had switchable permeability for 

anions and cations.
58

 In this work, ITO was used as the electrode substrate and the mixed 

brush was assessed via two soluble redox probes [Fe(CN)6]
4−

 and [Ru(NH3)6]
3+

. When 

the environment pH was acidic (pH < 3), the P2VP chains (which were positively 

charged) were permeable to the anionic probe. However the redox process for the 

cationic probe was prohibited resulting in a lack of transport for positively charged ions. 

The converse was true when the solvent environment was more neutral or basic (pH > 6). 

This switchable and selective gating technique has applications in drug delivery and 

could be utilized in biosensors.  

1.2.4 Thermo-responsive Materials 

 Temperature variations may result in reversible changes in properties such as 

structural arrangement, size, solubility, and shape. Many materials designed for 

biomedical or biotenchnology applications are confined to a narrow temperature 

spectrum in order to be effective in a physiological environment. The following thermo-

responsive materials will be discussed in the section that follows: poly(N-iso-

propylacrylamide (PNIPAAm), polymer brushes, and shape memory polymers. 
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1.2.4.1. Temperature-dependent Switching Based on Poly(N-iso-propylacrylamide 

(PNIPAAm) 

 Poly(N-isopropylacrylamide) (PNIPAAm) is a widely studied thermoresponsive 

polymer that exhibits a lower critical solution temperature (LCST).
59, 60

 Below the LCST 

the polymer is expanded and hydrophilic and is soluble in water. Above this critical 

temperature, there is an abrupt phase transition leading to a collapsed and hydrophobic 

polymeric structure which renders the polymer insoluble in water.
61-63

 The LCST of 

PNIPAAm is approximately 32 °C in a solution environment and therefore operates in a 

physiologically relevant design space.
64, 65

 In addition, fine adjustments of the LCST of 

this material are possible by augmenting the polymer structure. For example, the LCST 

can be increased by adding ionic co-monomers or formulating the polymer with salts or 

surfactants as pH changes may alter the repulsive forces between the co-monomers and 

thereby influence swelling.
66, 67

 Because the LCST of the polymer can be augmented, a 

wealth of potential applications abound in selective protein adsorption,
68

 control of 

cellular adhesion,
69

 and drug delivery.
70-73

  

 Thermoresponsive polymers have been utilized in basic cell studies.  For 

example, a PNIPAAm thiol (PNIPAAm-PEG-thiol) was synthesized and used to regulate 

the adhesion of cells in a microfluidic channel.
74

 Fibroblasts were initially cultured at 37 

°C to induce cell spreading and adhesion to the microfluidic surface. Then the 

temperature of the microfluidic environment was reduced to 25 °C for a period of time. 

After 20 minutes, cell monolayers became detached and the morphology of individual 
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cells was transformed to a spherical shape. Cell attachment and detachment as a function 

of the surface response to changing temperature is provided in Figure 1.5. 

 The thermoresponsive switching of PNIPAAm is also advantageous for the 

therapy of cancerous tumors. Chilkolti et al. designed a PNIPAAm polymer with an 

LCST of ~40 °C to be used in combination with the thermal heating of tumors.
66

 The 

LCST was increased by incorporating increased amounts of the acrylamide (AAm) 

copolymer as it is hydrophilic. This enabled a polymer loaded with a small fluorescently 

labeled hydrophobic molecules (used to simulat a chemotherapeutic drug) to remain 

soluble when injected into a mouse body. However, as tumor permeability was increased 

by targeted heating to ~42 °C, the polymer underwent a transition to the hydrophobic 

state and thus aggregated in the tumor. The performance, degree of polymer localization 

within the heated tumor, was compared for the thermo-sensitive polymer and a thermo-

insensitive control. Preferential localization of the thermoresponsive polymer was 

demonstrated while localization was not apparent in the control.  

1.2.4.2. Temperature-dependent Switching in Polymer Brushes 

 In addition to pH-responsiveness, the behavior of polymer brushes may also be 

altered by temperature. For instance, electrochemistry induced radical polymerization 

was utilized to fabricate a PNIPAAm brush.
75

 The authors used this PNIPAAm brush in 

conjunction with indium titanium oxide (ITO) to create an electrically heated electrodes 

(HE). Altered HEs exhibited rapid temperature increases upon heating and this 

temperature enhancement was reversible. The control and release properties of the HE 

system were then assessed by means of the model protein hemoglobin. Hemoglobin 
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diluted in phosphate buffered saline was exposed to the brush at 20 °C when it was in the 

expanding state. Upon a temperature change above the brush LCST, the brush 

transitioned to the shrunken state, capturing the hemoglobin molecules. The hemoglobin 

was released when the temperature was reduced to 20 °C. UV-Vis absorbance indicated 

that the hemoglobin maintained its native fold as evidenced by a characteristic absorption 

ban at 408 nm as seen in Figure 1.6.  

 Zhang et al. controlled the size of nanoparticles by exploiting the pH and 

temperature responsiveness of a poly(2-(dimethylamino)ethyl methacrylate) 

(PDMAEMA) brush.
76

 Briefly, a PDMAEMA brush was synthesized onto a polystyrene 

latex nanoparticle via atom transfer radical polymerization (ATRP). Dynamic light 

scattering events indicated that pH changes led to temperature changes in solution which 

resulted in an alteration in particle size. This approach could be useful in enzyme 

immobilization or protein separation. 

1.2.4.3. Thermo-responsive Shape Memory Polymers 

 Thermally induced shape memory effects occur in numerous materials including 

polymers, metallic alloys, and ceramics.
77-79

 Lendlein and Langer synthesized degradable 

thermoplastics that undergo conformational changes in response to a temperature 

increase.
80

 Polymers were comprised of oligo(ε-caprolactone) diol (OCL) which served 

as the switching segment and a crystallizable oligo(p-dioxanone diol) (ODX) which 

provided the physical cross-links. The material conformational transition from the 

temporary to the permanent shape was induced by heating the polymers above their 

transition temperature (Ttrans) which was 41°C in this instance. Shape-memory properties 
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were assessed via a range of cyclic thermomechanical tests and then the polymer was 

utilized in vivo. Sutures were created from the degradable thermoplastics and used to 

loosely close the wound on a rat. At 41°C, the shape memory-effect was induced which 

resulted in a tightening of the wound sutures.  

 Further use of thermo-responsive shape memory polymers in the biomedical arena 

is found through the use of main chain liquid crystalline elastomers (MC-LCEs).  The 

mesophase structure of MC-LCEs may be varied and Rousseau and Mather designed 

thermosensitive main chain smectic-LCEs.
81

 These new materials incorporated two 

benzoate-based mesogenic groups combined with hydride-terminated 

poly(dimethylsiloxane) spacers. Dynamic and mechanical analysis was utilized to 

investigate the shape-memory effects. It was found that heating the material above the 

polydomain smectic-C transition temp lead to a loss of smectic ordering which caused a 

large increase in deformability. At this point a secondary shape can be obtained via 

mechanical manipulation and this shape may be maintained by cooling below the 

transition temperature.  

1.2.5 Switchable Surfaces Based on Supramolecular Shuttles 

 Supramolecular machines contain a discrete number of molecular components 

capable of converting energy into mechanical work.
82

 Like macroscopic machines, users 

of molecular machines are concerned with energy input, processing time, and output 

quality. Designers of supramolecular machines need only to look to mother nature for 

inspiration as several examples of these systems exist. The most significant of these 

natural motors include adenosine triphosphate (ATP) synthase, myosin, and kinesin.
83
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Myosin and kinesin are linear motor proteins that traverse microtubules and actin 

filaments respectively, converting energy from ATP hydrolysis to molecular motion.
84

 

Promising synthetic supramolecular assemblies for nanotechnology applications include 

rotaxanes and catenanes.  

1.2.5.1. Rotaxane Shuttles 

 Like other materials included in this chapter, rotaxanes can be utilized to control 

the hydrophilicity and hydrophobicity on surfaces. Rotaxanes are supramolecular systems 

comprised of an axis molecule shaped like a dumbbell and a ring molecule identified as a 

macrocycle.
85

 Molecular switching is ideal for rotaxane and pseudorotaxe monolayers 

because of the interlocking cavities contained within the monolayers.
86-90

 Structures that 

incorporate these supramolecular machines allow programmable surfaces that can be 

reversibly switched to be created. One example of the use of rotaxanes in control of 

wettability is based on rotaxanes incorporated into SAMs.
91

 The SAMs were comprised 

of rotaxane combined with mercaptoundecanoic acid on gold. This system was utilized to 

move liquid droplets in response to light-induced changes which is seen in Figure 1.7.  

 In addition to light, pH may also modulate the behavior of rotaxanes. Jun et al. 

created a fluorescent rotaxane in which the fluorescent intensity of the molecule was pH 

responsive.
92

 The rotaxane was comprised of a fluorenyltriamine axle and a cucurbituril 

macrocyle. Nitrogen atoms in the fluorenyltriamine axle could be protonated at a low pH 

such as pH = 1 and this resulted in the placement of the macrocyle at the protonated 

diaminohexane site.  Once deprotonation occurred at a high pH such as pH = 8, the 



18 

 

macrocycle was transported to the diprotonated diaminobutane site causing a change in 

color and fluorescence intensity. 

 Bio-electronics is another application area in which rotaxanes, particularly redox-

active rotaxanes, could make a significant impact. Enzyme electrodes are altered in these 

applications by direct electron transfer between the electrode surface and the redox 

enzyme. Electronic communication between the surface and the redox enzyme centers is 

hindered because a separation exists. This impediment can be circumvented by aligning 

the enzyme with the electrode and utilizing the redox relay units as go-betweens. The 

aforementioned concept has been exploited to associate an apoprotein, apo-glucose 

oxidase (apo-GOx)), onto relay functionalized materials including (flavin adenine 

dinucleotide (FAD)) monolayers, nanoparticles, and carbon nanotubes with electrodes. 
93-

96
 Katz et al. used reversible redox-active rotaxane shuttles in the bioelectrocatalyzed 

oxidation of glucose.
88

  

1.2.5.2. Switches Based on Catenanes 

 Like rotaxanes, catenanes are mechanically interlocked molecules. However, 

instead of interlocking a one ring shaped macrocycle and a dumbbell shape, catenanes 

consist of interlocked macrocycles. The number of macrocycles contained in a catenane 

is indicated by the numeral that precedes it. Catenanes have bistable and multistable 

forms and a switchable, bistable [2]catenane is commonly exploited in nanotechnology 

and molecular electronics because its behavior can be controlled by electrochemical 

processes.
97

 Collier et al. was the first to demonstrate the electro-activity of interlocked 

catenanes.
98

 The authors affixed phospholipid counterions to a monolayer of [2]catenanes 
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and then sandwiched this system between two electrodes. This work resulted in a 

molecular switching device that opened at a positive potential of 2 volts and closed at a 

negative potential of 2 volts.  

 Recently, Spruell et al. synthesized and characterized a single-station [2]catenane 

that exhibited fundamental differences from the bi- and multi-station catenane switches 

that currently exist.
99

 Tetrathiafulvalene (TTF) is a electrochemically switchable unit that 

is often incorporated into catenanes to yield architectures that can be controlled 

electrically. Normally, electrochemically switchable catenanes are comprised of a 

primary binding station consisting of tetracationic cyclophane cyclobis(paraquate-p-

phenylene) (CBQT
4+

) which releases oxidized TTF
2+

 via electrostatic repulsion, and a 

secondary binding station that provides reversibility following the release of TTF2. 

However, in this work a single-station [2]catenane that functions as a reversible switch 

between two translational states was created eliminating the need for the secondary 

station and thus reducing system complexity. Applications for this technology may 

include solid-state electronic devices. 

1.2.6 Switchable Surfaces Comprised of DNA and Peptide Monolayers 

 The specificity of DNA base pairs is advantageous in biosensing applications 

such as genetic screening because it results in highly specific binding between targets of 

interest and probe moieties.
100-102

 In addition, DNA can be analyzed with a myriad of 

surface analysis techniques including those that are label-free, or methods that do not 

require fluorescent tagging of the DNA. Some of these techniques include atomic force 

microscopy,
103

electrochemical methods,
104, 105

 and surface plasmon resonance 
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spectroscopy.
106, 107

 Mass, conductivity, and electric field measurements may also be 

utilized to characterize DNA biosensing.
108

 Though DNA monolayers have attracted 

significant attention, peptide monolayers are beginning to gain momentum in 

biotechnology areas.
109

 In particular, researchers are interested in utilizing these building 

blocks to create materials from a bottoms-up approach.  

1.2.6.1 DNA based surface switches 

 DNA molecules can be directed by electrical potentials when tethered to electrode 

surfaces and this interaction is commonly exploited with gold as the substrate.
110-112

 

Kelley et al. was able to modulate the conformation of a thiol-modified oglionucleotide 

by altering electric potential exposure.
113

 Originally the monolayer was 50 angstroms in 

length and tilted at a 45° in open-circuit voltage. Application of a negative potential 

resulted in an increase in monolayer thickness to 55 angstroms and a distinct orientation 

change. When a positive potential was applied, the thickness was decreased to 20 

angstroms. Electrical modulation has been combined with fluorescence to facilitate real-

time optical monitoring of switchable DNA monolayers.
114

 Single-stranded 

oligonucleotides were labeled with a fluorophore and DNA hybridization was initialized 

by the addition of unlabeled complimentary strands. As a result of the phosphates in the 

sugar-phosphate backbone of the negatively charged oligonucleotides, the DNA 

monolayers can be switched from a tilted or flat conformation to a vertical conformation. 

This orientation difference was indicated by changes in fluorescence intensity because 

the tilted conformation partially quenched the fluorescence signal. The system set-up is 

described in Figure 1.8. 
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 Electric field changes have been used in conjunction with pH changes to alter the 

conformation of DNA monolayers.
115-118

 For example, DNA comprised of two distinct 

domains, one domain consisted of a single strand linked to the gold substrate and the 

other domain contained four strands designated as an i-motif.
115

 The i-motif could be 

modulated by modifications to the system pH. As these DNA molecules formed a self-

assembled monolayer, the i-motif functioned as a bulky headgroup, resulting in a 

monolayer that was densely packed with respect to the i-motif but loosely packed with 

respect to the single-stranded DNA. As a result of this configuration, small molecules 

could not penetrate the monolayer. However, upon an increase in pH the i-motif 

transitioned to a single-stranded conformation which increased the permeability of the 

system to small molecules. 

1.2.6.2 Switches Based on Aptamers 

 An aptamer is a short, single stranded DNA and RNA sequence. These molecules 

typically demonstrate a high affinity to a multitude of molecules from proteins to cells.
119

 

The sensitivity and selectively with which aptamers bind make them promising options in 

diagnostic and therapeutic applications. 
119, 120

 Because aptamers experience reversible 

denaturation and regeneration, their use is particularly attractive in reusable sensing 

technologies.
121

 Many of the potential uses for aptamers require that these molecules are 

immobilized to the surface. This requirement complicates their use because the retaining 

method employed must sustain the high binding affinity aptamers demonstrate in 

solution.   Another challenge concerns the need to acquire a flexible, ordered receptor 

molecule while maintaining the appropriate aptamer folding that induces binding.  
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 Numerous techniques are employed to study the reversible binding of aptamers 

and various biomolecules including cantilever-based sensors, surface plasmon resonance 

(SPR), and electrochemical impedance.
122

 An aptamer that binds thrombin was 

assembled on a gold nanowire by Huang and Chen.
123

 In this work, the aptamer probe 

was controlled by changes in electric potential and was utilized in a fluorescent protein 

test.  The probe was affixed to the nanowire and specifically interacted with a 

biotinylated, fluorescently labeled thrombin. Upon the application of an electric potential, 

this complex was either attracted or repelled depending on the sign of the applied 

potential. Because the complex was negatively charge, a positive potential resulted in a 

reduction in the fluorescence intensity due to increased distance between the fluorescent 

label and the nanowire. 

1.2.6.3. Switches Based on Helical Peptides 

 Helical peptides address a limitation of alkanethiol monolayers; that a size 

mismatch between the functional head group and the alkyl chain exists.  With these 

molecules, a disulfide group acts as an anchor on one side and the functional group is 

present on the other side. Another unique feature of α-helical peptides is the speed of 

electron transfer because this speed is faster along the dipole moment of the peptides than 

against it.  SAMs comprised of two peptide sequences, with dipole moments in opposing 

directions were generated by Yasutomi et al.
124

 The sensitizer head groups on the helical 

peptides could be actuated at a precise excitation wavelength and each head group could 

be augmented independently. An aniodic or cathodic current was produced depending on 

the excitation wavelength leading to a directional change in the overall photocurrent. 
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Yasutomi deviated from the two peptide monolayer system and generated a single 

component SAM that was pH responsive.
125

 The 16-mer helical peptide was composed of 

a pH responsive carboxyl group and a L-3-(3-N-ethylcarbazolyl)alanine at the C-

terminus. For this system, changing the solution pH reversed the orientation of the 

photocurrent. 

1.2.6.4 Switchable Surfaces of Elastin-like Polypeptides (ELP) 

 Elastin-like polypeptides (ELPs) are thermoresponsive biopolymers with a broad 

range of biotechnological applications including tissue engineering, drug delivery, 

biosensing, and protein purification.
126, 127

  Like PNIPAAm, ELPs also experience 

reversible hydrophilic-hydrophobic phase transitions at a LCST. At temperatures below 

this LCST the peptides are soluble in aqueous environments but above this temperature 

the peptides become dehydrated and aggregate resulting in insolubility. Sequence 

(VPGXG)m serves as the common structural motif for ELPs with X being any amino acid 

but proline and m indicating the number of repeats. It is this structural motif that provides 

the polypeptides with thermosensitivity. ELP structure can be controlled via genetic 

engineering and thus augmentations to the peptide sequence and/or molecular weight can 

alter the LCST of the polypeptide.
128

  

 Dip pen-lithography (DPN) has been utilized to anchor ELPs to patterned 

monolayer on a gold surface.
129

 The surface was used to investigate reversible release and 

binding of biomolecules of interest upon changes in temperature and ionic strength.  Gao 

et al. synthesized ELP fusion proteins that were complexed with antibodies and then 

immobilized said complexes onto a hydrophobic surface to create an antibody array.
130
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Complex immobilization stemmed from hydrophobic interactions that were triggered by 

temperature changes. Furthermore, this method was extended to fabricate a tumor 

detection system by immobilizing a capture antibody for the tumor marker of interest 

utilizing the ELP-antibody complex as depicted in Figure 1.9 .
130

 Recently, the thermo-

reversible phase properties of ELPs were utilized to generate a stimuli-responsive cell-

adhesion system.
131

 [(VPGVG)4(VPGKG)]8[(VPGVG)]40, a polypeptide sequence, was 

synthesized and then immobilized onto aldehyde-derivatized surfaces. These surfaces 

could then selectively control the attachment and release of fibroblasts to a substrate.  

1.3 CONCLUSIONS 

 In this chapter, the use and means of actuation of various stimuli-responsive 

materials have been described in the context of creating programmable surfaces. With the 

ability to modulate a wide range of surface properties from hydrophobicity and 

hydrophilicity to structural arrangement, dynamic surfaces can be fine-tuned to address 

needs that span the biotechnology industry. As opportunities for innovation continue to 

be explored, materials and stimuli will emerge to generate more complex surface 

architectures with defined responses. This bodes well for the future of reactive materials. 
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1.4 FIGURES AND TABLES 

Table 1.1. Switchable surface materials and their stimuli. 

  
Electrical 

potential Light pH Temperature 

Self-assembled 

monolayers 

(SAMs) X   X   

Azobenzene 

molecules   X     

Spiropyran 

molecules   X     

Shape memory 

polymers   X   X 

Brushes     X X 

Poly(N-iso-

propylacrylamide) 

(PNIPAAm)       X 

Rotaxane X X X   

Catenane X       

DNA monolayers X   X   

Peptide 

monolayers X   X X 
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Figure 1.1.Low density self-assembled monolayer on gold response to an 

external electric potential. [Lahann et al. Science. 2003] 
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Figure 1.2. Schematic of a gating system which consisted of a mesoporous framework 

containing a photo-switchable anchored spiropyran, a dye entrapped in the inner pores, 

and carboxylate-terminated dendrimers as molecular caps. [Aznar et al. Adv. Mat. 2007] 
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Figure 1.3. Polymer film doped with CAA molecules where (A) is the permanent shape, 

(B) is the temporary shape and (C) is the recovered shape. [Yu and Ikeda. 

Macromol.Chem. Phys. 2007] 
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Figure 1.4. Reversible pH control of the redox-poly polymer brush between 

electrochemically active and inactive states. [Tam et al. J. Phys. Chem. C. 2008] 
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Figure 1.5. Exposure of fibroblasts on PNIPAAm-PEG coated gold surface to laminar 

flows in a PDMS fabricated microfluidic channel (A) fibroblasts well adhered to polymer 

surface at 37°C (B) cell rounding upon temperature decrease from 37°C to 25°C (C) cell 

detachment of rounded cells upon the application of laminar flow at 560 µm s
-1

 (D) 

spread cells remain attached to polymer surface in presence of 700 µm s
-1

  flow  [Ernst et 

al. Lab Chip. 2007] 

 

 

 

 

 

 

 

 

 

 

 

 

 

C D 

A B 



31 

 

 

Figure 1.6. UV-Vis spectra of hemoglobin incorporated into the PNIPAAm brush (A) 

without hemoglobin (B) with hemoglobin at 40°C and (c) upon release of hemoglobin at 

20°C [Yin et al. J. Phys. Chem. C. 2009] 
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Figure 1.7. Lateral photographs of light-driven transport of a 1.25 µl diiodomethane drop 

on a E-1.11-MUA Au(111) substrate on mica up a 12° incline. The yellow line indicates 

the substrate surface. (A) before irradiation (B) after 160s of irradiation (just before 

transport) (C) after 245s of irradiation (just after transport) (D) after 640s irradiation (at 

photostationary state) [Berna et al. Nat. Mater. 2005] 
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Figure 1.8. (A) Electrically controllable DNA films; (B) schematic describing the 

measurement setup consisting of gold electrodes modified by ss-DNA molecules and a 

fluidic channel containing the analyte sequences. [Rant et al. PNAS. 2007] 
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Figure 1.9. (A) Schematic illustrating the formation and purification of ELP−protein 

fusion−antibody complexes that are spotted onto the glass slide to fabricate antibody 

microarrays. (B) Fluorescence image of microarrays fabricated by immobilizing 

antibodies from rabbit, goat, and mouse, in complexes formed with ELP−ProA, 

ELP−ProG, and ELP−ProL fusions, respectively. Antibodies from rabbit, goat, and 

mouse are labeled with fluorophores Alexa 555, fluorescein isothiocyanate (FITC), and 

Alexa 647, respectively. [Gao et al. JACS. 2006] 
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CHAPTER 2  

SURFACE MODIFICATIONS: BIOMOLECULAR INTERACTIONS AND 

CHEMICAL VAPOR DEPOSITION POLYMERIZATION 

Some of the material in this chapter has been adapted with minor modifications from the 

following article which is being submitted for publication:  

 

Ross, A.M. and Lahann, J. “Surface Engineering the Cellular Microenvironment via 

Patterning and Gradients,” In Preparation. 

 

2.1 BIOMOLECULAR INTERACTIONS WITH SYNTHETIC SURFACES 

 The previous chapter highlighted surface modification approaches based on 

switchable surfaces and detailed their uses in biotechnology. Biomolecular interactions 

with synthetic surfaces are important in a variety of biotechnology fields including 

medical device implants, sensors, and tissue engineering.
1
 The extent of these interactions 

can impact medical device performance/lifetime, modulate cell form and function, and 

indicate disease states. Both physical and chemical factors impact these interactions and 

surfaces may be tuned to generate a wide array of biochemical and topographical 

properties. In particular, the influence of molecular motifs, surface roughness, 

topography, and hydrophilicity/hydrophobicity of polymeric surfaces generated by 

chemical vapor deposition (CVD) polymerization are investigated in this dissertation 

research.  
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2.2 OBJECTIVES OF THIS WORK 

 This dissertation research focuses on surface modifications with reactive polymer 

coatings for sensing, tissue engineering, and “click” chemistry applications. Within the 

broad framework of surface modifications for biomedical applications, this work aims to:  

1. Fabricate and evaluate polymeric substrates as platforms for spatially-resolved, 

quantitative, biomolecular sensing arrays. 

 Hypothesis: Reactive CVD coatings may be made sufficiently thin to display 

functionality (discernment of physiologically relevant biomolecular concentrations) as a 

sensor in a commonly utilized label-free analytical tool 

2.  Develop reactive polymer coatings as platforms for thiol-based “click” chemistry 

reactions. 

 Hypothesis: Use of reactive CVD coatings extends the utility of thiol-based“click” 

chemistry reactions by increasing the number of available substrates 

 3. Create and characterize polymers as defined environments for human pluripotent stem 

cell culture.  

 Hypothesis: Altering the physico-chemical properties of cell culture substrates 

influences stem cell morphology and function 

Surface modification strategies described in the following chapters enhance the materials 

toolbox for scientists and engineers engaged in biomaterials design.  

2.3 CHEMICAL VAPOR DEPOSITION POLYMERIZATION 

 Chemical vapor deposition (CVD) polymerization is a versatile materials 

platform. Originally pioneered by Gorham et al., this process occurs under vacuum (~0.3 

mbar) and consists of sublimating a monomer, decomposing the monomer at high 
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temperature to create free radicals, and then spontaneous polymerization onto a substrate 

typically maintained at or below ambient temperature.
2
 In this instance, the precursor 

material is a functionalized [2.2]paracyclophane which is converted into poly(p-xylylene) 

(PPX) as a result of the CVD process. The CVD system consists of sublimation and 

pyrolysis zones as well as a deposition chamber. A depiction of the CVD set-up and 

process is provided in Figure 2.1. The substrate in the deposition chamber is rotated at a 

defined rate throughout the deposition process to ensure a homogenous coating. CVD 

polymerization of [2.2]paracyclophanes and its derivatives do not require a catalyst or an 

initiator and results in thin, conformal coatings.
3
 Because the process is solvent-free, 

potential impurities in the solvent cannot contaminate the polymerization process.
4
 

Furthermore, polymerization is substrate independent as free radicals from the CVD 

monomers are adsorbed onto the surface, becoming polymer chains as they are 

propagated. However, the monomers can be desorbed from the surface and back into the 

atmosphere, thus limiting the propagation rate.
5
 By maintaining the substrate at or below 

room temperature, temperature sensitive materials such as paper or low-temperature 

microelectromechanical systems (MEMS) devices may be coated with CVD films.  

 In general, the thickness of the coating on a given substrate decreases as substrate 

temperature increases, as a result of more monomers being desorbed from the surface. 

The thickness and properties of the films generated from this technique are dependent on 

the type and amount of starting material, deposition rate, rotation speed of the substrate 

on which the material is being deposited, as well as the pyrolysis, sublimation, and 

substrate temperatures. This technique is advantageous because it affords control of film 

composition and architecture, is accurate, highly adhesive, substrate-independent, and 
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solvent free. Because these surfaces are readily modified with biomolecules, CVD films 

have numerous applications. For example, Elkasabi et al., created a cellular transduction 

gradient by co-depositing two functionalized CVD films with varied reactivity towards 

an adenovirus that was subsequently immobilized on the surface.
6
 Furthermore, a 

multitude of functionalized CVD films have been created and utilized for surface 

modification including ketones
7, 8

, anhydrides
9
, amines

10
, esters

11
, bromides

12
, alkynes

13
, 

and alcohols.
6
 A listing of these functionalized coatings is provided in Figure 2.2. 

Additionally, parylenes have good elasticity, biostability and biocompatibility.
14, 15

 

Furthermore the FDA has already recognized PPX derivatives, such as Parylene C and 

Parylene N as Class VI polymers, indicating their suitability for biomedical applications.  

These films could be useful in applications such as microfluidic cell sensing
16, 17

, 

microseparators for DNA
18

 and proteins
19

, and micro-electrical-mechanical systems 

(MEMS) devices.
20

  

2.4 SURFACE MODIFICATION OF CHEMICAL VAPOR DEPOSITION 

SUBSTRATES 

 As technology has advanced, so has the need for micro- and nanostructured 

surfaces. For example, wet processing techniques are used to create patterns in organic 

materials for high performance optoelectronics,
21

 while photolithography is used to 

pattern photo-sensitive hydrogels for tissue engineering applications.
22

 A myriad of 

patterning techniques have been utilized to spatially control the immobilization of 

biomolecules such as proteins, DNA, and polysaccharides.
23

 In general, the 

immobilization of biomolecules may be categorized as occurring through physisorption 

or covalent attachment.
24

 Covalent attachment is more beneficial if long-term attachment 
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or stability is needed. Furthermore, physisorption may not provide the same level of 

molecular control as covalent attachment. As a result, covalent attachment of 

biomolecules has emerged as a promising technique in biomolecular patterning. 

However, the covalent attachment of biomolecules requires flexible binding substrates 

with an affinity for the biomolecules of interest. With a wide range of chemical 

functionalities, CVD coatings are well-suited for surface micro-nano-structuring with 

various ligands.  Several of the techniques that have been employed in the surface 

modification of CVD films via micro-nanostructuring will be described in the sections 

that follow. 

2.4.1 Soft Lithography 

 Soft lithography is based on the printing and molding of elastomeric stamps. 
25

 In 

this instance, the elastomeric stamp is patterned from a replica mold generated using 

microfabrication.
26

 After the elastomeric stamp is created, it is “inked” with a molecule 

of interest and then brought into physical contact with a substrate. Replica molds, or 

masters, can be patterned with a range of geometries though the feature size is limited by 

the resolution of the photomask used to create the mold and the diffusion of the inks 

utilized.
27, 28

 Elastomeric stamps are advantageous for patterning large areas 

simultaneously; however multiple inks may not be printed concurrently as only one ink 

may be coated at a time.  

 Microcontact printing (µCP) is a widely used soft lithographic technique that has 

been used to surface modify CVD coatings.
7, 9, 10

 For this use, elastomeric stamps are 

comprised of poly (dimethylsiloxane) (PDMS) and inked with the desired linker 
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molecule.
29

 For example, Nandivada et al., used µCP to pattern hydrazide linkers to an 

aldehyde functionalized CVD film.
30

 Patterned hydrazide moieties served as binding 

partners for the subsequent immobilization of a polysaccharide, 2-α-mannobiose, via an 

alkyl-hydrazide linkage, which further reacted with the formyl groups on the 

disaccharide. Microcontact printing has also been used to pattern functionalized CVD 

coatings comprised of alkynes
31

, pentafluorophenolesters
32

, and perfluorinated ketones
7
 

for “click” chemistry, biomedical, and surface energy applications respectively.  

2.4.2 Vapor-Assisted Micropatterning Replica Structures (VAMPIR) 

 Similar to microcontact printing, vapor assisted micropatterning in replica 

structures (VAMPIR) may be used to microengineer CVD films. With this technique, 

portions of the substrate are masked during the chemical vapor deposition process, 

generating chemical and topological surface microstructures.
33

 Though seemingly 

straightforward, this process had to overcome several challenges including transport-

limitations which may inhibit deposition into micron-sized capillaries. VAMPIR 

structures (or microstencils) comprised of PDMS are used to mask part of the substrate 

surface such that functionalized coatings are deposited in the unmasked area. Previously, 

this process was used to pattern poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-

xylylene)] CVD films which can serve as an initiator coating for the polymerization of a 

protein resistant hydrogel. Now that areas of the substrate had been passivated, a cell 

adhesive protein was adsorbed to the previously masked areas, resulting in cell-adhesive 

and non-adhesive substrate regions. This enabled the spatially-selective culture of murine 

fibroblasts.
12
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 More recently, VAMPIR was used to co-deposit two alkyne functionalized CVD 

coatings for subsequent bio-orthogonal click chemistry reactions.
34

 One of the alkynes, 

poly[4-ethynyl-p-xylylene-co-p-xylylene] , required a copper catalyst to undergo the 

Huisgen 1,3 dipolar cycloaddition while the other, poly[(p-xylylene-4-methyl propiolate)-

co-p-xylylene], could react under benign conditions without the copper catalyst. In this 

instance, the VAMPIR process facilitated the creation of a multifunctional surface which 

may be utilized when there is need for controlled immobilization of multiple ligands. 

2.4.3 Projection Lithography 

 A clean room and expensive equipment are typically needed for conventional 

photolithographic processing. As a result, the process can be cost prohibitive if such 

facilities are not readily accessible. Conversely, several photolithographic techniques that 

obviate the need for clean room facilities have emerged including transparency-based 

photolithography
35

 and microscope projection photolithography.
36

 The benefits of 

photolithography include high resolution (on the order of 1µm or less) and the capability 

to generate varied patterns over a large surface area. Therefore, it is beneficial to have a 

materials platform that is compatible with projection lithography and surface topologies 

have been created on CVD films using this technique.  

 First, a photoreactive polymer, poly[4-benzoyl-p-xylylene-co-p-xylylene], is 

deposited via CVD onto colloidal particles.
37

 Like some of the switchable materials 

described in Chapter 1, this functionalized coating is photoreactive. Reactivity occurs at a 

365 nm wavelength and spatially resolved patches are generated via the selective 

illumination of the CVD-coated colloids. For this work, a digital micomirror device 
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(DMD) is used to mask areas of the colloid such that only photo-illuminated areas will 

undergo the photochemical conversion of the carbon-oxygen double bond from a single 

ground state to the triplet state resulting in a patterned substrate. These patterned areas 

may be further surface modified with biomolecules for molecular self-assembly.  

2.4.4 Dip Pen Lithography 

 Dip pen lithography (DPN) is commonly utilized as a direct writing approach. In 

this method, an atomic force microscopy (AFM) probe is inked with a solution that has 

chemical affinity for a given surface, with patterns being generated by bringing the probe 

in contact with the surface.
38

 Contact or tapping mode may be used to scan the inked 

AFM probe across the substrate surface.
39

 A host of factors influence printing quality and 

specificity such as humidity, tip geometry, writing speed, contact time between the tip 

and substrate, and the material properties of the ink and substrate.
40, 41

 DPN is 

advantageous over methods such as microcontact printing in that it allows direct writing 

of different molecules within a nanostructure, thereby generating complex surface 

architectures.
42

 Additionally, a broad range of inks, from small organic molecules to 

biomolecules can be printed with this technique (i.e. thiols, proteins, etc).
43

 Recall from 

Chapter 1, that DPN has been used to pattern temperature responsive elastin-like 

polypeptides (ELPs).
44

 Furthermore, this technique has the ability to simultaneously write 

multiple patterns over a large surface area resulting in large pin DPN arrays being 

created. As a result, DPN is a viable option for high throughput patterning applications. 

However, this technique is limited in terms of the number of substrate/ink combinations 

that are compatible with the DPN process. Furthermore, silicon and gold substrates are 
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commonly utilized and these model substrates are not as biomedically relevant or 

technically useful.  

 Thus, Chen et al., extended the utility of DPN by enhancing the number of 

available binding substrates through the use of a functionalized CVD coating.
45

 The 

substrates selected had variable material properties in terms of elasticity, roughness, and 

wettability. For example, elasticity ranged from soft substrates such as PDMS to hard 

surfaces like glass while smooth surfaces such as poly(methyl methacrylate) (PMMA) 

and rough surfaces such as stainless steel were evaluated. In this instance, substrates were 

first modified via the CVD polymerization of 4-ethynyl[2.2]paracyclophane. This alkyne 

functionalized CVD film is reactive with azide terminated molecules through a “click” 

chemistry reaction, specifically a Husigen 1,3-dipolar cycloaddition, and this was 

exploited to attach fluorescently labeled azide moieties. The quality of the patterning is 

assessed via fluorescence intensity profiles of the patterned area. DPN was successful on 

all of the substrate types and patterning quality was only slightly reduced on the roughest 

samples. Additionally, this process was evaluated as a platform for molecular self-

assembly when a biotinylated azide used as the DPN ink was used to direct the self-

assembly of streptavidin-conjugated gold nanoparticles.  

2.5 OVERVIEW OF THE DISSERTATION 

 

Chapter 3 describes the use of a ketone-functionalized CVD coating as a spatially-

resolved binding array for a cascade of biomolecules.  

 

Chapter 4 demonstrates the generation of multifunctional surfaces (using bromine-, 

bromomaleimide-, and furan-functionalized CVD coatings as the base platform) via the 

use of  “click” chemistry and atom transfer radical polymerization.  
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Chapter 5 analyzes synthetic substrates currently available for the long-term culture of 

human pluripotent stem cells and develops design criteria for future substrates.  

 

Chapter 6 reports the influence of the material properties of a zwitterionic hydrogel on 

the culture of human pluripotent stem cells.  

 

Chapter 7 concludes the dissertation and discusses future research directions based on 

the findings in this work.  
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2.6 FIGURES AND TABLES 

 

 

 

Figure 2.1. CVD set-up (top) and depiction of the CVD process (bottom). 
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Figure 2.2. Examples of functionalized CVD films available for surface engineering. 
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CHAPTER 3  

CHEMICAL-VAPOR-DEPOSITION-BASED POLYMER SUBSTRATES FOR 

SPATIALLY-RESOLVED ANALYSIS OF PROTEIN BINDING BY IMAGING 

ELLIPSOMETRY 

The material in this chapter has been adapted with minor modifications from the 

following published article:  

 

 

Ross, A.M., Zhang, D., Deng, X., Chang, SWL., Lahann, J., CVD-based Polymer 

Substrates for Spatially-resolved Analysis of Protein Binding by Imaging Ellipsometry, 

Analytical Chemistry, 83, 874-880, (2011). 

  

3.1 INTRODUCTION 

 Specific interactions between proteins and surface-bound ligands are important in 

controlling most biological events that may occur at a synthetic materials surface 

including protein adsorption, cell adhesion, and cell proliferation.
1, 2

 Thus, quantitative 

analysis of protein adsorption or binding of biomacromolecules to surface-immobilized 

recognition sites has been an area of intense research, and a plethora of different methods 

have been investigated.
3
  Among the most widely used methods are fluorometry,

4
 

enzyme-linked immunosorbent assay (ELISA),
5
 radiometry,

6
 and photoluminescence 

analysis.
7
 Although widely used in current biology, these methods require cumbersome 

assay optimization (ELISA) or are associated with the need for diverse labels prior to 

detection, such as fluorescent, radioactive, or photoluminescent groups.
8
 Such labels 
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require additional chemical or biological reactions and separation steps. In addition, 

chemical modification changes the properties of the target molecules.
9
 Thus, label-free 

analytical tools, such as quartz crystal microbalance (QCM), microelectromechanical-

system (MEMS)-based sensors, or surface plasmon resonance (SPR) spectroscopy,   have 

increasingly attracted attention in the biological community.
10, 11

  

 In spite of the undoubted success of these methods in recent years, the spatially 

defined quantitative analysis of biomolecule/surface interactions remains elusive.
12

 In 

principle, ellipsometry, and more specifically imaging ellipsometry in surface plasmon 

resonance conditions, is well positioned to overcome these limitations.
13

 Surface plasmon 

resonance enhanced ellipsometry (SPREE) imaging
14

 has enhanced sensitivity, as 

compared to conventional surface plasmon resonance methods, because it provides phase 

information – in addition to intensity.
15

 Outputs in this configuration are the ellipsometric 

parameters delta (Δ) and psi (ψ), where ψ is analogous to the reflectivity intensity 

provided by conventional SPR spectroscopy.
15

 Phase information, provided by the 

parameter Δ in this work, has been found to be more sensitive, (10
-7

-10
-8

 refractive index 

unit versus 10
-5

-10
-6

 refractive index unit for conventional SPR spectroscopy),
16, 17

 to 

biomolecular interactions than reflective intensity alone, because the phase changes 

abruptly in response to variations in the bulk refractive index of the medium and thus is 

associated with higher signal-to-noise ratio.
18

  Imaging ellipsometry can deliver spatially-

resolved, quantitative data, is sufficiently sensitive for many biological questions 

(adsorption thickness detection in the picometer range), and can be easily used in aqueous 

environments. So far, progress with imaging ellipsometry for biological questions has 

been hampered by the availability of flexible binding substrates for protein 
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immobilization. Self-assembled monolayers of thiols on gold have been pursued in the 

past, but have limited stability and shelf-life.
19

 Dextran matrixes have also been utilized, 

but require chemical modification in situ, typically N-hydroxysuccinimide (NHS) and 1-

ethyl-3-[3-(dimethylamino)propyl] carbodiimide (EDC) chemistry.
20

 Star-PEGs
21

 and 

dendrimers
22

 are other surface modification strategies that have been employed to study 

protein and DNA interactions for biomedical and bioanalytical applications. Recently, 

self-assembled gold fusion proteins were employed as recognition elements for antibody 

detection.
23

   

 Vapor-based reactive polymer coatings have the potential to function as versatile, 

yet chemically well-defined binding substrates, when deposited on Au-coated substrates. 

These reactive coatings are made by chemical vapor deposition polymerization of 

functionalized [2.2]paracyclophanes, and are known as poly-p-xylylenes. Functionalized 

poly-p-xylylenes containing aldehydes,
24

 amines,
25

 anhydrides,
26

 or active esters,
27-29

 

have been used to immobilize a wide range of biomolecules.
29-31

 In addition, chemical 

vapor deposition (CVD) based reactive coatings can be micro- and nanostructured with a 

number of well established patterning methods, including microcontact printing,
32

 vapor-

assisted micropatterning,
33

 supramolecular nanostamping,
34

 and photolithography.
35 

In 

this study, we demonstrate on the basis of a representative model coating, poly[4-

(pentafluoropropionyl)-p-xylylene-co-p-xylylene] (PPX-COC2F5), that reactive coatings 

can be deposited as sufficiently thin, yet pinhole-free coatings, that support label-free, 

spatially-controlled and quantitative studies of protein binding cascades for 

immobilization studies via imaging surface plasmon resonance enhanced ellipsometry. 
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As such, CVD coatings are novel substrates for studying biomolecular-surface 

interactions, when quantitative and spatial information is desired.  

 

3.2 EXPERIMENTAL METHODS 

3.2.1 Chemical Vapor Deposition Polymerization 

 Polymer coatings were prepared using a custom-designed CVD system comprised 

of three working sections; a sublimation zone, a pyrolysis zone, and a deposition zone.
36

  

In this instance, the starting material was a [2.2]paracyclophane functionalized with 

trifluoropropionyl groups (COC2F5).
37

 The sublimation and pyrolysis temperatures were 

120°C and 660°C for all samples.  To generate different polymer thicknesses, the amount 

of starting material was varied and ranged from 3-13 mg with more material being 

utilized for thicker films. Gold-coated SPREE slides from Nanofilm (Germany) served as 

the substrate for polymer deposition. These slides were placed on a rotating sample 

holder to ensure homogenous surface coverage during deposition, and the holder was 

maintained at 13°C. Fourier transform infrared (FT-IR) spectroscopy was utilized to 

confirm polymer structure and ellipsometry was used to determine film thicknesses. 

Analysis of the polymer structure was undertaken with a Thermo Nicolet 6700 

spectrometer (Waltham, MA) with an 85° grazing angle and 128 scans for each sample at 

a resolution of 4cm
-1

. All thicknesses were determined with a Nanofilm EP3 imaging 

ellipsometer at a 532 nm wavelength with an angle of incidence of 60° and polarizer 

range of 15°.  Both ellipsometric parameters, delta and psi, were utilized in a thickness 

http://en.wikipedia.org/wiki/Waltham,_Massachusetts
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model and the refractive index of the polymer was assumed to be 1.41 as determined by 

optical modeling.  

 

 

3.2.2 Electrochemical Impedance Spectroscopy 

 The presence and quality of the polymer films was confirmed via electrochemical 

impedance spectroscopy (EIS).
38

 Impedance samples consisted of a conducting section 

and a CVD-coated surface area. The base substrate, prior to CVD deposition was silicon 

coated with gold. Electrochemical analysis was carried out using a three electrode 

electrochemical cell where the CVD sample served as the working electrode, a saturated 

calomel electrode [SCE] functioned as the reference electrode, and the platinum mesh 

was operated as the counter electrode. Phosphate buffered saline (PBS) acted as the 

electrolyte solution. Impedance measurements were taken with a Gamry PC14/300 

potentiostat and utilized EIS300 software (Warminster, PA). The applied potential had an 

ac amplitude of 10 mV root measure square (rms) and a frequency range from 1 to 

100,000 Hz, with a dc bias of 0 mV with respect to the SCE. The amplitude and phase 

angle of the current response were recorded at 10 points per decade in frequency. 

3.2.3 Atomic Force Microscopy 

 The surface roughness of the thin films was assessed by atomic force microscopy 

(AFM). AFM was conducted in tapping mode in air at room temperature. A Nanoscope 

IIIa from Digital Instruments/Veeco (Plainview, NY) using an EV scanner (15 µm x 15 

µm maximum scan size) was used in the analysis. NSC15 cantilevers (MikroMasch, San 
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Jose, CA) with spring constants ranging from 20 N/m to 75 N/m and resonance 

frequencies of 265-400 kHz served as the AFM tips. Each image depicted herein 

represents a 5 µm x 5 µm scan size at a scan rate of 1 Hz. 

 

3.2.4 Surface Modification of CVD Coatings 

 Surface modification of the CVD-coated Au slide prior to SPREE analysis 

consisted of several surface modification steps, as outlined in Figure 3.1. Briefly, 

poly(dimethylsiloxane) (PDMS) stamp with a 400 by 400 micron square array was 

utilized to microcontact print  a CVD-coated Au slide.
26

  To increase the hydrophilicity 

of the stamp, the surface was oxidized via UV ozone treatment for 25 minutes (UV-

Ozone Cleaner, model 342, Jelight Co. Inc., Irvine, CA). The inking solution for the 

PDMS stamp consisted of 2 mg of biotin-LC-hydrazide (Pierce, Rockford, IL) dissolved 

in 1 ml of absolute ethanol. The stamp was inked and dried in a stream of air before being 

placed in contact with the CVD-coated Au slides. Contact was maintained for 3-5 

minutes and the stamp removed. To limit non-specific adsorption, the patterned surface 

was further modified with poly(ethylene glycol) (PEG) hydrazide (MW=10,000 g/mol 

from Laysan Bio, Arab, AL) for 12-16 h and subsequently rinsed several times with 

deionized water. 

3.2.5 Monitoring of Surface Reactions by Imaging Surface Plasmon Resonance 

Enhanced Ellipsometry 

 An imaging null-ellipsometer (EP
3
 Nanofilm, Germany) equipped with a fluid 

cell, utilizing the Kretschmann configuration,
39

 was employed in the analysis of protein 
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and antibody interactions with the CVD-coated Au surfaces. Filtered and degassed 

phosphate buffered saline served as the sampling medium for all experimental steps. The 

experimental setup consisted of a laser beam, a flow cell, a 60° SF-10 prism, and two 

syringe pumps (one to pump the buffer solution and the other to pump solutions of 

biomolecules). The syringe pumps were attached to a y-connector with two needles to 

prevent mixing of the buffer and the biomolecular solution before transport to the flow 

cell. Ellipsometric measurements were taken at 10 s intervals with a 10x magnification 

objective at a wavelength of 532 nm and an angle of incidence of 60°. The field of view 

was 0.5 mm
2
. Prior to and following biomolecular exposure, the surface was rinsed with 

PBS. The initial PBS rinse established a baseline signal for the surface and subsequent 

washing removed biomolecules that were non-specifically adsorbed. Flow rates were 

constant at 50 µL/min for all buffer and analyte solutions. The biomolecules of interest 

were streptavidin labeled with a tetramethylrhodamine isothiocyanate (TRITC) 

fluorophore (Pierce, Rockford, IL), a biotinylated fibrinogen antibody (abcam, 

Cambridge, MA), and fibrinogen labeled with a fluorescein isothiocyanate (FITC) 

fluorophore (Invitrogen, San Diego, CA). The analyte concentrations were 40, 20, and 

333 µg/ml for streptavidin, biotinylated antibody, and fibrinogen, respectively. Each 

analyte was exposed to the surface for 20 min. Ellipsometric signal changes for each step 

of the cascade were determined by subtracting the reference signal (area coated with 

PEG) from the analyte signal.  Though many of the techniques used to study 

biomolecular adsorption do not measure protein density directly, they have means of 

correlating sensor outputs with changes in mass. 
40

 SPREE sensing is similar in that the 

surface density of the adsorbed protein can be determined, if optical parameters of the 
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protein and buffer as well as the adsorbed thickness are known. This relation is given by 

the de Feijter equation
41

: 

σ = dp*(np-nb)*(dn/dc)
-1      

(1) 

where σ is the surface density, dp is the thickness of the protein layer, np is the refractive 

index of the protein, nb is the refractive index of the buffer, and dn/dc is the refractive 

index increment of the molecules. In this work, np was 1.45,
42

 nb was 1.33,
43

 and dn/dc is 

0.183 cm
3
/g.

44
 The change in Δ can be correlated with thickness changes. An optical 

model of the sensing cascade was utilized to determine the expected change in Δ per 

nanometer of adsorbed molecule by taking the slope of the fit in the linear regime. The 

inverse of this value was then multiplied by the change in Δ observed in the SPREE 

sensogram to determine the layer thickness. Thus, the surface density of the biomolecules 

in this instance was determined using optical modeling in conjunction with equation (1). 

In addition to SPREE imaging, fluorescence microscopy was employed to provide further 

confirmation of the biomolecular immobilization steps. Samples were rinsed three times 

with PBS and three times with a solution of PBS containing Tween 20 (0.02%, w/v) and 

bovine serum albumin (0.1 %, w/v) prior to fluorescence imaging.  

3.3 RESULTS AND DISCUSSION 

3.3.1 CVD Polymerization and Chemical/Electrical Characterization 

 Ultra-thin films of poly[4-(pentafluoropropionyl)-p-xylylene-co-p-xylylene] were 

conformally deposited onto gold-coated SPREE substrates by CVD polymerization.  The 

chemical structure of the films was confirmed by grazing angle FT-IR spectroscopy and 

was in agreement with previously reported polymers.
23

 Deposition of the reactive coating 
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resulted in characteristic vibrational bands at 1712 cm
-1

, which is indicative of the 

carbonyl stretch. The bands at 1066, 1232, and 1352 cm
-1

 can be assigned to the C-F 

stretches (Figure 3.2A). The FT-IR spectra also revealed systematic changes in the 

intensity of characteristic vibrational bands with increasing amounts of starting material, 

which ranged from 3 to 13 mg in this study. We attributed the increase in signal intensity 

to an increased film thickness. This finding provided initial evidence that the amount of 

starting material can be utilized to control the thickness of the resulting polymer films. 

Further evidence was obtained by ellipsometry. On the basis of a Cauchy model 

assuming a refractive index of 1.41 for the polymer film (as determined from optical 

fitting) and a refractive index of 0.7 for the gold layer (provided by the manufacturer), the 

film thickness of coatings deposited under identical conditions with 3, 4.5, 6.5, 10, and 13 

mg of starting material were determined to be 3, 10, 20, 40, and 60 nm, respectively.  

 Because the CVD films were utilized as reactive interfaces for a cascade of 

biomolecular immobilization reactions, it is highly desirable that the thin films are 

pinhole-free. The reason is that the presence of pinholes in the films may be an indication 

of incomplete coverage and will result in an undefined substrate for binding studies. To 

confirm complete coverage of the substrate, polymer films with a range of different 

thicknesses were studied by EIS. This level of coverage is indicated by the 

electrochemical permeability of an electrode, which should be significantly different 

from that of the base substrate after a polymer has been deposited. The impedance 

technique is limited to the assessment of 95% surface coverage.
45

 As shown in Figure 

3.2B, the impedance increases from 1.5 kohm to 17 kohm after deposition of a 3 nm thick 

CVD film.  At a surface coverage of at least 95%, pinholes are not likely to adversely 
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impact SPREE sensing. As the thickness of the CVD films is further increased, the 

electrochemical impedance increases accordingly. Further analysis revealed a linear 

correlation between film thickness and impedance. Physically, this is expected, as the 

film is a dielectric between two conductors (the metal substrate and the electrolyte) and 

the impedance of the system is directly proportional to the distance between the two 

conductors, i.e., the thickness of the polymer film. Additional support for films having 

few, if any pinholes, was provided by imaging ellipsometry which has a 1 µm lateral 

resolution. This technique did not reveal any pinholes and imaging indicated that 

substrate patterning was consistent across the substrate.  

3.3.2 Surface Roughness 

 For ultra-thin films, the morphology and roughness of the surface may change 

with surface thickness. Additionally, the roughness of the sensor interface may also play 

a role in ellipsometric sensing on functionalized CVD coatings. In fact, the surface 

roughness has been shown to be an important factor in protein adsorption.
46, 47

 Because 

an important aspect of this work is to investigate the role of film thickness on the 

usefulness of CVD films for biomolecular sensing, it was necessary to ascertain that 

surface roughness did not significantly vary among polymer coatings of different 

thicknesses. Figure 3.3 shows AFM images for samples coated with 3, 10, and 60 nm 

thick CVD films. In spite of the significant thickness differences of these samples, only 

slight morphological differences were observed. The 3 nm coating had sharper growth 

cones, while the plateau size increased with increasing amount of deposited polymer. 

However, the rms roughness values, which were 2.0, 1.8, and 1.9 nm for 3, 10, and 60 nm 
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films, did not vary significantly. On the basis of the AFM study, we concluded that 

differences in surface morphology and roughness can be neglected and should not affect 

SPREE sensing.  

3.3.3 Microfluidic SPREE imaging 

 Surface plasmon resonance spectroscopy is a real time, in situ optical technique to 

study biomolecule interactions on model substrates.
48

 Typical substrates include gold, 

self-assembled monolayers (SAMs), or thiol-modified dextrans on gold, and silver.
49, 50

 

Here, we tested the feasibility of using vapor-deposited polymer coatings as biomolecular 

immobilization layer. Samples for SPREE imaging studies were prepared as shown in 

Figure 3.1. Syringe pumps were utilized to deliver the buffer and analyte solutions to the 

sensor surface at a steady flow rate of 50 µL/min and the experimental set-up is depicted 

in Figure 3.4A. Analyte exposure of the reactive CVD coatings consisted of a cascade of 

biomolecules, starting with streptavidin labeled with a rhodamine fluorophore. 

Streptavidin is a 53 kDa protein that was selected because of its high-affinity interaction 

with the vitamin biotin.
51

 The second component in the cascade was a biotinylated 

antibody that specifically recognized the blood plasma protein fibrinogen. Here, the 

biotin served as the recognition element for the protein streptavidin previously bound to 

the sensor surface. The antibody acted as a recognition element for the final target of the 

binding cascade, which was fibrinogen labeled with fluorescein fluorophores. Fibrinogen 

is a large, 340 kDa, protein that plays an important role in blood clotting and blood 

surface interactions.
52

 In fact, several studies have demonstrated relationships between 

fibrinogen concentration and disease states, such as esophageal,
53

 lung, and colon 
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cancer,
54

 making it a relevant model molecule for ellipsometric sensing. To reduce 

nonspecific binding of proteins, we modified the unreacted background regions with 

poly(ethylene glycol). The second inset in Figure 3.4A displays each component of the 

system architecture from the base substrate to the final protein layer. In each experiment, 

patterned areas were compared to a non-reactive background. As seen in Figure 3.4B, the 

patterned area was distinguishable from the background on the basis of thickness 

differences. Bound protein was reported as the difference in adsorbed protein between 

binding areas and the protein-resistant background.  

 In this study, CVD thicknesses of 3, 10, 20, 40, and 60 nm were assessed.  A 

representative surface response for each step in the cascade for both reference and analyte 

areas is presented in SPREE sensograms for a 10 nm film in Figure 3.5. The change in 

the ellipsometric signal after each analyte exposure indicates that the surface is reactive 

and that the analytes of interest interact with the CVD array. Analyte adsorption is 

evident on the order of minutes and adsorption is also independently confirmed by 

fluorescence microscopy. The density of the adsorbed biomolecules was found to be 

approximately 122, 46 and 11 ng/cm
2 

for TRITC-streptavidin, biotinylated fibrinogen 

antibody, and FITC fibrinogen, respectively on films 20 nm or less. In the corresponding 

microscopy images provided in Figure 3.4C, the patterned array is readily apparent for 

both, the first step in the cascade, binding of TRITC-streptavidin to surface-immobilized 

biotin, and the final step in the cascade, FITC-fibrinogen binding to antibody molecules 

presented at the surface.  Evidence of a height dependence on technique sensitivity is 

highlighted in Figure 3.6, which compares the ellipsometric response for each step in the 

cascade as a function of sensor film thickness. From the graphs, it is apparent that there is 
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an upper bound to the useful range of CVD thickness for sensing with SPREE imaging. 

The thinnest films (3 nm and 10 nm thickness range) have a significantly larger response 

(p< 0.05) than the thicker films (≥20 nm) for each step in the cascade.  A substantial 

difference is also observed between the thicker films for the first step of the cascade and 

the 40 nm and 60 nm films as compared to the 20 nm films in the second step of the 

cascade.  The similarity of the ellipsometric response to fibrinogen for the thicker films 

(≥20 nm) likely results from reduced detection sensitivity as binding occurs further from 

the sensor surface as a consequence of previous immobilization steps.
55

 Even at the end 

of a 3-step binding cascade the sensor was able to detect concentrations of fibrinogen at a 

level of 333 g/mL, which is about an order of magnitude lower than the average blood 

plasma levels of 2-4 mg/mL. 
56

  

 Platforms for SPREE imaging studies can be utilized to obtain a wide range of 

data for surface-ligand interactions. These include, but are not limited to, determining 

concentration of molecules, kinetics of binding, relative binding patterns, and the 

specificity of binding.
55

 Like dextran matrixes and thiols, CVD substrates are well suited 

for this purpose. However, CVD films have better stability and shelf-life as compared to 

thiols as indicated by the long term maintenance of functional groups at the film surface 

as seen in Figure 3.7. In addition to long-term stability, the advantage of the CVD 

platform is that it is spatially-resolved and has range of functionalities which can be 

incorporated onto the same surface via numerous modification techniques. This is 

advantageous for high throughput screening and assay optimization. In this work, 

fibrinogen at a concentration of 333 µg/ml was detected after a cascade of biomolecules. 

However, the authors do not purport this value to be the detection limit of the platform. 
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The detection limit of the platform is influenced not only by the concentration of the 

biomolecule but also its size and binding affinity.
57

  

 

3.4 CONCLUSIONS 

 Herein, we described a new binding platform for ellipsometric binding studies, 

which uses vapor-based reactive polymer coatings as a biomolecular immobilization 

substrate. These novel substrates may be advantageous in that CVD coatings provide a 

broad range of surface chemistries. The antigen-antibody sensor showed the ability to 

sense a cascade of biomolecules. Furthermore, the impact of CVD film thickness on the 

signal intensity was determined. From this analysis, a desirable range of CVD thicknesses 

for ellipsometric studies was established to be less than 20 nm.  The surface response was 

fairly rapid, occurring on the order of minutes, indicating the potential for high 

throughput use. Thus, it is feasible to utilize CVD reactive polymers as a platform for 

imaging surface plasmon resonance enhanced ellipsometry, and the ease with which these 

films can be modified make them attractive for a plethora of sensing applications.  
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3.5 FIGURES AND TABLES 

 

 

Figure 3.1. Schematic diagram of sample preparation and analysis of biomolecular 

binding. (A) CVD film deposited to a desired thickness on Au-coated SPREE slide. (B) 

Immobilization of biotin containing ligand on the CVD surface and PEG hydrazide 

incubation to limit nonspecific adsorption.  
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Figure 3.2. The presence of thin CVD films was confirmed by means of FTIR and 

electrochemical impedance. (A) FTIR spectroscopy of CVD films at various thicknesses. 

Characteristic carbonyl and C-F stretches are apparent. (B) Impedance output of the CVD 

film as a function of film thickness (n=3 per thickness). 
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Figure 3.3. Surface roughness analysis using atomic force microscopy in tapping mode. 

(A) 3 nm thick film with surface roughness Rms = 2 nm (B) 10nm film with surface 

roughness Rms = 1.8 nm (C) 60 nm film with surface roughness Rms = 1.9 nm in 3D 

representations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 

 

 
 

 

 

Figure 3.4.SPREE analysis set-up and fluorescence microscopy. (A) SPREE imaging 

was utilized to analyze biomolecular interactions with the CVD surface. Experimental 

set-up consisted of an inlet for buffer and analyte flow and the fluids were delivered by 

syringe pumps to the interaction area. The second inset is a schematic of the sample 

architecture with each component represented numerically as follows: 1. Au coated 

SPREE slide 2. PPXCOC2F5 3. Biotin hydrazide long chain 4. 10k PEG hydrazide 5. 

Streptavidin TRITC 6. Biotinylated Fibrinogen Antibody 7. Fibrinogen FITC  (B) Prior 

to analysis, portions of the sample patterned with biotin hydrazide and unpatterned areas 

reacted with PEG hydrazide were selected for data collection (C) Secondary confirmation 

of protein binding via fluorescence microscopy. The left image is the rhodamine channel 

which indicates the binding of streptavidin TRITC and the right image is the fluorescein 

channel which indicates binding of fibrinogen FITC. 
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Figure 3.5.The patterned CVD surface was exposed to a cascade of biomolecules. 

Because the surface is patterned, an internal reference (unpatterned area) is utilized. 

Biomolecular immobilization is indicated by a change in ellipsometric delta signal. Thin 

lines on the graphs indicate the reference signal while the thick lines indicate the signal 

from the patterned area. Representative SPREE sensograms for a 10nm CVD film in 

response to sequential analyte exposure of (A) streptavidin TRITC, followed by (B) 

fibrinogen antibody, and then (C) fibrinogen FITC. 
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Figure 3.6. The change in ellipsometric delta is the signal difference between the 

patterned and unpatterned areas and is provided for each step of the biomolecular cascade 

for various film thicknesses. (A) Plot of streptavidin TRITC ellipsometric delta as a 

function of CVD film thickness (B) Plot of fibrinogen antibody ellipsometric delta as a 

function of CVD film thickness (C) Plot of fibrinogen FITC ellipsometric delta as a 

function of CVD film thickness. Error bars indicate the standard deviation of the mean of 

3 samples. Symbols indicate a significant difference (p<0.05) between CVD thicknesses 

with * representing comparison to 3 and 10 nm films, & representing comparisons to 20 

nm films, and # representing comparisons to 40 nm films. 
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Figure 3.7.The stability of the CVD film after storage in air for 12 months was 

confirmed by FTIR. Characteristic carbonyl and C-F stretches are apparent. 
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CHAPTER 4  

CHEMICAL-VAPOR-DEPOSITION-BASED SURFACE MODIFICATION 

STRATEGIES FOR THE GENERATION OF MULTIFUNCTIONAL SURFACES 

VIA “CLICK” CHEMISTRY 

The material in this chapter has been adapted with minor modifications from the 

following article which is being submitted for publication:  

 
Ross, A.M., Durmaz, H., Cheng, K., Friedmann, C., Oh, J., Deng, X., Lahann, J., “CVD-

Based Surface Modification Strategies for the Generation of Multifunctional Surfaces via 

“Click” Chemistry”, In preparation. 

4.1 INTRODUCTION 

4.1.1 “Click” Chemistry 

 Ideally, surface-mediated assembly involves substrates with high reactivity and 

efficient reactions kinetics.
1
 “Click” chemistry refers to a broad class of reactions utilized 

to create defined surface chemistries on the micron- and nanoscale.
2
 Developed by 

Sharpless et al., it has a wide range of applications in chemistry, materials, and biology.
3
 

Relevant “click” reactions, including those that utilize functionalized paracyclophanes as 

a reactive partner which will be further described herein. 

4.1.1.1 Diels Alder Reactions 

  A commonly utilized “click” chemistry is the Diels Alder reaction. This reaction 

consists of [4 +2] cycloaddition reaction between a diene which is electron rich and a 
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dienophile which is electron poor resulting in the formation of a stable cyclohexene 

adduct.
4
 It has been used to modify peptides and proteins

5
 and for the surface 

functionalization of organic and inorganic surfaces and nanostructures.
6, 7

 The Diels 

Alder reaction is advantageous in that it is thermally reversible and is not metal 

catalyzed.  

4.1.1.2 Copper Catalyzed Cycloaddtion Reactions 

 One of the most prominent click reactions is the Cu
I
-catalyzed Huisgen 1,3-

dipolar cycloaddition of terminal alkynes and azides (CuAAC). Examples of its use 

include the functionalization of single-walled carbon nanotubes
8
 and the surface 

modification of nanodiamond nanoparticles.
9
 However, this chemistry may be limited in 

biomedical applications as copper is toxic to cells.
10

 Therefore it would be advantageous 

to use copper-less “click” chemistries for surface modifications that involve 

biomolecules.
11, 12

  

4.1.1.3 Thiol-based “Click” Reactions 

 In an effort to move away from metal-catalyzed “click” reactions, particularly for 

biomedical uses, thiol “click” chemistries have recently emerged as a group of chemical 

reactions with attractive attributes for surface modifications in biomedical applications as 

they are not copper catalyzed. Several classes of thiol “click” chemistries exist including 

nucleophilic thiol-“click” chemistries and thiol-radical “click” chemistries.
13

 

Nucleophilic, thiol-“click” chemistries are largely influenced by the substrate and its 

susceptibility to attack which further impacts the rate at which these reactions occur. 
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Within this class of “click” chemistries, thiol-halogen nucleophilic substitution reactions 

are of particular interest. Thio-bromo “click” chemistries fall under this reaction class and 

have been utilized in dendrimer synthesis and the generation of glycopolymers.
14

 The 

aforementioned uses are applicable in biomedical fields such as drug delivery and tissue 

engineering.  Moreover, due to the large number of functionalized thiols currently 

available including biotinylated-
15

, carboxyl-
16

,  and azide-terminated
17

 thiols can also 

serve as a platform for additional surface modification/self-assembly. 

4.1.2 “Click” Chemistry and Controlled Radical Polymerizations 

 The utility of thiol-click chemistries is enhanced when they are utilized in 

conjunction with other surface modification techniques. Controlled radical 

polymerizations (CRPs) are attractive for surface modification because they allow for 

tight control of polymer polydispersity, i.e. yielding polymers of a narrow molecular 

weight distribution, and are applicable to a wide range of monomers and solvents. 
18, 19

 

Some of the most commonly utilized CRPs are atom transfer radical polymerization 

(ATRP),
20

 nitroxide-mediated polymerization (NMP),
21

 and reversible addition-

fragmentation transfer (RAFT) polymerization.
22

 Of these, ATRP is especially attractive, 

because it is water and impurity tolerant in addition to having relatively low 

polymerization temperatures.
23

 The wide applicability of “click” chemistries and CRPs 

make their combination appealing. In particular, investigators have utilized “click” 

chemistries in conjunction with RAFT polymerization to generate alkyne functionalized 

polymer brushes that could be utilized in a host of post polymerization processes 
24
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Furthermore, Opsteen et al., utilized ATRP and successive click reactions in the 

generation of modular block copolymers.
25

  

 So far, many of the efforts have primarily focused on the combinatorial use of 

“click” chemistry and CRP to generate functionalized polymers. However, this 

combination is also of value to the materials science community as a means of generating 

multifunctional surfaces and this particular application will be highlighted in this chapter. 

In particular, chemical vapor deposition polymers have a host of functional groups, 

including those used to initiate ATRP, namely poly[(p-xylylene-4-methyl-2-

bromoisobutyrate)-co-(p-xylylene)] (PPX-EB) which may be exploited.
23

  Chemical 

vapor deposition polymerization enhances the versatility of thiol-based “click” 

chemistries and ATRP as it can be applied to a wide range of substrates. Further 

highlighted herein, is the CVD polymerization of two novel paracyclophanes 4-(3,4-

dibromomaleimide)[2.2]paracyclophane and  [2.2]paracyclophane-4-furan which are also 

used for “click” chemistries. In this work, the generation of a multifunctional surface is 

demonstrated via a combination of “click” chemistry and atom transfer radical 

polymerization on reactive CVD coatings. Specifically, the thiol chemistry is extended 

beyond noble metal substrates to include silicon, copper, and glass slides. Additionally, 

this platform is showcased as a means of creating complex architectures for biomedical 

and self-assembly applications.  
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4.2 EXPERIMENTAL METHODS 

4.2.1 Synthesis of Functionalized Paracyclophanes 

4.2.1.1 Synthesis of 4-(3,4-dibromomaleimide)[2.2]paracyclophane  

 

 Triphenylphosphine (1.05 g, 4.01 mmol) was dissolved in 100 mL of anhydrous 

THF and cooled to -78°C in a dry ice/acetone bath. The solution was stirred at this 

temperature for 30 min under nitrogen atmosphere. Diisopropyl azodicarboxylate (0.79 

mL, 4.01 mmol) was added dropwise to the solution over 5 min and stirred for 30 min. 4-

(hydroxymethyl)[2.2]paracyclophane (1.05 g, 4.41 mmol) was dissolved in 5 mL of THF 

and added dropwise to the mixture over 10 min. Finally, neopentyl alcohol (0.176 g, 2.0 

mmol) and 3,4-dibromomaleimide (1.02 g, 4.01 mmol) were added to the mixture, 

respectively. The reaction mixture was stirred at -78 
o
C for 2 h and then overnight at 

room temperature. The solvent was removed in vacuo yielding yellow oil which was 

purified by column chromatography over silica gel eluting with ethyl acetate/hexane (1:4) 

afforded yellow solid. The solid was taken to a beaker and diethyl ether (20 mL) was 

added and stirred at room temperature for 1 h filtered and washed several times with 

diethyl ether. Yellow powder was obtained after drying. Rf = 0.55 (1:4, ethyl 

acetate/hexane). Yield (0.7 g, 37%). 
1
H NMR (400 MHz, CDCl3) 6.8-6.2 (m, 7H, ArH), 

4.71 (d, 1H, ArCH2N), 4.51 (d, 1H, ArCH2N), 3.65 (m, 1H, ArCH2CH2Ar), 3.2-2.8 (m, 

7H, ArCH2CH2Ar). 
13

C NMR (100 MHz, CDCl3, δ): 163.5, 140.3, 139.5, 139.2, 137.9, 

135.3, 134.5, 133.7, 133.5, 133.1, 132.6, 132.2, 129.4, 129.2, 41.5, 35.2, 34.9, 34.6, 33.3. 
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4.2.1.2 Synthesis of [2.2]paracyclophane-4-furan  

 4-(hydroxymethyl)[2.2]paracyclophane (0.65 g, 2.73 mmol) was dissolved in 20 

mL of CH2Cl2 under nitrogen atmosphere. 2-Furoic acid (0.33 g, 3.0 mmol), and DMAP 

(0.067 g, 0.54 mmol) were added to the solution in that order. After stirring 5 min at 

room temperature, DCC (0.62 g, 3.0 mmol) dissolved in 5 mL of CH2Cl2 was added to 

the mixture. Reaction mixture was stirred overnight at room temperature and filtered to 

remove urea by-product. The solvent was evaporated and the crude product was purified 

by column chromatography over silica gel eluting with ethyl acetate/ hexane (4:1) to give 

12 as a white solid. Rf = 0.41 (1:4, ethyl acetate/hexane). Yield (0.55 g, 61%). 
1
H NMR 

(400 MHz, CDCl3) 7.56 (d, 2H, CH of furan), 7.21 (d, 2H, CH of furan), 6.8-6.3 (m, 8H, 

CH of furan and ArH), 5.29 (d, 1H, ArCH2OC=O), 5.09 (d, 1H, ArCH2OC=O), 3.41 (m, 

1H, ArCH2CH2Ar), 3.2-2.8 (m, 7H, ArCH2CH2Ar). 
13

C NMR (100 MHz, CDCl3, δ): 

158.7, 146.4, 144.6, 140.1, 139.5, 139.2, 138.4, 135.1, 133.9, 133.8, 133.2, 133.1, 133.0, 

132.2, 129.7, 118.0, 111.8, 65.6, 35.2, 34.9, 34.5, 32.9. 

4.2.2 Chemical Vapor Deposition Polymerization 

 A custom chemical vapor deposition system composed of a sublimation zone, 

pyrolysis zone, and deposition zone was used to generate polymer coatings.
26

 For this 

particular work, CVD coatings of [2.2]paracyclophane-4-methyl 2-bromoisobutyrate 

(PPX-EB), parylene N (PPX-N), [2.2]paracyclophane-4-furan (PPX-Furan), and 4-(3,4-

dibromomaleimide)[2.2]paracyclophane (PPX-BrMal) are generated. PPX-EB was 

sublimed at 120°C, underwent pyrolysis at 540-550°C, and was deposited at 15°C onto 

gold, silicon, copper, or glass substrates via spontaneous polymerization. Pressure was 
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maintained at 0.3 mbar and the deposition occurred on a rotating sample holder that was 

held at 15°C. Polymerization conditions for PPX-N and PPX-Furan were the same as that 

for PPX-EB except for the pyrolysis temperature which were 660°C and 510°C 

respectively. For the polymerization of the PPX-BrMal, 120°C, 750°C, and 23°C were 

used as the sublimation, pyrolysis, and deposition temperatures respectively and the 

pressure was constant at 0.3 mbar. Patterning of the CVD coatings was accomplished via 

a vapor-assisted micropatterning in replica structures (VAMPIR) technique which has 

been previously described.
27

 Briefly, PDMS was spin-coated at 1000 rpm for 45 seconds 

onto a patterned silicon wafer. The PDMS coating was baked overnight at 60°C and then 

mechanically removed from the patterned wafer resulting in a structure consisting of 300 

µm squares. At this point the, patterned PDMS was placed in conformal contact with 

PPX-N coated substrates of silicon, gold, glass, or copper and polymerization of the 

functionalized paracyclophanes was undertaken in accordance with the previously 

mentioned CVD processing conditions as displayed in Figure 4.3.  

4.2.3 Surface Analysis: FT-IR, XPS, Ellipsometry 

 Fourier transform infrared spectroscopy (FT-IR) was utilized to confirm film 

presence after CVD. It also served to confirm the successful polymerization of 

poly(OEGMA) after thiol patterning. In all instances, a Nicolet 6700 spectometer with a 

resolution of 4cm
-1

 and 85° grazing angle was utilized. A total of 128 scans were taken 

for each sample. X-ray photoelectron microscopy (XPS) was used to assess the 

composition of the homopolymer before and after surface modification. Specifically, data 

were recorded with an Axis Ultra X-ray photoelectron spectrometer (Kratos Analyticals, 
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UK) outfitted with a monochromatized Al Ka X-ray source at a power of 150 kW. Both 

survey and high resolution spectra were taken at 160 eV and 20 eV respectively. 

Information on film thickness and visualization of surface patterning was provided by a 

multi-wavelength imaging null-ellipsometer (EP
3
 Nanofilm, Germany). Thickness was 

determined by fitting ellipsometric delta and psi with fixed values of the real and 

refractive index of the CVD coating (n=1.6 and k=0). Measurements were taken at an 

angle of incidence of 60° for gold, 65° for copper, and 70° for silicon. A CCD camera 

incorporated into the ellipsometer was used to capture images and the field of view was 

0.5 mm
2
.  

4.2.4 Thiol or Maleimide Immobilization 

 The thiols of interest, perfluorodecanethiol (PFC10) (Sigma Aldrich, St. Louis, 

MO) or biotin-PEG-thiol (Nanocs, New York, NY), were immobilized on the CVD-

coated substrates by an incubation reaction or via microcontact printing. A biotin-PEG-

maleimide (Nanocs, New York, NY) or N-(4,4,5,5,6,6,7,7,8,8,9,9,9-

Tridecafluorononyl)maleimide (TFMal) (Sigma Aldrich, St. Louis, MO) was used in the 

surface modification of the PPX-Furan.   

4.2.3.1 PPX-EB 

 For the surface modification of the PPX-EB, a solution comprised of 10 mM of 

PFC10 was then combined with a 21 mM solution of triethylamine (Et3N) in acetonitrile 

and a drop of dithiothreitol (DTT). Here, the DTT served as a reducing agent to prevent 

the creation of disulfide bonds. The reaction for incubated substrates was allowed to 
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proceed for 16 mins and then rinsed with ethanol and deionized water as seen in Figure 

4.1. Patterning of the PPX-EB coatings via microcontact printing consisted of placing a 

PDMS stamp into physical contact with the CVD-coated substrate as shown in Figure 

4.2. The PDMS stamp was comprised of a 100 by 400 micron patterned array. A solution 

containing the thiol of interest, Et3N, and DTT was vortexed and then used as the ink for 

the PDMS stamp. Before placing it in contact with the CVD substrate, the stamp was 

inked and dried in a stream of nitrogen. Contact was maintained for 3-5 mins and then the 

samples rinsed with ethanol and deionized water.   

4.2.3.2 PPX-BrMal & PPX-Furan 

 The surface modification of PPX-BrMal and PPX-Furan was undertaken on both 

patterned and homogenous substrates. For PPX-BrMal, PFC10 (10 mM in ethanol) or 

biotin-PEG-thiol (10 mM in deionized water) were immobilized onto the substrates via a 

12.5 h solution reaction. After reaction, substrates were rinsed with deionized water 

and/or ethanol as appropriate. The PPX-Furan substrates were reacted for 48-72 h with 

TFMal (1 mg/mL in ethanol) or biotin-PEG-maleimide (1 mg/mL in deionized water) in 

order to immobilize the maleimide. 

4.2.5 Atom Transfer Radical Polymerization: Surface Modification of PPX-EB 

 Atom transfer radical polymerization (ATRP) was an additional surface 

modification method for the PPX-EB substrates utilized in this study. In this work, an 

aqueous solution of poly(ethylene glycol methacrylate) was purified via column 

chromatography prior to polymerization. Once purified, a solution of OEGMA 
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(OEGMA/deionized water, 1:1, v:v) and 2’2 bipyridyl (5.13 mg/mL) were stirred in a 

schlenk flask at room temperature for 10 mins. Then the solution was degassed 2 times 

via freeze-pump-thaw cycles. This solution was frozen again and the catalyst complex, 

consisting of CuBr (1.5mg/mL) and CuBr2 (0.73 mg/mL), was added and the flask placed 

under vacuum to repeat the pump-thaw process. Then a final freeze-pump thaw cycle was 

completed. At this juncture, the mixture was stirred as it was warmed to room 

temperature resulting in a reddish-brown solution. Scintillation vials were degassed via 3 

vacuum-argon purge cycles and then placed into an argon purged glove bag along with 

the solution. This solution was then distributed into 20 ml scintillation vials that 

contained the CVD substrates. The ATRP reaction was allowed to proceed for 30 mins, 

after which CVD substrates were rinsed with deionized water and dried.  

4.2.6 Protein Immobilization & Visualization 

 A fluorescently labeled protein, streptavidin TRITC, was incubated on surfaces 

containing an immobilized thiol or maleimide. For PPX-EB the analyte concentration 

was 40 µg/mL and its buffer consisted of PBS, tween (0.01% w/v), and BSA (0.2% w/v). 

The protein concentration for PPX-BrMal and PPX-Furan substrates was decreased to 

1:100 dilution of 40 µg/mL concentration, however the buffer remained the same. After 

one hour of protein exposure, CVD substrates were rinsed 3 times with PBS, buffer, and 

deionized water and were then dried prior to fluorescence imaging. Protein 

immobilization was visualized via fluorescence microscopy on a Nikon Eclipse 80i. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Characterization of Vapor-Deposited Substrates 

 Approximately 30-50 nm polymeric coatings of PPX-EB, PPX-BrMal, and PPX-

Furan were generated and served as the base for subsequent surface modifications. 

Coating thickness is determined by ellipsometry on the basis of an n_k fix model 

assuming a refractive index of approximately 1.6 for the functionalized polymer films 

which is determined from optical fitting. In particular, the PPX-EB coating was selected, 

because it contains a bromo group, which can be substituted with a thiol via thio-bromo 

“click” chemistry (as a result of a nucelophilic addition) or can serve as an initiator for 

copper catalyzed polymerization reactions. Maleimide is known to be highly reactive 

with thiols
28

 and bromomaleimides have been shown to be even more reactive.
29

 Thus a 

PPX-BrMal was investigated and in this instance thiol immobilization is facilitated via a 

Michael addition “click” reaction between the thiol and the maleimide functionality and a 

thio-bromo “click” reaction between the thiol and the bromine functionality. A Diels 

Alder “click” reaction is exploited in the immobilization of maleimide to PPX-Furan. 

Prior to surface modification, the presence of the expected surface functional groups was 

confirmed via FT-IR and XPS. For all of the coatings, FT-IR revealed characteristic 

bands from 2800-3300 cm
-1

 indicating the presence of C-H symmetric and asymmetrtic 

bands. In addition, bands at 1730 cm
-1

 and from 1000-1300 cm
-1

 are indicative of the 

C=O bond and the C-O-C stretches respectively as seen in Figure 4.4. Furthermore, the 

coating compositions were confirmed via XPS as spectra indicative of O1S, C1S, N1S, and 

Br3p are evident as appropriate in the survey spectra in Figures 4.5-4.7A. The atomic 

compositions of the novel coatings, PPX-BrMal and PPX-Furan, were compared to the 
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theoretical values. Theoretical composition values were calculated based on the structure 

of each polymer. PPX-BrMal consisted of 82.17 atom% oxygen, 7.95 atom % carbon, 

3.82 atom % bromine, and 3.87 atom % nitrogen. This compares well with the theoretical 

values of the PPX-BrMal coating of 80.77 atom% oxygen, 7.69 atom % carbon, 7.69 

atom % bromine, 3.85 atom % nitrogen. The atomic composition found for PPX-Furan 

also compared favorably to theoretical values. PPX-Furan was comprised of 85.84 atom 

% carbon and 12.73 atom % oxygen which aligns well with the theoretical values of 88 

atom% carbon and 12 atom % oxygen.   

4.3.2 Surface Modification: Thiol Immobilization and Atom Transfer Radical 

Polymerization 

 Several methods were utilized to confirm thiol or maleimide immobilization. 

First, for substrates in which PFC10 had been homogenously immobilized, XPS was 

utilized. Since fluorine is readily apparent in XPS, a thiol containing 17 fluorine atoms 

was selected for immobilization because the signal from the thiol is readily 

distinguishable from that of the CVD coatings which should not have fluorine. From the 

XPS survey spectra in Figure 4.5 and Figure 4.6, it is apparent that there is an increase 

in the fluorine signal on the PPX-EB and PPX-BrMal coatings after immbolization of the 

perfluorinated thiol demonstrating successful immobilization via the various thio-

“clicks.” XPS also confirmed the immobilization of TFMal onto PPX-Furan as fluorine 

atoms are apparent after TFMal exposure as shown in Figure 4.7. 

 These initial findings served as a proof of concept for CVD coatings as a platform 

for “click” chemistries that are not metal-catalyzed and the focus was then shifted to 

spatio-selective immobilization of thiol or maleimide moieties for the generation of 
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multifunctional surfaces. For PPX-EB, a grid pattern consisting of 100 µm lines 

separated by 400 µm squares were generated via microcontact printing (where the thiols 

were only printed on the lines) while 300 µm square patterns (functionalized PPX’s only 

inside the squares) were generated via VAMPIR. Imaging ellipsometry is utilized to 

confirm patterning. Specifically, an imaging ellipsometric map of the patterned thiol on 

the PPX-EB coating was taken and patterning is apparent as thickness differences 

between the thiol and its background are displayed in the delta map provided in Figure 

4.8A. A line scan of the delta map indicates a step height difference between the 

patterned thiol and the background PPX-EB coating. In addition, an imaging ellipsometry 

thickness map is used to indicate the spatio-selective deposition of PPX-BrMal and PPX-

Furan into the 300 µm squares as indicated in Figure 4.8B and Figure 4.8C which 

display thicknesses of approximately 12 nm and 2 nm respectively.  Furthermore, 

imaging elliposmetry is used to demonstrate pattern persistence on PPX-EB after further 

surface functionalization via PEGMA ATRP. PEGMA is primarily patterned in the 

squares as the bromine initiating groups for the ATRP are no longer available on the lines 

because they have been replaced by the thiol as a result of the thio-bromo “click.” A line 

scan of the ellipsometric thickness map in Figure 4.9B displays a 3 nm difference 

between the thiol and the PEGMA layer when an n_k fix model assuming an n of 1.45 

and 1.52 for the thiol and PEGMA respectively is used. Evidence of PEGMA presence is 

also provided by the FT-IR spectra in Figure 4.9A as there is a shift in the C-H stretch 

around 2900 cm
-1

,  C-O stretch around 1735 cm
-1

, and the C-O-C stretch around 1220 

cm
-1

 which also aligns well with previously reported data. 
23
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4.3.3 Protein Binding 

 In the previous section, surfaces presenting multiple functional groups were 

generated. Specifically for PPX-EB substrates, a thiol was patterned in a PEGMA 

background. PEGMA may be utilized to passivate a surface for protein and biomolecular 

adsorption and this property may be exploited for the selective immobilization of 

proteins.
30

 For the VAMPIR patterned PPX-BrMal and PPX-Furan, the base PPX-N 

coating was used as a non-reactive background for the selective immobilization of thiols 

and maleimides respectively. At this point, a fluorescently labeled protein, streptavidin 

TRITC, was spatio-selectively adsorbed onto the thiol patterned lines (PPX-EB), thiol 

patterned squares (PPX-BrMal), or maleimide patterned squares (PPX-Furan) as 

adsorption to the background was inhibited by the non-reactive backgrounds. As 

evidenced by the fluorescent micrographs in Figure 4.10, the rhodamine labeled 

streptavidin binds to the patterned lines or squares as appropriate and has little non-

specific adsorption to the non-reactive background. Streptavidin has a strong affinity, 

with a dissociation constant K(d) on the order of 4*10^(-14) for the vitamin biotin, and is 

in fact the strongest non-covalent interaction known.
31

 As a result, it is one of the most 

commonly utilized affinity pairs in molecular, cellular, and immunological assays.
32

 

Therefore, the adsorption of streptavidin to the patterned lines and squares could be 

utilized for susbsequent immobilization of various biotinylated moieties. For example, 

biotinylated Au nanoparticles or biotinylated antibodies could be immobilized to the 

adsorbed streptavidin creating areas of distinct roughness or chemoselectivity 

respectively which could be exploited in cellular or biomolecular studies.   
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4.4 CONCLUSIONS 

 In this chapter, vapor-deposited substrates as a new platform for “click” 

chemistries which are not copper catalyzed and that utilize thiols are demonstrated 

thereby expanding the number and type of substrates that may be utilized. Furthermore, 

selective patterning of the surfaces via microcontact printing enabled spatial control and 

allowed for the simultaneous presentation of multiple functional groups on the same 

surface. Reactivity of the thiols, maleimiedes, and non-reactive backgrounds is clearly 

demonstrated via a host of characterization techniques.  This platform provides another 

means for generating complex surface architectures using a bottoms-up approach. This 

work has applications in molecular self-assembly, biomolecular patterning, and spatio-

selective cell culture.  
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4.5 FIGURES AND TABLES 

 

Figure 4.1. Reaction schemes for thio-bromo “click” chemistry with CVD substrates. A 

perfluorinated thiol is immobilized onto PPX-EB via thio-bromo “click” chemistry. 
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Figure 4.2. Schematic diagram of patterned PPX-EB sample preparation. 
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Figure 4.3. Schematic diagram of patterned PPX-BrMal and PPX-Furan sample 

preparation. 
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Figure 4.4. FT-IR of the functionalized paracyclophanes after CVD. 
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Figure 4.5. X-ray photoelectron spectroscopy of the PPX-EB coating. (A) PPX-EB 

coating before perfluorinated thiol immobilization. (B) PPX-EB coating after 

perfluorinated thiol immobilization via thio-bromo “click” chemistry  
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Figure 4.6. X-ray photoelectron spectroscopy of the PPX-BrMal coating. (A) PPX-

BrMal coating before perfluorinated thiol immobilization. (B) PPX-BrMal coating after 

perfluorinated thiol immobilization  
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Figure 4.7. X-ray photoelectron spectroscopy of the PPX-Furan coating. (A) PPX-Furan 

coating before TFMal immobilization. (B) PPX-Furan coating after TFMal 

immobilization  
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Figure 4.8. Patterning of functionalized PPX. (A) Imaging ellipsometry delta map of 

thiol (line) immobilization onto PPX-EB via microcontact printing. Imaging ellipsometry 

thickness map of PPX-BrMal VAMPIR (B) and PPX-Furan (C) onto a PPX-N 

background. 
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Figure 4.9. Surface analysis on patterned CVD substrates after the ATRP of 

poly(OEGMA). (A.) FT-IR of patterned before and after ATRP. (B.) Imaging 

ellipsometry thickness map of perfluorinated thiol (line) in a PEGMA background 

(squares) following ATRP. 
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Figure 4.10. Fluorescence microscopy of thiol-patterned substrates after exposure to an 

aqueous solution of fluorescenctly-labeled streptavidin. (A) Micro-contact printing of 

thiol (lines) on PPX-EB in a passivated PEGMA background (B) VAMPIR of PPX-

BrMal (squares) (C) VAMPIR of PPX-Furan (squares) 
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CHAPTER 5  

ANALYSIS AND CRITERIA FOR THE DESIGN AND USE OF SYNTHETIC 

SUBSTRATES FOR HUMAN PLURIPOTENT STEM CELL CULTURE 

The material in this chapter has been adapted with minor modifications from the 

following published article:  

 

Ross A.M., Nandivada H., Ryan A.L., and Lahann J. Synthetic substrates for long-term 

stem cell culture, Polymer, 53, 2533-2539, (2012). 

 

5.1 INTRODUCTION  

        The cellular environment is complex and plays an important role in cellular 

properties and processes. 
1
 For example, environmental cues have been shown to 

influence cell adhesion, proliferation, and gene expression. 
2, 3

 As a result, cell-material 

interactions are an integral part of in vitro cell studies and investigators have used 

synthetic biomaterials to mimic the cellular microenvironment in terms of its 

physiochemical properties. 
4, 5

 However, the influence of a single substrate property, such 

as surface chemistry, wettability, and roughness, is difficult to assess, because these 

properties may be interconnected and work synergistically to garner a particular cellular 

response. 
6
 In addition to proliferation and gene expression, environmental cues also 

impact the differentiation of stem cells. 
7-9

 Human pluripotent stem cells (hPSCs), due to 

their ability to differentiate into multiple cell types, have a myriad of applications in the 
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healthcare industry. 
10, 11

 Potential uses include cures/treatments for diseases such as heart 

failure and diabetes as well as drug safety and efficacy testing. 
12-14

  

 Feeder layers of mouse embryonic fibroblasts (mEFs) and Matrigel™, an 

undefined gelatinous protein mixture secreted by mouse carcinoma cells, are currently 

utilized in hPSC culture. 
15

 Matrigel™ is typically placed on the cell culture substrate 

prior to cell seeding in order to generate a thin monolayer that serves as a complex, 

extracellular matrix (ECM). Although hPSCs show therapeutic promise, one of the major 

hurdles inhibiting clinical adoption is the use of this Matrigel™ culture system as it 

results in batch-to-batch variation, uses xenogenous factors which warrant immunogenic 

concerns, and is not suitable for large-scale hPSC expansion. 
16

 Synthetic substrates are a 

promising alternative for prolonged hPSC culture as they address many of these issues. 

Because synthetic surfaces are generated from defined materials and processes, there is 

little variation between batches and thus has greater potential for scale-up. 
17

 More 

importantly, eliminating the need for animal byproducts eradicates concerns regarding 

immunogenicity. 
18

  

 This feature article highlights new developments in the use of synthetic 

biomaterials as substrates in the long-term culture of hPSCs. In particular, a zwitterionic 

polymeric system developed in our lab is described in terms of its fabrication, efficacy, 

and stability. This synthetic substrate is then compared to synthetic culture systems 

generated by other research groups that have demonstrated efficacy in maintaining 

prolonged hPSC culture. In this instance, substrates are assessed in terms of desired 

criteria for hPSC culture systems and provide a framework for examining challenges in 

the design and fabrication of substrates for expanding hPSCs.  
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5.2 HYDROGELS AND STEM CELLS  

 In an attempt to replace poorly defined biological matrices, numerous materials 

have been studied as potential stem cell substrates including electroactive polymers, 

tissue culture plastic, and self-assembled monolayers of alkanethiols. 
19-21

 Recent work in 

our group has focused on the use of hydrogels as a platform for stem cell culture. To that 

end, synthetic cell culture substrates are generated via surface-initiated graft 

polymerization of chemically defined polymers. In particular, various methacrylates were 

grafted onto tissue culture polystyrene (TCPS) dishes. Synthesis occurs in an oxygen-free 

glass reaction vessel. Briefly, the reaction vessel was degassed via a vacuum-argon purge 

cycle, which is completed three times.  Simultaneously, the solvent, comprised of ethanol 

and deionized water in a volumetric ratio of 1:4, was degassed via vacuum for 40 min. 

Then the degassed solvent and the monomer of interest are added to the reaction vessel 

and heated such that the temperature range was between 76 and 82 °C. Tight temperature 

control is important for effective polymerization. Prior to monomer synthesis, free 

radicals must be created on the TCPS dishes by UV ozone plasma treatment. Later, these 

free radicals enable the polymerization of the monomers of interest. Once the reaction 

reached the desired temperature, TCPS dishes were added to the reaction vessel and 

polymerization proceeds for 2.5 h (Figure 5.1).  

 After the reaction is complete and the reaction vessel has been cooled to at least 

60 °C, the dishes were removed and rinsed overnight in a 1% saline solution that was 

maintained at 50 °C to remove any excess monomer. Subsequent rinsing steps with 1% 

saline and deionized water ensure that any unreacted monomer has been eliminated. 
22

 

Because the influence of hydrogel structure on hESCs was unknown, a total of six 
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methacrylate derivatives were generated for cell screening. Specifically, 

poly[carboxybetaine methacrylate] (PCBMA), poly[[2-

(methacryloyloxy)ethyl]trimethylammonium chloride] (PMETAC), poly[poly(ethylene 

glycol) methyl ether methacrylate] (PPEGMA), poly[2-hydroxyethyl methacrylate] 

(PHEMA), poly[3-sulfopropyl methacrylate] (PSPMA), and poly[2-

(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH) 

were characterized in terms of their material properties and by the ability of hESCs to 

adhere and maintain an undifferentiated state on these surfaces (Figure 5.2). 
23

  

 Of the hydrogels assessed, only the zwitterionic PMEDSAH was able to support 

undifferentiated hESCs from two cell lines (BG01 and H9) for long-term passage 

(passage number ≥25) as indicated by hESC gene expression, karyotype, and embryoid 

body formation (Figure 5.3). Results from the synthetic substrates were compared to 

Matrigel™, which served as a control and no significant difference was noted. As a proof 

of concept, a commonly utilized media from animal-derived products, mouse embryonic 

fibroblast-conditioned media (MEF-CM), was used in this initial screening study. 

However, since the ultimate goal of our work is to make a more chemically defined 

system with enhanced clinical relevance, subsequent studies focused on the behavior of 

hESCs on PMEDSAH-coated dishes using media which lacked non-human animal 

products or in serum-free, defined media. 

5.2.1 Storage and Sterility of PMEDSAH Coatings 

 Maintenance of material properties after prolonged storage and exposure to 

common sterilization methods are important aspects of making synthetic stem cell 
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substrates commercially viable. The stability of the PMEDSAH coating was investigated 

in an accelerated six-week storage study. In this instance, PMEDSAH-coated dishes were 

stored at three different conditions (all at room temperature) – (1) ambient, (2) inert (in a 

glove-bag under nitrogen atmosphere) and (3) vacuum (in a desiccator attached to a 

vacuum pump). Fourier transform infrared spectroscopy (FT-IR) and/or X-ray 

photoelectron spectroscopy (XPS) was used to assess the stability of the film. Elemental 

analysis of XPS samples exposed to the various storage conditions after six weeks were 

compared to those values previously reported in literature (Table 5.1). 
23

 

XPS indicates little difference between samples stored under air and nitrogen. 

However, vacuum conditions cause slight differences in the overall composition. FT-IR 

spectroscopy of samples stored under ambient conditions (in air at room temperature) 

revealed characteristic bands at 1732.9 cm
-1

 and 1208.4 cm
-1

 for carbonyl and sulfonate 

groups (Figure 5.4). Characteristic stretches were readily apparent in air and thus a 

difference under inert conditions is not expected. 

 The compatibility of PMEDSAH-coated dishes towards common sterilization 

methods, particularly e-beam- and gamma-radiation, was also investigated. E-beam- and 

gamma-radiation were selected because these methods are widely accepted for the 

sterilization of biomedical products, and unlike ethylene oxide treatments, no residual 

chemicals are left behind after processing. 
24

 PMEDSAH-coated dishes were exposed to 

three different levels of e-beam-radiation (10, 20 and 50 kGy) and gamma-radiation (8-

15, 22-40, 45-75 kGy) respectively. The effect of radiation on the coatings was then 

investigated by XPS and FT-IR. The material composition of samples after radiation was 

compared to the values previously reported in literature (Table 5.2). 
23

 Overall, XPS 
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indicates that radiation does not cause a significant difference in the PMEDSAH 

coatings. This is further confirmed by FT-IR analysis as characteristic carbonyl, 

1732.9cm
-1

, and sulfonate, 1208.4cm
-1

, bands are evident for each radiation type and 

level (Figure 5.5). 

5.2.2 PMEDSAH  and Human Embryonic Stem Cells in Xenofree/Defined Media 

 We further extended our work by culturing BG01 and H9 cells on PMEDSAH-

coated dishes using a commercially available xenofree media, or media that lacks non-

human animal products, but was instead conditioned with human cell serum. Matrigel™ 

was also used as a control. PMEDSAH substrates were shown to maintain pluripotency 

through 15 passages as evidenced by cell-population doubling times, hESC cell markers, 

and karyotyping. Not only were these culture conditions more clinically relevant in terms 

of the media utilized, but they also resulted in enhanced cell adhesion; at least for one of 

the hESC lines. In particular, hESC aggregate adhesion for H9 cells was significantly 

higher at each passage for cells grown on PMEDSAH in human cell-conditioned media 

(hCCM), 86 ± 6 %, than in MEF-conditioned media, 15 ± 2 %, (Figure. 5.6). 

 Finally, we explored the ability of PMEDSAH-coated substrates to promote the 

undifferentiated growth of hESCs in defined media conditions using two commercially 

available serum-free media, StemPro™ and mTeSR™. Attempts to passage H9 hESCs 

on PMEDSAH-coated dishes in mTeSR™ were unsuccessful and the focus was shifted to 

the StemPro™ media. These culture conditions led to the successful proliferation of 

undifferentiated H9 cells on PMEDSAH substrates throughout 10 passages while BG01 

cells were maintained for 3 passages.  The undifferentiated nature of the H9 cells was 
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confirmed via staining for hESC pluripotency markers and the directed differentiation of 

the cells into three specific lineages as specified by immunofluorescence and gene 

expression (Figure. 5.7). In subsequent culture, pluripotency could be maintained for up 

to 25 passages under these conditions. 

5.3 EMERGENCE OF ALTERNATIVE SYNTHETIC CULTURE SYSTEMS AND 

BENCHMARKING 

 Due to the limitations associated with undefined matrices, more defined stem cell 

culture systems have been investigated. After our initial publication based on 

PMEDSAH, 
23

 other synthetic polymers have shown the ability to maintain stem cells in 

the undifferentiated state for numerous passages including another methacrylate 

containing polymer, hit 9, and an anhydride containing polymer poly(methyl vinyl ether-

alt-maleic anhydride) (PMVE-alt-MA) (Figure 5.8). 
25, 26

 Hit 9 is fabricated through the 

use of photopolymerization while PMVE-alt-MA is generated by free radical 

polymerization. The aforementioned systems are entirely polymeric, but materials that 

have attached biomolecules, such as peptides, have also been identified. In particular, 

Synthemax™ (Corning) consists of an acrylate polymer with covalently immobilized 

amine-containing peptides on the surface (Figure 5.8). 
27

 Polymers are not the only 

materials of choice, as GKKQRFRHRNRKG, a heparin-binding peptide, has been 

conjugated to self-assembled alkanethiol monolayers and subsequently utilized for stem 

cell culture (Figure 5.8). 
28

 Synthetic biomolecules such as recombinant proteins and 

synthetic peptides have also served as substrates in cell culture. For example, a human 

recombinant protein, specifically laminin-511, has been generated to facilitate long-term 

hPSC culture (Figure 5.8). 
29

 Furthermore, synthetic peptides designed to engage specific 
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integrins involved in cell adhesion have been evaluated for hESC culture and initial 

results demonstrate their ability to support hESC adhesion and proliferation, though 

efficacy for prolonged culture has yet to be realized. 
30

 Creating new materials is not the 

only approach to generating synthetic culture systems. Polystyrene is a commonly used 

tissue culture plastic and it may be augmented to enhance prolonged stem cell culture. 

Recently, Saha et al., exposed polystyrene surfaces to short-wavelength UV in different 

doses to generate distinct surface chemistries. 
31

 Surfaces displaying particular amounts 

of carboxylic acid/ester and nitrogen-containing moieties were shown to promote long-

term culture of pluripotent stem cells.   

 The ideal stem culture platform would support long-term expansion (≥20 

passages) of undifferentiated stem cells, maintain efficacy in defined/xenofree media, has 

compatibility with common sterilization techniques, results from a process that is 

scalable, reusable, relatively inexpensive, and demonstrates efficacy for multiple stem 

cell lines and types. 
32-34

 Though several strategies other than grafting of PMEDSAH 

exist for prolonged stem cell culture, they are not without their limitations. In particular, 

PMEDSAH, Synthemax™, GKKQRFRHRNRKG, and recombinant laminin-511 have 

demonstrated efficacy for 10 or more passages of hESC culture in xenofree/defined 

media. This is significant as a large number of stem cells are required for many 

therapeutic applications and immunogenicity concerns abound with stem cell work. 
35, 36

 

Thus it is advantageous for a substrate platform to work in xenofree media. 

 In order to ensure clinical applicability, culture substrates should be compatible 

with common batch sterilization techniques such as e-beam- and gamma-radiation. The 

data presented in the previous section indicates compatibility of these methods for 
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PMEDSAH coated substrates. However, radiation-based sterilization has not been 

demonstrated for some of its counterparts. In particular, sterilization data is not available 

for GKKQRFRHRNRKG, human recombinant laminin-511, and hit 9. Additionally, 

large-scale radiation sterilization is likely to degrade peptide and protein containing 

culture systems. 
37

 Reusability is also an issue for peptide based systems, Synthemax™ 

and GKKQRFRHRNRKG, as well as the recombinant laminin-511 system since they 

cannot be reused because peptides/proteins are subject to degradation by 

metalloproteinases secreted by the cultured cells. 
38, 39

 Degradation will lead to increased 

costs for end users as more culture substrates will be needed for a given task. The 

inclusion of peptides and recombinant proteins in the technologies also increases system 

costs as the peptides and proteins alone may be cost prohibitive. 
40

 Currently, 

Synthemax™ is the only commercially available synthetic stem cell culture platform and 

at a cost of $75 per 6-well plate, pricing may hinder access. Several stem cell types have 

clinical applicability including hESCs, human induced pluripotent stem cells (hiPSCs), 

and human mesenchymal stem cells (hMSCs). Thus in order to enhance wide-spread 

applicability, it is desirable for a cell culture system to promote long-term, 

undifferentiated culture for numerous stem cell lines and types. To date, PMEDSAH, 

Synthemax™, GKKQRFRHRNRKG, recombinant laminin-511, hit 9, and PMVE-alt-

MA have all demonstrated efficacy with multiple stem cell types or stem cell lines. Table 

5.3 that follows provides a comparison of the synthetic substrates described in this work, 

relative to one another and to Matrigel™ the current gold standard for stem cell culture in 

defined media conditions.  
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 It is apparent that many efforts have been focused on maintaining hPSCs in the 

undifferentiated state in long-term culture.  However, ultimately these hPSCs will be 

directed to specific cell lineages for various applications in tissue engineering and 

regenerative medicine. Therefore, a number of important studies have attempted directed 

differentiation of hPSCs. 
41, 42

 Recently, hMSCs derived from hESCs have been 

encapsulated into poly(ethylene glycol)-based (PEG-based) hydrogels containing ECM 

proteins. 
43

 In this instance, stem cells were cultured for up to 6 weeks in media 

conditions designed to direct cells to chondrogenic or osteogenic lineages. Results 

indicated that the type of ECM protein contained within the hydrogel influenced the 

degree to which differentiation markers were expressed. Others have tuned the 

mechanical properties of materials to guide differentiation. For example, hESCs were 

cultured on poly(dimethylsiloxane) substrates with augmented stiffness to determine the 

influence of this material property on the differentiation of hESCs. 
44

  The authors found 

that stiffness impacted primary germ layer differentiation and terminal differentiation to 

an osteogenic lineage. Increasing substrate stiffness from 0.041 MPa to 2.7 MPa led to an 

upregulation of mesodermic markers in the early stages and to enhanced osteogenic 

differentiation in the terminal stages.  Systematic studies on the role of stem cells and 

stem cell sourcing are essential in developing clinically relevant bone. 
45

  

 5.4. CONCLUSIONS  

The generation of synthetic substrates for sustained pluripotent stem cell culture 

in defined and xenofree media is a significant step in the use of hPSCs in therapeutics as 

well as basic research. At this juncture, polymeric and peptide-based materials have been 

utilized to maintain hPSCs in an undifferentiated state. However, the mechanism(s) of 



122 

 

action that result in the success of these substrates for prolonged culture have not been 

elucidated. Future work will aim to illuminate the influence and interaction of material 

parameters such as surface chemistry, hydrophilicity/hydrophobicity, stiffness, etc on 

stem cell maintenance. Doing so will enhance the design of biomaterials for stem cell 

applications. Recently, a majority of research has focused on hESCs, however an optimal 

substrate would be compatible with multiple cell types and therefore future work will 

assess the efficacy of these substrates for the long-term culture of numerous cell types. 

Efficacy and immunogenicity are not the only considerations as cost also impacts 

technology adoption. Going forward, cost effective materials and processes such as those 

used to generate our groups’ zwitterionic hydrogel will need to be explored. 
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5.5 FIGURES AND TABLES 

 

Figure 5.1.Schematic depicting the graft-polymerization process used to fabricate the 

polymer  coatings. UV ozone was utilized to activate the tissue culture polystyrene dishes 

and then methacrylate-based monomers were subsequently polymerized on the surface. 

Reproduced from
23

 with permission. 
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Figure 5.2. Long-term culture of H9 hESCs on methacrylate-derivative coatings with 

mouse embryonic fibroblast (MEF)-conditioned media. Table provides information about 

substrate properties (contact angle, reduced elastic modulus (GPa) (mean ± s.d.)) and cell 

behavior (initial hESC aggregate adhesion (mean ± s.e.m.) and number of passages 

achieved) on each polymer coating. Reproduced from 
23

 with permission. 
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Figure 5.3. Cellular characterization of hESCs cultured on PMEDSAH substrates in 

MEF-CM. (A) Percentage (mean ± s.e.m.) of hESCs expressing OCT3/4 and SOX2 at 

passages 3 (P03) and 20 (P20). (B) Relative transcript levels of NANOG, OCT3/4 and 

SOX2 from hESCs cultured on PMEDSAH and Matrigel™. (C, D) After 25 passages, 

hESCs cultured on PMEDSAH (C) maintained a normal karyotype and (D) retained 

pluripotency as demonstrated by teratoma formation in immunosuppressed mice. 

Hematoxylin and eosin-stained paraffin sections indicating endoderm (goblet-like cells at 

arrow), ectoderm (neuroepithelial aggregates at arrow; and cells expressing neuron- 

restricted protein β-III tubulin in inset) and mesodermal derivatives (cartilage, connective 

tissue and muscle at arrow). Scale bar, 200 μm. Reproduced from 
23

 with permission. 
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Figure 5.4. FT-IR of PMEDSAH coatings stored for six weeks under ambient conditions. 
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Figure 5.5. FT-IR of PMEDSAH coatings after exposure to various levels of e-beam- 

(left) and gamma- (right) radiation. 
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Figure 5.6. PMEDSAH culture efficacy of hESCs in various media. Percentage (mean ± 

s.e.m.) of cell aggregate adhesion (number of aggregates attached with respect to total 

aggregates passaged) and population doubling time (twofold increase in colony area) for 

H9 hESCs cultured on PMEDSAH in several culture conditions. P-values calculated 

using unpaired t-test. Reproduced from 
23

 with permission. 
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Figure 5.7. Cellular characterization of hESCs cultured on PMEDSAH substrates in 

StemPro™ media. (A) Fluorescence micrographs of colonies of H9 cells cultured on 

PMEDSAH in StemPro medium showing expression of hESC markers and a phase-

contrast image. Scale bars, 200 μm. (B) Micrographs showing immunoreactivity for α-

fetoprotein (endoderm), β-III tubulin (ectoderm) and smooth muscle actin (mesoderm) 

indicating the pluripotent state of H9 cells cultured on PMEDSAH in StemPro™ 

medium. Scale bars, 200 μm.  (C) RT-PCR analysis of RNA from embryoid bodies 

showing expression of endoderm (GATA4), ectoderm (KRT18) and mesoderm derivatives 

(VE-cadherin; also known as CDH5). Reproduced from 
23

 with permission.  
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Figure 5.8. Synthetic stem cell culture materials used for long-term maintenance of 

hPSCs. 
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Table 5.1. XPS of PMEDSAH-coated substrates after 6 weeks of storage under various 

environmental conditions, as compared to samples that were not stored. 
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Table 5.2. XPS of PMEDSAH-coated substrates after batch sterilization with either e-

beam- or gamma-radiation as compared to unsterilized samples. 
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Table 5.3.Comparison of synthetic substrates and Matrigel™ for long-term hPSC 

culture. 

Substrate Type Reusable 

Passage 

# Tested 

Prep for Cell 

Culture Use 

Can be 

sterilized via 

large batch 

methods? 

Relative 

Cost Fabrication 

Cell 

Type 

PMEDSAH Yes 25 Used as is 

Yes. E-beam- 

and gamma- 

radiation Inexpensive  Polymeric Grafting 

hESC 

(several 

types) 

Synthemax™ 

(Corning) 

No (b/c 

peptide) ≥10 Used as is 

Gamma 
radiation. 

Subject to 

degradation after 
gamma exposure 

(b/c peptide) 

Expensive 
(b/c of 

peptides) 

Photopolymerization 

& chemical 
conjugation of 

peptide via EDC/NHS 

hESC 
(several 

types) 

GKKQRFRHRNRK

G 

No (b/c 

peptide) 17 Used as is 

Subject to 

degradation after 
gamma exposure 

(b/c peptide) 

Expensive 
(b/c of 

peptides) Physisorption 

hiPSC 
and 

hESC 

PMVE-alt-MA Yes 5 Used as is 

UVC germicidal 

radiation Inexpensive 

Free Radical 

Polymerization 

hiPSC 

and 

hESC 

hit 9 

No (b/c of 

need of 
protein 

adsorption) ≥5   

Yes. Requires 
preadsorption 

of ECM 
protein 

vitronectin. Unknown Inexpensive Photopolymerization 

hiPSC 
and 

hESC 

Human recombinant 

laminin-511 

No (b/c 

protein) ≥20  Used as is 

Subject to 

degradation after 
gamma exposure 

(b/c peptide) Expensive Physisorption 

hiPSC 
and 

hESC 

Matrigel™ No ≥20 Yes No Expensive Cell feeder layers 

hiPSC, 
hESC, 

hMSCs, 

etc 
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CHAPTER 6  

INFLUENCE OF THICKNESS DEPENDENT PROPERTIES OF A 

ZWITTERIONIC HYDROGEL ON PLURIPOTENT STEM CELL CULTURE 

Some of the material in this chapter has been adapted with minor modifications from the 

following published article:  

 

Ross, A.M., Jiang, Z., Bastmeyer, M., Lahann, J., “Physical Aspects of Cell Culture 

Substrates: Topography, Roughness, and Elasticity”, Small 2012, 8 (3), 336-355. 

 

6.1 INTRODUCTION 

 Cellular responses to environmental cues can result in intercellular and 

intracellular changes in cytoskeletal organization, proliferation, cell differentiation, gene 

expression, and apoptosis.
1-3

 In addition to the biochemical properties of the extracellular 

matrix (ECM),
4
 cells can sense underlying substrates with respect to surface properties 

such as topography, wettability, roughness, elasticity, gradients, and geometrical 

changes.
5-8

 Cellular interactions with environments occur both in vivo and in vitro. In 

particular, interactions with synthetic surfaces are of increasing significance, because 

they are utilized to mimic in vivo conditions for a variety of healthcare applications.
9
  

 Numerous methods are exploited to alter the surface properties of synthetic 

substrates. The topography of synthetic surfaces may be altered using a myriad of 

techniques, such as photolithography,
10

 electron beam lithography,
11

 and soft 

lithography.
12

 These techniques alter material properties on the micron- and nano-scale 
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including surface roughness. For example, properties such as roughness provide adhesion 

and alignment cues for endothelial cells.
13

  Furthermore, surface cues such as 

composition, roughness, and wettability determine stem cell fate.
14, 15

 Self-assembled 

monolayers of alkanethiols with different chemical functionalities have been shown to 

influence the differentiation lineage of human mesenchymal stem cells, indicating the 

importance of surface composition on cellular responses.
16

 Marletta et al., found that 

making poly(e-caprolactone) (PCL) thin films less rough via helium irradiation 

treatments induced the differentiation of human mesenchymal stem cells into an 

osteogenic lineage.
17

 Additionally, increasing the hydrophilicity of titanium dental 

implants by means of plasma source ion implantation enhanced the attachment and 

proliferation of mesenchymal stem cell prescursor cells, C2C12 cells.
18

 Human 

pluripotent stem cells (hPSCs), cell types that have the ability to undergo self-renewal 

and differentiate into numerous cell types
19-21

, have a multitude of therapeutic 

applications including the treatment of macular degeneration
22

 and osteoporosis.
23

  The 

ability to culture these cells in an undifferentiated state in a defined microenvironment is 

paramount in amassing the large number of stem cells required for many therapeutic 

applications.
24, 25

 Therefore, an understanding of how the physico-chemical environment 

influences stem cell behavior would be highly beneficial and synthetic substrates provide 

this opportunity.  

 Recently, our lab group identified a zwitterionic hydrogel, poly[2-

(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH), 

that displayed efficacy in the long term culture of hPSCs.
26

 Subsequently, this novel 

hydrogel was utilized in the culture of induced pluripotent stem cells (iPS). The 
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functionality of these iPS cells was further assessed by differentiating them into 

functional mesenchymal stem cells which were further differentiated into osteoblasts and 

then utilized to regenerate bone in a mouse model in vivo.
27

 This hydrogel is 

advantageous in that it maintains stem cells in an undifferentiated state in xeno-

free/defined media conditions, is compatible with common batch sterilization techniques, 

remains stable after prolonged storage in air, and is generated from a process that readily 

lends itself to scale-up.
28

  

 Though clinically promising since it does not use xenogenous factors, the material 

properties influencing hPSC culture on these synthetic substrates is not well understood. 

As a result, a method for generating the hydrogel that allows the decoupling of surface 

chemistry from material properties is investigated. Specifically, halide-containing 

coatings generated by chemical vapor deposition (CVD) are used to initiate the 

polymerization of the zwitterionic hydrogel via atom transfer radical polymerization 

(ATRP). Radical polymerizations like ATRP have been beneficial in biomaterials 

because of their widespread applicability in the generation of polymer materials.
29

 In 

ATRP, free radical polymerization is initiated by a halogenated organic species (in this 

case the CVD coating) in the presence of a metal halide catalyst. Because the metal 

halide has numerous oxidation states, it is capable of extracting a halide from the organic 

species, which then initiates the free radical polymerization. Following initiation, the 

chain is propagated until reacting with the metal halide in its higher oxidation state 

reversibly terminates the free radical on the active end of the polymer chain. The 

resulting uniform polymer growth stems from the equilibrium provided by the catalyst 

which favors the dormant (polymer-halide) rather than the active (polymer-radical) state 
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thereby suppressing side reactions.
30

 Consequently, ATRP affords control of PMEDSAH 

coating thickness which influences surface wettability, or how water attracts or repels on 

a surface.  This chapter focuses on assessing the influence of PMEDSAH material 

properties such as coating thickness and wettability on the culture of two types of hPSCs, 

human mesenchymal and human embryonic stem cells.  

6.2 EXPERIMENTAL METHODS 

6.2.1 Chemical Vapor Deposition Polymerization 

 Polymer coatings were generated via a custom chemical vapor deposition system 

consisting of a sublimation zone, pyrolysis zone, and deposition zone. For this 

application, the starting materials were a [2.2]paracyclophane-4-methyl 2-

bromoisobutyrate and [2.2]paracyclophane-4-methyl 2-dibromoisobutyrate. Sublimation 

occurred at 120°C, followed by pyrolysis at 540-550°C, after which the materials were 

deposited in converted form as poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-

xylylene)] (hereafter referred to as the 50% initiator coating) and poly[(p-xylylene-4-

methyl-2-dibromoisobutyrate)-co-(p-xylylene)]  (hereafter referred to as the 100% 

initiator coating). Deposition occurred on gold, silicon, and tissue culture polystyrene 

(TCPS) plates via spontaneous polymerization (Figure 6.1). In this instance, gold and 

silicon substrates were used as surrogates for the cell culture substrates in subsequent 

materials characterization. The working pressure during the polymerization was 0.3 mbar 

and the deposition occurred on a rotating sample holder that was maintained at 15°C.  
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6.2.2 Surface Analysis: Fourier Transform Infrared Spectroscopy, Ellipsometry, Water 

Contact Angle Goniometry, and Atomic Force Microscopy 

 Film presence after CVD and the successful polymerization of PMEDSAH is 

confirmed by Fourier transform infrared spectroscopy (FT-IR). For this analysis, a 

Nicolet 6700 spectometer was utilized and it had a resolution of 4cm
-1

 and a grazing 

angle of 85°. A total of 128 scans were taken for each sample. Film thickness was 

assessed via the use of a multi-wavelength imaging null-ellipsometer (EP
3
 Nanofilm, 

Germany). Fixed values of the real (n=1.58) and imaginary (k=0) refractive index of the 

polymer coatings and the ellipsometric delta and psi were used to determine film 

thickness. Because the refractive index of the 50% and 100% initiator coatings and the 

PMEDSAH hydrogel are relatively close, it can be difficult to distinguish between the 

two. As a result, the initiator coating+hydrogel was modeled as the initiator coating alone 

and the sample thickness prior to ATRP was subtracted from this value to determine the 

final hydrogel thickness.  Measurements were taken at an angle of incidence of 60° for 

gold and 70° for silicon. Static water contact angles were taken using a contact angle 

goniometer. Three measurements were taken per sample and then averaged. The surface 

roughness of the PMEDSAH coatings is evaluated via atomic force microscopy (AFM) 

using a Dimension Icon (Bruker, Madison, WI). Measurements were taken in tapping 

mode at room temperature in air. An EV scanner was used in the analysis. In particular, 

NSC15 cantilevers (MikroMasch, San Jose, CA) with resonant frequency and spring 

constants of 20-75 N/m and 265-400 kHz respectively were utilized as probe tips. All 

surface roughness measurements were taken at 1 Hz scan rate. 
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6.2.3 Atom Transfer Radical Polymerization 

 In this instance, atom transfer radical polymerization is utilized to generate 

brushes of poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium 

hydroxide] (PMEDSAH) (Monomoer Polymer Dajac Labs, Trevose, PA). The solvent 

consists of 4 parts methanol to 1 part deionized water and it is placed into a 50 mL 

schlenk flask for degassing. This solvent is degassed three times via freeze-pump-thaw 

cycles. Once the solvent is near room temperature, 10% of the total solvent volume is 

removed from the 50 mL flask via a needle and transferred to a 10 mL schlenk flask that 

has been degassed via 3 argon-vacuum cycles. The catalyst system consisting of CuCl 

(3.6 mg/mL), CuCl2 (0.96 mg/mL), and 2’2 bipyridyl (14mg/mL) are added to the 10 mL 

flask. Meanwhile, PMEDSAH (0.5 g/mL) is added to the 50 mL flask. Both mixtures are 

stirred for 10 mins until all reactants have dissolved. It should be noted that the polymer 

and the catalyst system are kept in separate flasks to prevent gel formation. Once the 

solutions are fully mixed, the catalyst system is added to the 50 mL flask containing the 

PMEDSAH and this combined solution is stirred briefly.  At this juncture, the 50 mL 

flask is placed in an argon purged glove bag and distributed into 20 ml scintillation vials 

containing silicon or gold CVD substrates and into 6-well plates of TCPS, with 

approximately 1 mL of solution being added to each vial or plate well. Before being 

placed in the purged glove bag, scintillation vials were degassed via 3 vacuum-argon 

purge cycles. The ATRP reaction was allowed to proceed for 1, 12, and 24 hrs in order to 

augment the brush thickness, as thickness is known to increase with increasing reaction 

times.
31

 After ATRP, CVD substrates and TCPS plates were rinsed with 1% saline and 

deionized water and dried. As copper is known to be toxic to cells, it is important to 
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remove any residual copper from the ATRP-modified surfaces. Thus TCPS plates were 

further rinsed with 5 mM EDTA, and deionized water to remove any remaining copper. 

6.2.4 Ultraviolet Ozone Grafted Polymerization 

 Previous work in our group indicated that PMEDSAH brushes generated via UV 

ozone grafted polymerization were capable of maintaining pluripotent stem cells in an 

undifferentiated state in long term culture. Therefore, grafted PMEDSAH was used as a 

control in this study. The process began with degassing of the 10 L reaction vessel via 

argon-vacuum purge 3 times. While the reaction vessel was being purged, the solvent 

system consisting of 4 parts deionized water and 1 part ethanol was degassed via a 40 

min vacuum purge. Once the reaction vessel and solvent were purged, the solvent and 

PMEDSAH at 0.06 g/ ml (Sigma Aldrich, St. Louis, MO) were added to the reaction 

vessel and heated to between 76-82°C. Please note that the reaction temperature is 

important for effective polymerization. While the reaction vessel is heating up, cell 

culture plates are exposed to UV ozone for 25 mins in order to create free radicals on the 

surface that are later utilized to initiate the polymerization. After free radicals have been 

generated, cell culture plates are placed into the reaction vessel and the polymerization 

occurs over a 2.5 hr time period. Once the process is complete, TCPS plates are removed 

from the reaction vessel and rinsed in a 1% saline solution at 50 °C overnight prior to 

use.   

6.2.5 Cell Culture 

 Both hMSCs and hESCs are evaluated. hMSCs are cultured for 7 days on the 

various ATRP surfaces and the cell culture work for the hMSCs was completed by 
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Thomas Eyster. The media utilized was comprised of the following: alpha-MEM 

(Gibco)+ 10% Screened FBS (Lot: 791291) + 1% Pen/Strep (Gibco, 10K units).  In this 

instance, UV grafted PMEDSAH is utilized as a control. hMSCs were seeded at a density 

of 6000 cells/cm
2
 and were initially fed after 24 hrs and subsequently fed every 48 hrs 

thereafter. hESCs are also cultured for 7 days on the various ATRP surfaces. Twenty 

thousand trypsinized single hESCs and approximately 100 uniformed hESC colony 

clusters are cultured after mechanical cutting. hESC culture was completed by Luis Villa-

Diaz and Xu Qian. Cell clusters are grown in a chemically defined media, StemPro (Life 

Technologies, Grand Island, NY) which is supplemented with 4 ng/ml of FGF2 and are 

fed every 48 hrs. Furthermore, ROCK inhibitor was added to single cell culture medium 

at 10M concentration once immediately after cell seeding to support the survival of 

dissociated hESCs. Matrigel
TM

, the gold standard in hESC culture is used as a control. 

6.2.5.1 Analysis of human pluripotent stem cell culture 

 The morphology, attachment, and differentiation of both cell types are evaluated. 

In particular, morphology is assessed by determining the average cell area. Images of the 

cells are taken after 7 days of culture and then ImageJ software is used to analyze the 

images. The area of hMSCs is found by counting the total number of cells (as indicated 

by the number of DAPI stains) and dividing this number by the total cell area which is 

measured using the ImageJ software. For hESC colonies, the colony area is calculated by 

using the surface area equation of an ellipse (π×a×b/4, where a and b are the horizontal 

and longitudinal diameters) and ImageJ is used to measure colony diameters. Cell 

attachment, for both cell types is found by counting the number of cells/colonies present 
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on the surface after 7 days of culture. Flow cytometry is used to quantify the extent of 

cell differentiation as the cells are stained with fluorescent dyes for the pluripotency 

markers of interest. Specifically, CD73, CD166, and CD105 are used as positive 

pluripotent markers for hMSCs. Hematopoietic stem cell markers CD34 and CD45 are 

also utilized as negative controls. Prior to flow analysis on the stained cells, cells that 

have not been stained are assessed in order to calibrate the baseline for subsequent 

measurements. A qualitative assessment of hESC differentiation is undertaken using 

image analysis. For this assessment, hESC colonies with holes in them or those without 

distinct boundaries are considered to be differentiated and the number of differentiated 

colonies is compared to the total number of colonies attached to the surface of interest.  

6.3 RESULTS AND DISCUSSION 

6.3.1 Hydrogel Characterization 

 In order to decouple the influence of surface chemistry from the material 

properties of PMEDSAH, PMEDSAH brushes are generated from ATRP using CVD 

initiator coatings. Two initiator coatings, one with approximately 50% initiator density 

and the other with 100% initiator density were assessed to determine whether initiator 

density has an impact on the ATRP of the hydrogel and thus the subsequent cell culture. 

After ATRP, FTIR was used to confirm the presence of appropriate functional groups on 

the surface. The presence of sulfonate, carbonyl, and hydroxyl groups at 1208 cm
-1

, 1732 

cm
-1

, and 2800-3550 cm
-1

 indicate a successful polymerization. Both the 100% initiator 

and 50% initiator coatings are capable of generating PMEDSAH brushes of different 

thicknesses as a function of reaction time, with longer reaction times resulting in thicker 
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brushes. This is evidenced by the magnitude of the sulfonate (1208 cm
-1

), carbonyl (1732 

cm
-1

), and hydroxyl (2800-3100 cm
-1

 and 3300-3550 cm
-1

) FT-IR bands which increase 

with increasing brush thickness (Figure 6.2) and by thickness measurements via 

ellipsometry (Figure 6.3A). It appears that the kinetics of polymerization is similar 

irrespective of the initiator coating type. 

 Furthermore, the wettability of the hydrogels is augmented as a result of reaction 

time, with increasing reaction time leading to more hydrophobic brushes. In particular, 

the static water contact angle ranged from 15 ° for ~20-35 nm brushes to 65 ° for 100-120 

nm brushes (Figure 6.3B). This transition from hydrophilic to more hydrophobic surface 

properties occurs as the polymer chains propagate due to chain associations.
32

 As the 

chains propagate, more interchain and intrachain associations occur as a result of 

intermolecular forces, in this case the attraction of the positive and negative charges on 

the polymer side chains. These enhanced chain associations lead to physical crosslinks 

within the polymer brush and subsequently reduces water penetration resulting in more 

hydrophobic surface characteristics (Figure 6.4). In addition to wettability, surface 

roughness is also known to influence cell form and function. The roughness value (Ra) 

quantitatively depicts the degree of roughness for a given surface is widely used to 

describe the surface of in vitro cell culture substrates. Therefore, the surface roughness of 

the hydrogels was also investigated. AFM measurements indicate that irrespective of the 

initiator coating type or brush thickness, the surface roughness of all the ATRP-modified 

surfaces assessed was comparable at approximately 0.8 nm average roughness (Ra) 

(Figure 6.5). Error bars on the bar graphs represent standard deviation and difference 

was assessed using a two tailed student t-test of unequal variance at a significance level 
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of p < 0.05. As a result of this finding, it was concluded that any differences seen in 

cellular behavior on the ATRP surfaces could be attributed to wettability differences 

rather than roughness effects. 

6.3.2 Cellular Characterization 

 After the surfaces were generated and fully characterized, cellular response could 

be assessed. Since it would be beneficial for a synthetic culture substrate to be compatible 

with multiple stem cell lines/types, the behavior of both hMSCs and hESCs on the 

synthetic surfaces is evaluated.  Specifically, hMSCs and hESCs are evaluated in terms of 

cell attachment, morphology, and differentiation after 7 days of culture. 

6.3.2.1 hMSCs 

 Cells are assessed on the various ATRP surfaces and UV grafted surfaces. 

Concerning cell attachment, more hMSCs are found on ATRP modified surfaces than on 

the UV grafted surfaces (Figure 6.6) as demonstrated at significance level of p < 0.05 

using a two-tailed student t-test assuming unequal variances. After 7 days of culture, 

differences in cell morphology are apparent for the different surface treatments. In 

particular, hMSCs cultured on the UV grafted surfaces are larger than those on the ATRP 

modified surfaces (Figure 6.7) as indicated at a significance level of p < 0.05 using a 

two-tailed student t-test assuming unequal variances. This may occur as a result of there 

being fewer cells adhered on the UV grafted substrates which affords more area for 

spreading and thus larger cell areas on average. However, cell size on the various ATRP 
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modified surfaces are comparable indicating that thickness and thus corresponding 

wettability differences have little influence on cell morphology.  

 Very little difference was noted between the ATRP modified surfaces, and as 

such, subsequent hMSC testing utilized a single surface type and reaction time, that of the 

50% initiator coating resulting in ~27 nm thick hydrogels. In addition, because the 

primary goal of this work is to maintain stem cells in the undifferentiated state, 

differentiation is analyzed via flow cytometry. Both pluripotency markers highly 

expressed by hMSCs (CD73, CD 166, CD105) and those minimally expressed by hMSCs 

(CD34, CD45) are analyzed. Flow cytometry indicated that hMSCs cultured on the 

ATRP modified plates, after one week of culture, displayed high expression (>99%) of 

protein markers commonly used to identify hMSCs as indicated by signaling of the PE 

fluorophore for the markers of interest (Figure 6.8A-C). It is also noted that there is low 

expression (<1%) of markers minimally expressed by hMSCs (Figure 6.8D-E). 

6.3.2.2 hESCs 

 Cell colonies are assessed on the various ATRP surfaces and Matrigel
TM

 surfaces. 

All bar graphs generated from cell data display error bars which represent standard 

deviation. However, statistics could not be performed on the hESC data set due to the 

small sample size. An assessment of cell attachment did not show a distinction between 

the ATRP modified surfaces and the Matrigel
TM

 control (Figure 6.9). On average cell 

colony size on ATRP modified surfaces and the Matrigel
TM

 control is similar at 

approximately 5 mm
2
. While very little difference is noted between the modified surfaces 

and the control, initial feasibility of this surface treatment for hESC culture is indicated 
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(Figure 6.10). Furthermore, average colony size between the ATRP surface treatments is 

comparable indicating little influence of thickness/wettability difference on hESC colony 

spreading after 7 days. 

 Differentiation of hESCs after one week of culture is evaluated qualitatively using 

image analysis. Qualitative analysis indicated that there may be a difference in the 

percentage of undifferentiated colonies on the ATRP modified surfaces as compared to 

the Matrigel
TM 

control (Figure 6.11). Specifically, colonies cultured on the 50% initiator 

coatings with a PMEDSAH thickness of approximately 80 nm resulted in a slightly 

higher percentage of undifferentiated colonies as compared to the Matrigel
TM

 control. 

Furthermore, all of the remaining ATRP modified surfaces had a colony differentiation 

percentage comparable to Matrigel
TM

 indicating the ability of these surfaces to maintain 

hESCs in an undifferentiated state after one week of culture.  

6.4 CONCLUSIONS 

 PMEDSAH coatings are successfully generated by ATRP as indicated by FT-IR 

and XPS. Additionally, the coatings generated were of varying thickness and as a result 

had different wettability properties as evidenced by static water contact angle 

measurements. Human pluripotent stem cells, specifically hESCs and hMSCs, are 

cultured for one week on the various ATRP surfaces indicating the ability of the surfaces 

to support hPSC culture. For hMSCs, there is no apparent difference in cellular 

attachment and morphology as a function of the thickness and wettability of the 

PMEDSAH coatings generated by ATRP. In addition, hMSCs did not differentiate on the 

PMEDSAH coatings after one week of culture as evidenced by flow cytometry. On 

average, the ATRP modified surfaces were on par with or better than Matrigel
TM

 with 
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respect to hESC colony morphology, attachment, and differentiation.  Taken together, the 

results of this work indicate the feasibility of PMEDSAH modified surfaces for 

pluripotent stem cell culture. As demonstrated in this chapter, results from this work may 

aid in the design of future biomaterials. 
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6.5 FIGURES AND TABLES 

 

Figure 6.1.Schematic of CVD initiator coatings of different brush density. 
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Figure 6.2. FT-IR of PMEDSAH hydrogels generated from 50% initiator coatings as a 

function of reaction time. 
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Figure 6.3.Hydrogel thickness and wettability as a function of reaction time for ATRP 

modified surfaces for 100% initiator coatings (red) and 50% initiator coatings (blue). The 

material properties of the UV grafted control are provided (purple) as a reference. 
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Figure 6.4. Schematic of zwitterionic chain associations during PMEDSAH ATRP. 
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Figure 6.5. Hydrogel roughness as a function of hydrogel thickness and initiator type. 

Error bars specify standard deviation. 
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Figure 6.6. hMSC attachment to grafted and ATRP-modified PMEDSAH surfaces after 

7 days of culture. Error bars specify standard deviation and * indicates a significant 

difference (p<0.05) between the ATRP-modified coatings and that of the UV grafted 

control. 
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Figure 6.7. hMSC morphology on grafted and ATRP-modified PMEDSAH surfaces after 

7 days of culture. Error bars specify standard deviation and * indicates a significant 

difference (p<0.05) between the ATRP-modified coatings and that of the UV grafted 

control. 

 

 

 

 

 

 

 

 

 

 

                 

               



159 

 

  
A                                       B                                   C 

                   
                 D                                                 E 

Figure 6.8. Flow cytometry analysis of hMSCs after 7 days of culture on an ATRP-

modified PMEDSAH surface (27 nm). Cells were and positive for hMSC markers such as 

(A) CD 73 (B) CD 166 (C) CD 105 and negative for hematopoietic stem cell markers (D) 

CD 34 (E) CD 45. 
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Figure 6.9. hESC attachment on Matrigel
TM

 and ATRP-modified PMEDSAH surfaces 

after 7 days of culture. Error bars specify standard deviation. 
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Figure 6.10. hESC morphology on Matrigel
TM

 and ATRP-modified PMEDSAH surfaces 

after 7 days of culture. Error bars specify standard deviation. 
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Figure 6.11. hESC differentiation via image analysis after 7 days of culture on ATRP-

modified PMEDSAH surfaces and Matrigel
TM

. Error bars specify standard deviation. 
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CHAPTER 7  

CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 CONCLUSIONS 

 This dissertation research details the use of chemical vapor deposition (CVD) 

polymerization as a platform for surface modification for a host of biomedical 

applications. Holistically, it has added to the evolution of toolboxes available to material 

scientists, biologists, and engineers.  

 In Chapter 3, for the first time, CVD substrates are used as spatially-resolved, 

quantitative, biomolecular sensing arrays. Before use, CVD films of poly(4-

pentafluoropropionyl-p-xylylene-co-p-xylylene) (PPX-COC2F5) are thoroughly 

characterized with surface analysis techniques including Fourier transform infrared 

spectroscopy (FT-IR), electrochemical impedance spectroscopy, atomic force microscopy 

(AFM), and ellipsometry. This model CVD coating was made sufficiently thin, from 3-60 

nm, such that it could be utilized as a flexible binding substrate for surface plasmon 

resonance enhanced imaging ellipsometry (SPREE) binding studies. The sensing array 

was generated via microcontact printing (µCP) of a hydrazide moiety that is attached to 

the surface via a ketone-hydrazide coupling. Subsequent attachment of a cascade of 

biomolecules was evidenced quantitatively via SPREE sensograms and qualitatively by 
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fluorescence microscopy. The impact of coating thickness on SPREE sensing was 

assessed. As expected, the SPREE binding signal was attenuated as coating thickness 

increased as this surface sensitive technique was inhibited when interactions occurred 

further from the sensing surface.      

 In Chapter 4, reactive CVD coatings of [2.2]paracyclophane-4-methyl 2-

bromoisobutyrate (PPX-EB), parylene N (PPX-N), [2.2]paracyclophane-4-furan (PPX-

Furan), and 4-(3,4-dibromomaleimide)[2.2]paracyclophane (PPX-BrMal) were developed 

as platforms for thiol-based “click” chemistry reactions or Diels Alder “click” 

chemistries and were further utilized to generate multifunctional surfaces. This is the first 

instance in which CVD coatings are employed as reactive partners in thio-bromo “click” 

chemistry and a Diels Alder “click” reaction for maleimide immobilization. Specifically, 

CVD coatings were assessed by x-ray photoelectron spectroscopy (XPS), FT-IR, and 

imaging ellipsometry after the initial coating and during subsequent surface modification 

steps. Herein, a reactive thiol or maleimide was spatio-selectively immobilized onto the 

CVD coating. For PPX-EB specifically, the remaining surface area was exploited in a 

subsequent surface initiated polymerization by atom transfer radical polymerization 

(ATRP) of poly(ethylene glycol methacrylate) (PEGMA). PEGMA is known to be 

protein resistant and as such the functionality of the patterned and unpatterned areas is 

assessed via adsorption of a fluorescently labeled protein. Selective adsorption of the 

protein onto the thiol or maleimide patterned areas of PPX-EB, PPX-BrMal, and PPX-

Furan indicated the generation of a multifunctional surface. This work has applications in 

molecular self-assembly.  
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 In Chapter 5, a critical analysis of synthetic materials available for pluripotent 

stem cell culture was undertaken and new data indicating the feasibility of a zwitterionic 

hydrogel, poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] 

(PMEDSAH), developed in our lab is presented. Clinical adoption of stem cells for 

therapeutic applications is hindered by the availability of culture systems that lack animal 

products, leading to a host of immunogenic concerns. Furthermore, ideal culture 

substrates would be generated from scalable processes, be compatible with common 

batch sterilization techniques, display long-term stability, have compatibility with 

multiple stem cell lines/types, be relatively inexpensive, and maintain stem cells in the 

undifferentiated state for long-term passage. The aforementioned criteria were used to 

evaluate and compare current synthetic culture systems. PMEDSAH properties were 

examined before and after exposure to two common sterilization techniques, e-beam and 

gamma radiation, and few changes in composition were noted indicating compatibility 

with these sterilization techniques. Furthermore, FT-IR revealed the stability of 

PMEDSAH coatings in air at room temperature for a prolonged storage period satisfying 

the requirement for long-term stability. Results from this work may be used in 

biomaterials design for pluripotent stem cell culture systems. 

 In Chapter 6, a more controlled polymerization process, ATRP is employed to 

create PMEDSAH coatings with defined thickness. Augmenting coating thickness results 

in changes in surface properties providing an opportunity to decouple the influence of 

material properties from the influence of the surface chemistry. PMEDSAH hydrogels 

ranging from 20 to over 100 nanometers were evaluated in this study. In particular, 

coatings are assessed in terms of thickness, roughness, and wettability (how water attracts 
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or repels on a surface). As the coating thickness increased, so did the hydrophobicity of 

the coatings, which had water contact angles that ranged from 15-65°. This was expected 

as more interchain and intrachain associations occur as the polymer chains propagate 

leading to more physical crosslinks. Once the material properties of the cells are assessed, 

the ability of the hydrogels to support human pluripotent stem cell culture was 

determined. In particular the adhesion, morphology, and differentiation state of human 

embryonic stem cells (hESCs) and human mesenchymal stem cell (hMSCs) were 

evaluated. Imaging and flow cytometry studies indicated the ability of the PMEDSAH 

coatings to support hPSC culture irrespective of coating thickness. However, the 

percentage of undifferentiated hESCs cultured on ~80 nm thick PMEDSAH hydrogels 

may be greater than that of the other ATRP-modified coatings and the Matrigel
TM

 

control. The work in this portion of the dissertation research lays the foundation for 

investigating structural-property relationships as mechanisms of action that enable this 

zwitterionic hydrogel to support hPSC culture.  

7.2 FUTURE DIRECTIONS 

7.2.1 Culture of Human Pluripotent Stem Cells on Zwitterionic Hydrogels 

 Creating defined microenvironments for stem cell culture facilitates basic 

research by reducing variability in and providing enhanced control of the cellular 

environment. As a result, a firm foundation for exploring factors that contributes to stem 

cell form and function is provided which may further impact stem cell therapeutics. 

PMEDSAH coatings generated by atom transfer radical polymerization (ATRP) enabled 

the control of coating thickness and consequently, corresponding material properties in 
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this dissertation research. This work provided initial insight into the influence of these 

properties on human pluripotent stem cell culture (hPSC). Coatings demonstrated 

efficacy as synthetic culture substrates as indicated by cell morphology, attachment, and 

differentiation after one week of culture. Studies assessing hPSC culture on PMEDSAH 

coatings after long-term culture should also be undertaken to ensure efficacy in the long 

term which affords additional clinical relevance. In addition to morphology, attachment, 

and differentiation, these long term studies should also evaluate the ability of hPSCs to 

undergo directed differentiation into specific lineages as expanded hPSCs will ultimately 

be used in this manner. Two hPSC types, human embryonic stem cells and human 

mesenchymal stem cells are examined in this dissertation research. However, a universal 

synthetic culture system is highly desirable and therefore, the efficacy of the PMEDSAH 

coatings as culture systems for other stem cell lines and types should also be assessed.   

 The structure of the PMEDSAH hydrogel should also be systematically 

augmented in order to elucidate structure-function relationships on hPSC culture. This 

zwitterionic hydrogel offers a host of possible structural modifications. These 

modifications include but are not limited to the type of anionic or cationic group utilized 

and the chain distance between these groups. Once synthesized, the ability of this library 

of PMEDSAH derivatives to undergo ATRP will need to be evaluated. After ATRP, 

PMEDSAH derivatives should be thoroughly characterized prior to cell studies. The 

chemical composition of the hydrogels is confirmed via XPS and the presence of the 

expected functional groups is indicated by FT-IR. Moreover, the thickness of the 

hydrogels is determined via ellipsometry and the corresponding wettability is ascertained 

by means of static water contact angle measurements. Then the same assessments of 
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attachment, proliferation, and morphology of hMSCs after one week of culture should be 

undertaken to demonstrate initial biocompatibility and viability.  

 A plethora of opportunities exist in the areas of surface modification for sensing, 

thiol-reactive coatings, and tissue engineering/regenerative medicine and a few of these 

were highlighted herein. Specifically, initial work has demonstrated the efficacy of CVD 

co-polymers as chemical warfare agent sensors. Furthermore, information gleaned from 

this chemical warfare sensing approach could be leveraged in the use of co-polymers as 

chemical diagnostic sensors of VOCs. The applicability of thiol chemistries for substrates 

other than noble medals was evident via the synthesis and characterization of new thiol-

reactive CVD coatings. In addition, an approach for evaluating hPSC morphology and 

function for long-term cell culture is outlined. The preliminary work described in this 

chapter provides a firm foundation for future work in the aforementioned arenas. 

7.2.2 Sensing: Volatile Organic Compounds for Disease Diagnostics 

 The ability of CVD coatings to serve as molecular binding sensors has been 

demonstrated in this dissertation research opening up a host of possibilities for sensing 

approaches using CVD coatings as the base platform. Specifically, CVD coatings could 

serve as a sensor in cancer diagnostics. Cancer is the second leading cause of death 

globally and early detection is still a critical factor in reducing patient mortality.
1, 2

 Breath 

analysis is one of the least invasive methods for clinical diagnosis and disease state 

monitoring.
3
 Though the breath is comprised of thousands of compounds, including 

volatile organic compounds (VOCs), it is less complex than blood and other bodily fluids 
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making it easier to assess.
4, 5

 Furthermore, the breath is a rich source of VOCs indicative 

of diseases such as breast, prostate, and lung cancers.
6, 7

  

 Creating a sensor that could specifically interact with breath VOCs rapidly at low 

concentrations, could improve patient outcomes with early detection. Reactive CVD 

coatings could be used to develop a new generation of breath VOC sensors. Methods of 

VOC detection include electronic noses, which contain sensing arrays that undergo 

changes in electronic properties when in contact with analytes. Some of these arrays 

require high temperatures and power which leads to increased costs, while others are 

temperature and humidity sensitive making them less durable.
8, 9

 The previous work with 

electronic noses could be extended by using the CVD polymerization of 

[2.2]paracyclophanes as sensing elements, thus addressing many of the aforementioned 

challenges. CVD coatings are robust, maintaining stability in numerous environments, 

are relatively inexpensive, and reusable.
10, 11

 Additionally, coatings afford control of film 

composition and architecture, are highly adhesive (substrate-independent), and solvent 

free.
12

 Moreover, multifunctional surfaces may be generated by making copolymers of 

paracyclophanes with different reactivities. The chemical composition and structure of 

the CVD films would be characterized by XPS and Fourier transformed infrared 

spectroscopy (FT-IR) while physical characterization of the films will consist of 

thickness measurements taken via ellipsometry after CVD deposition. As surface 

wettability may influence the adsorption of VOCs to the CVD films, contact angle 

measurements would also be assessed. Possible copolymer combinations include 

amine/flurorine, alcohol/fluorine, and aldehyde/fluorine functionalities. The fluorine 

functionality should be utilized because it is hydrophobic and should thus inhibit water 
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adsorption on the surface, further concentrating the analytes of interest on the substrate 

surface. The other part of the copolymer should be reactive with some of the target VOCs 

or can be easily surface modified to react with target VOCs. VOC adsorption would be 

evaluated via quartz crystal microbalance (QCM). 

7.2.3 Sensing: Chemical Warfare Agents 

 Chemical warfare has been a part of war in the modern era and as a result, there is 

a need for rapid sensing of these agents in order to prevent casualties. In addition to 

disease state diagnostics/monitoring, reactive paracylophanes (PPX) can also be utilized 

as chemical warfare agent sensors and preliminary work for this application has begun in 

the Lahann Lab. Initially, a wide range of functionalized paracylophanes was selected for 

initial testing including poly(chloro-p-xylylene) (PPX-Cl), poly(4-

heptadecafluorononanoyl-p-xylylene-co-p-xylylene) (PPX-COC8F17), poly(4-

aminomethyl-p-xylylene-co-p-xylylene) (PPX-CH2NH2), and poly(4-formyl-p-xylylene)-

co-(p-xylylene) (PPX-OH). These coatings were selected as they vary in wettability from 

moderately hydrophilic at 71° (PPX-OH) to moderately hydrophobic at 114° (PPX- PPX-

COC8F17) and wettability may influence adsorption of a chemical warfare simulant. In 

this instance, dimethyl methylphosphonate (DMMP), a chemical warfare simulant for the 

nerve gas sarin is used. Initially, the DMMP vapor is adsorbed onto the functionalized 

CVD coatings in the dry state for five min and then adsorption is evaluated via FT-IR. 

Figures 7.1-7.4 display the IR spectra of the various homopolymers before and after 

DMMP vapor exposure. Of the homopolymers tested, functionalized PPX-OH and PPX-

CH2NH2 displayed FT-IR bands indicative of DMMP adsorption. Both of these surfaces 
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are hydrophilic (water contact angle less than 90°). For PPX-CH2NH2 specifically, an 

FT-IR stretch at 1240 cm
-1

 is indicative of P=O and stretches corresponding to methoxy 

and methyl groups bound to the phosphine are also evident at 912, 1036, 1078, and 1309 

cm
-1

. Furthermore, these same vibrational modes are clearly seen at 918, 1040, and 1312 

cm
-1

 in the FT-IR spectra of the PPX-OH in addition to a vibrational shift of the O-H at 

3384cm
-1

, which denotes H-bonding after DMMP absorption. However, none of these 

vibrational stretches are obvious in the FT-IR of the paracyclophanes that were 

hydrophobic (water contact angle greater than 90°). As a result, PPX-Cl was eliminated 

from further testing.  

 Though promising, the preliminary work undertaken thus far was conducted in a 

dry state and we live in a wet/humid environment. Therefore, subsequent testing was 

undertaken using wet DMMP vapor to determine the impact of humidity on the sensing 

capabilities of the functionalized paracyclophanes. A wet environment is created by 

passing the DMMP vapor through a vial containing wet Ar prior to exposure to the CVD-

coated substrate. Though PPX-COC8F17 did not show efficacy as a DMMP sensor in the 

dry state, it was hypothesized that the hydrophobic properties of this CVD coating could 

be exploited in wet DMMP vapor testing in combination with PPX-OH or PPX-CH2NH2 

which had shown efficacy as sensors for dry DMMP vapor. Thus, copolymers comprised 

of PPX-COC8F17/-OH (copolymer I) and PPX- COC8F17/-CH2NH2 (copolymer II) were 

generated. Copolymers were characterized via FT-IR and then adsorption of wet DMMP 

vapor to these copolymers is compared to that of their respective hydrophilic 

homopolymers. The FT-IR spectra in Figures 7.5 and 7.6 display successful 

copolymerization, as the copolymer is a combination of the respective homopolymer FT-
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IR spectras. Once copolymerization was confirmed, the adsorption of wet DMMP vapor 

is evaluated at selected time intervals. For the PPX-OH homopolymer, DMMP 

adsorption starts to occur at 5 mins and the surface continues to become more saturated 

as exposure time is increased (Figure 7.7). In comparison to PPX-OH, copolymer I 

shows signs of DMMP adsorption at shorter exposure times as indicated by the shoulder 

at 1040 cm-1 which appears after just 1 minute of DMMP exposure and saturates after 5 

mins of DMMP exposure (Figure 7.8). Contrastingly, the PPX-CH2NH2 homopolymer 

did not display signs of DMMP adsorption even after 16 min of exposure as no 

vibrational stretches indicative of DMMP adsorption are apparent (Figure 7.9). 

Moreover, in comparison to PPX-CH2NH2, copolymer II denotes DMMP adsorption 

beginning after just 3 mins of DMMP exposure becoming saturated at approximately 10 

mins of DMMP exposure (Figure 7.10). Taken together, the results indicate that 

copolymers I and II were effective adsorbents of wet DMMP vapor and therefore 

demonstrate feasibility as chemical warfare sensors. 
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7.3 FIGURES AND TABLES 

 

 

Figure 7.1. FT-IR spectra of PPX-COC8F17 coatings on gold substrates before (bottom) 

and after (middle) exposure to DMMP vapor. The top spectra represents DMMP 

adsorption onto bare gold. 
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Figure 7.2. FT-IR spectra of PPX-Cl coatings on gold substrates before (bottom) and 

after (middle) exposure to DMMP vapor. The top spectra represents DMMP adsorption 

onto bare gold. 
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Figure 7.3. FT-IR spectra of PPX-CH2NH2 coatings on gold substrates before (bottom) 

and after (middle) exposure to DMMP vapor. The top spectra represents DMMP 

adsorption onto bare gold. 
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Figure 7.4. FT-IR spectra of PPX-OH coatings on gold substrates before (bottom) and 

after (middle) exposure to DMMP vapor. The top spectra represents DMMP adsorption 

onto bare gold. 
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Figure 7.5. FT-IR spectra of PPX-C8F17 (bottom) PPX-CH2OH (middle) 

homopolymers and their resultant copolymer (top) after CVD polymerization. 
 

 

. 
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Figure 7.6. FT-IR spectra of PPX-C8F17 (bottom) PPX-CH2NH2 (top) homopolymers 

and their resultant copolymer (middle) after CVD polymerization. 
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Figure 7.7. FT-IR spectra of PPX-CH2OH homopolymer exposed to wet DMMP vapor 

at various exposure times. 
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Figure 7.8. FT-IR spectra of copolymer I exposed to wet DMMP vapor at various 

exposure times. 
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Figure 7.9. FT-IR spectra of PPX-CH2NH2 homopolymer exposed to wet DMMP vapor 

at various exposure times. 
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Figure 7.10. FT-IR spectra of copolymer II exposed to wet DMMP vapor at various 

exposure times. 
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