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Abstract 

 

Photoswitchable surfaces can be used to reversibly control surface wettability, adsorptivity, 

and protein adhesion to influence cell interactions at the surface. Control over protein adsorption 

and cell adhesion is useful in many applications, from cell culture scaffolds to drug delivery 

devices and improving the cell response to materials in vivo. Switchable properties can be attained 

by polymerizing light-responsive monomers or by modifying existing materials. This project 

investigates surface modification as a method of developing light-responsive poly(methyl 

methacrylate) (PMMA) surfaces and coatings of a copolymer of methyl methacrylate (MMA) and 

2-aminoethyl methacrylate (AEM) (termed MMAcoAEM). 

 

In this work, PMMA surfaces were functionalized with amine or carboxyl groups for 

azobenzene modification and cell-material interaction studies. PMMA was functionalized with 

hexamethylenediamine (HMD) or O,O'-bis(2-aminopropyl) propylene glycol-block-polyethylene 

glycol-block-polypropylene glycol (PPG-PEG-PPG) groups via aminolysis or functionalized with 

carboxyl groups via hydrolysis. Aminated PMMA was then modified with 4-(phenylazo)benzoic 

acid using a carbodiimide reaction. Surfaces were characterized using ninhydrin assays, titration, 

contact angle measurements, x-ray photoelectron spectroscopy (XPS), ultraviolet-visible (UV-

VIS) spectroscopy and nuclear magnetic resonance spectroscopy (NMR). 

 

The aminolysis reaction conditions from literature1 were revised to improve the graft 

density, with up to 36.4 ± 7.0 nmol/cm2 of HMD or 20.3 ± 2.9 nmol/cm2 of PPG-PEG-PPG groups 

functionalized to PMMA. The copolymer MMAcoAEM contained 44.0 ± 2.2 nmol/cm2 of amine 
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groups as a surface coating. Amine-functionalized PMMA or MMAcoAEM surfaces were 

modified with 20.5 ± 0.4 nmol/cm2 (HMD), 11.2 ± 2.6 nmol/cm2 (PPG-PEG-PPG), or 24.8 ± 4.4 

nmol/cm2 (MMAcoAEM) of 4-(phenylazo)benzoic acid. UV-VIS spectroscopy was used to 

confirm that azobenzene grafted to materials retained the ability to photoisomerize and interact 

with 𝛽-cyclodextrin (𝛽-CD).   

 

Functionalized PMMA was also used to study cell-material interactions with neutrophil-

like HL-60 human promyelocytic leukemia cells activated with phorbol 12-myristate 13-acetate 

(PMA) to induce cell adhesion. AlamarBlue® assays and live/dead deoxyribonucleic acid (DNA) 

staining indicated that amine-modified surfaces contained the highest amount of extracellular 

DNA after incubation with HL-60s, believed to be extracellular traps (ETs). Future research aims 

to study the cell-material interactions with azobenzene-modified surfaces and further modify the 

surface using biomolecules conjugated to 𝛽-CD.  
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Chapter 1. Introduction 

 

 An important problem facing biomaterial development and implementation in the clinic 

is that foreign materials implanted into the body elicit a host response.2 The host response depends 

on the mechanical and surface properties of a material and is ultimately responsible for biomaterial 

acceptance in the long-term.3–5 Recent strategies to improve the cell response to biomaterials focus 

on mimicking extracellular matrix (ECM) components at the surface of biomaterials through the 

attachment of peptides6,7 or deoxyribonucleic acid (DNA).8,9 Molecules exhibiting anti-

inflammatory,10 anti-bacterial,11 and anti-adhesive12,13 characteristics have also been used to 

improve the host response. These specialized materials are commonly synthesized by conjugating 

the biomolecule to a monomer and reacting it into the main and/or side chain during 

polymerization. However, it is advantageous to coat the polymer or focus modifications at the 

surface so that the bulk properties of the polymer are minimally affected. Surface modifications 

can be used to adjust cell-material interactions and improve the host response to implants by 

altering surface wettability, topology, and charge.14–16 

 

Biomaterials are typically designed to either enhance or inhibit cell interactions with 

the surface. For example, adhesion is desirable for orthopedic implant17 and biodegradable 

scaffolding18,19 integration into existing tissues. Comparatively, cell migration and adhesion is 

detrimental to the long-term function of artificial intraocular lenses (IOLs) implanted to improve 

vision by replacing cataracts. After implantation, the migration and proliferation of lens epithelial 

cells to the posterior segment of IOLs will gradually cause the lens to become opaque, resulting in 

posterior capsule opacification (PCO).20,21 PCO can be treated by replacing the IOL or using laser 
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treatment to kill adhered cells, but either treatment can cause complications such as inflammation, 

infection, scarring, and damage to tissue surrounding the implant. The cell-material interactions at 

IOL surfaces in vivo have been improved by attaching heparin,10 hyaluronic acid,11 and chitosan12 

to the surface. Further development of these surfaces can be achieved using a method of tuning or 

modifying the surface properties to actively influence the adsorption of proteins and interaction 

with cells over time. 

 

 There are limitations when attempting to use static materials to interact with dynamic 

cellular environments. Over the course of the foreign body reaction, multiple cell types including 

neutrophils, macrophages, and fibroblasts may interact with a biomaterial surface. Additionally, 

cells may attach or migrate to biomaterials during wound healing or biomaterial integration into 

surrounding tissues. Although static materials can be well-suited for interactions with particular 

cell types, they cannot change over time to possess the surface properties best suited for each of 

these events. Responsive molecules have the potential to enhance interactions between 

biomaterials and cells by modulating hydrophobicity, adhesion, and adsorptivity via chemical or 

physical means.22,23 Materials containing these molecules, termed “stimuli-responsive” materials, 

have been investigated for use as cell culture scaffolds,24 diagnostic tools,25,26 and drug delivery 

devices.27,28 In regard to IOL development, attaching switchable responsive molecules to the IOL 

surface could be used to disrupt the attachment of cells and/or proteins from the lens and later 

recover the surface properties from before cell detachment.29,30 Thus, it is beneficial to develop 

materials with a controllable method of altering surface properties. This thesis investigates surface 

modification as a method to attach responsive molecules to surfaces of poly(methyl methacrylate) 

(PMMA) and a copolymer of methyl methacrylate and 2-aminoethyl methacrylate 
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(MMAcoAEM). First PMMA is functionalized with either amine or carboxyl groups to promote 

reactivity, then amine-functionalized PMMA and MMAcoAEM surfaces are modified with the 

light-responsive molecule azobenzene. It is hypothesized that azobenzene can induce changes at 

the surface when irradiated.   
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Chapter 2. Literature review 

 

2.1. Surface properties of biomaterials and their influence on protein adsorption 

 Both chemical and morphological properties will influence the interaction between a 

surface and the surrounding tissue. Cell-material contact in vivo is largely mediated by an aqueous 

layer of water molecules and a layer of adsorbed biomolecules at the surface.16,31 Immediately 

after a biomaterial is implanted or incubated, a layer of proteins adsorbs to the surface to minimize 

free energy of the surface. The biomolecule layer consists primarily of proteins with the quantity 

and nature of proteins at the surface dependent on surface hydrophobicity, reactivity, charge, chain 

flexibility, and topology.32,33 The underlying surface chemistry also plays a role in cell-material 

interaction,31 however proteins are the center of intercellular interactions and signaling pathways 

and thus have an important impact on the inflammatory host response. 

 

 The structure of water molecules near a surface varies depending on the chemical nature 

of the surface.34 A hydrophilic surface will strongly interact with surrounding water molecules 

causing a dense, disordered structure whereas water molecules surrounding a hydrophobic surface 

preferentially bond to themselves to form a more distinctive, less dense, ordered layer.34 As a 

result, hydrophobic surfaces tend to adsorb proteins more quickly due to the availability of the 

surface for interactions and ease of displacement of surrounding water molecules.34–36 Protein 

adsorption to a surface is influenced by protein size, abundancy, rigidity, and hydration layer 

structure.37,38 The isoelectric point (pI) of a protein may also be used to determine its charge in 

relation to environmental pH and how the charged segments may interact with a charged surface. 

Proteins may change position or conformation to expose regions which bind strongly to the 
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polymer via intermolecular, ionic, or entropic (hydrophobic/hydrophilic) interactions as illustrated 

in Figure 2.1. Although locally abundant proteins will adsorb initially, in a short time proteins with 

a higher affinity for the surface may become more prominent, termed the Vroman effect.33  

  

Figure 2.1. Charged and hydrophilic/hydrophobic protein interactions with a surface. Reprinted 

from Progress in Polymer Science, 32, Goddard et al., Polymer surface modification for the 

attachment of bioactive compounds, 698-725, (2007), with permission from Elsevier.39   

  

 One challenge of using polymers for biomedical devices is that their properties are 

susceptible to change over time. With sufficient mobility, polymer chains can rearrange at the 

surface in reaction to the polarity of the immediate chemical environment. Flexible surface chains 

can lead to an increased penetration and content of water at the polymer surface, thought to 

increase the entropic gains associated with protein adsorption.40 Additionally, flexible and 

hydrophobic polymer chains such as poly(ethylene glycol) (PEG) can be grafted to the surface to 

decrease protein adsorption.13 Protein adhesion is a complex mixture of the aforementioned factors 

and is therefore difficult to predict.   
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2.2. Interactions between cells and materials and the foreign body response 

 One of the important aspects of biomaterial design is ensuring the material will be 

integrated into the host organism and will not invoke a chronic immune response. After a material 

is implanted into the body, a cascade of events termed the host response occurs which will result 

in either a foreign body response or healing.3 During this process, various cell types migrate to the 

wound site to aid in the immune response, repair damaged tissues, remodel surrounding 

extracellular matrix, and interact with the implant (Figure 2.2).4,5 As part of the immune response, 

neutrophils and macrophages are recruited to the site to interrogate the biomaterial and 

phagocytose foreign materials/microorganisms. Macrophages will undergo frustrated 

phagocytosis if the material is too large to be engulfed by the cell41 and can aggregate to form 

larger foreign body giant cells (FBGCs) in an attempt to break down the material. An additional 

pathway for neutrophils to kill microorganisms is through the release of extracellular traps (ETs). 

Neutrophil extracellular traps (NETs) are fibers containing chromatin and antimicrobial proteins 

that can attach to and trap pathogens.42,43 Recent literature has also identified the release of ETs 

from other immune cells.44,45 If the immune cells are unable to breakdown the material, fibroblasts 

are recruited to the site to form a collagenous capsule around the implant, isolating it from the 

body and preventing the biomaterial from performing its intended function.3 Surface properties 

and cell-material interactions have an important influence on whether a material is resorbed, 

encapsulated, or accepted by the host.5 
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Figure 2.2: Timeline showing the changes in cell population surrounding an implant over time. 

Reproduced from James Anderson in Annual Review of Materials Research.3 

 

 Current research is focused on improving the cellular response to prolong device 

lifetime and minimize the need for correctional surgeries or new implants. For example, surface 

modification of acrylic and PMMA IOLs with heparin or hyaluronic acid has resulted in reduced 

post-operative inflammation and posterior capsule opacification (PCO) compared to unmodified 

materials.10–12 However, macrophages have been shown to secrete more cytokines, chemokines, 

and enzymes on hydrophilic poly(2-hydroxyethyl methacrylate) IOLs than hydrophobic PMMA 

IOLs, which could affect the length and intensity of the inflammatory response in vivo.46 The 

response of monocytic cells to materials in vitro may be investigated using a monocytic cell line 

such as the HL-60 human promyelocytic leukemia cell line. HL-60 cells continuously proliferate 

and may be differentiated to possess qualities of neutrophils and macrophages,47–49 with  well-

established HL-60 differentiation protocols in literature using phorbol 12-myristate 13-acetate 

(PMA) to induce cell adherence and promote a neutrophil phenotype.50–52  
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2.3. Surface functionalization and modification of polymer surfaces 

 Polymers may be functionalized using physical, mechanical, or chemical means.53 

Physical methods such as lithography or exposure to electric field or ultraviolet (UV) light may be 

used to either modify the chemical surface or deposit a coating onto a material, but may be unstable 

or have a short lifetime.22 Mechanical methods can be used to roughen the surface or create 

microstructures. Chemical methods such as adsorbing or covalently attaching molecules to 

surfaces are simple and are used to obtain stable changes in properties.6,53–55  

 

 Functional groups may be introduced into the main chain or side chains of polymers. 

Bulk functionalization can be achieved in solution or by adding groups during material synthesis. 

Comparatively, surface modifications via wet chemical methods, plasma treatment, ultraviolet 

(UV) irradiation, adsorption, coating, and self-assembled monolayers (SAMs) may be used to 

target the surface while minimizing changes to the bulk mechanical properties of a material. Within 

biomaterial research, carboxyl (COOH) and amine (NH2) groups are commonly added to the 

surface to alter hydrophobicity or to promote reactivity. These groups can be conjugated to 

corresponding NH2 or COOH groups on proteins or other biomolecules using carbodiimides such 

as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) with reactive intermediate  

stabilization using N-hydroxysuccinimide (NHS).6,56–58  

 

 Wet chemical modifications rarely require specialized equipment and allow for 

modification of porous structures including microfluidic devices, unlike plasma and other energy-

based treatments.39 However, surface modification relies on polymer chain orientation and may 

result in different degrees of modifications for polymers with different molecular weights, 
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crystallinity, and/or tacticity.39 One wet chemical method, aminolysis, has been widely used to 

functionalize polymers with amine groups.1,7,19 Copper-catalyzed click chemistry59 and reduction 

with lithium aluminum hydride26 have also been used and can attain higher amine graft densities, 

however there is a possibility that these chemical can persist in the material and harm cells 

downstream. Similarly, acid- or base-catalyzed hydrolysis is commonly used to convert surface 

ester groups to carboxylic acids and is advantageous over physical functionalization methods, such 

as plasma or UV-treatment, as it is more selective towards COOH groups.60–62  

 

2.4. Poly(methyl methacrylate) (PMMA) uses as a biomaterial 

 Poly (methyl methacrylate) (PMMA) is a synthetic, hydrophobic thermoplastic 

consisting of repeating units of a methyl methacrylate (MMA) monomer (Figure 2.3). The polymer 

is lightweight, resistant to scratches and environmental deteriorations PMMA is also optically 

transparent (refractive index 1.49) and thus has been used for lab-on-chip devices62,63 and ocular 

devices including IOLs and contact lenses.64,65  

  

Figure 2.3: Monomer methyl methacrylate (MMA) and common initiators used for 

polymerization into poly(methyl methacrylate) (PMMA).  
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 Both modified PMMA and PMMA copolymers have been investigated as      

biomaterials.66–70 As a rigid hydrophobic material, PMMA has a lower surface roughness than 

other more hydrophilic acrylics and has demonstrated lower protein adsorption than silicone and 

hydroxyethyl methacrylate hydrogel IOLs.20,71 Copolymers of PMMA exhibiting block 

hydrophilic and hydrophobic characteristics can also result in less cell attachment and proliferation 

in vivo than purely hydrophilic or hydrophobic IOLs.21,64 Additional improvements to the host 

response to PMMA have been achieved using functional groups65 or biomolecules such as 

proteins7 or DNA.8,72  

 

2.5. Stimuli-responsive molecules can improve interactions between biomaterials and 

their surroundings 

 Materials capable of a swift change in properties in response to a physical (light, 

temperature, magnetic) or chemical (pH, enzymatic) stimulus are known as “stimuli-responsive” 

or “smart” materials. Currently, stimuli-responsive polymers are being used to develop drug 

delivery, cell culture, and diagnostic tools due to their versatility and ability to respond to their 

surrounding environment. Combinations of modification methods may also be used to obtain 

multi-active surfaces capable of responding to more than one type stimulus.22 Chemical stimuli 

can be used to induce highly stable property changes, however physical stimuli are useful in 

applications requiring a reversible change or where the system is difficult to access or complex in 

nature – such as with biomaterials.  

 

 Temperature-, pH-, and light-responsive materials are the most widely-studied for 

biomaterials as they are easy to stimulate, well-controlled, and often exhibit reversible changes. In 
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a cellular environment, direct changes to pH or temperature will consequently affect the cellular 

environment and may be difficult or impractical to alter in vivo. In this regard, light-responsive 

materials are advantageous as they can be used to manipulate properties externally. The 

wavelength and intensity of irradiation may have to be limited to prevent excessive damage to 

cells, and light is not practical to activate materials beneath opaque tissues, limiting its 

applications. However, the affordable, easily controllable, economic, and physical nature of light 

makes it a sensible stimulus for use in a biological environment.  

 

 Photochromic molecules can be used to develop light-responsive materials. These 

molecules change structure after absorbing ultraviolet (UV) or visible (VIS) light of a particular 

energy and can be synthesized into monomers,69,73,74 coated onto a surface,75,76 self-assembled,77,78 

or grafted to polymers.27,79 A selection of photochromic molecules are included in Figure 2.4 

below. Spiropyrans, spiroxamines, and fulgides exhibit intramolecular bond breaking and/or 

forming when stimulated, while azobenzenes exhibit a reversible photoisomerization between the 

trans- and cis- states. Diarylethenes can exhibit either of these structural changes. Azobenzenes 

and some diarylethenes (e.g. stilbene) also have the ability to form an inclusion complex with the 

conical sugar molecule cyclodextrin when in the trans- form, providing an additional tool for 

customization of properties (discussed in section 2.6.1).80,81 
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Figure 2.4: Changes in structure of common photochromic molecules after ultraviolet (UV) or 

visible (VIS) irradiation. Adapted from Reference 23 with permission of The Royal Society of 

Chemistry.23  

 

2.6. Azobenzene as a photoswitchable molecule for biomaterial applications 

 Azobenzene has a widely studied and well-controlled photoisomerization. Azobenzene 

transitions from trans- to cis- when irradiated with 320 nm light and reversibly isomerizes (cis- to 

trans-) when irradiated with 440 nm light or heated to 60 °C (thermal relaxation). The 

photoisomerization wavelength and efficiency minimally change with the size, position, number, 

and type of substituents on the aromatic rings of azobenzene.82,83 The isomerization is also effected 

by solvent and greatly influenced by packing density of the chromophore.84–88 Azobenzene is 

highly hydrophobic and may only dissolve in water to a 5.5x10-4 – 0.1 mM in the trans- 

conformation, however this is the main driving force for its strong host-guest interactions with 

cyclodextrins.86,89 
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 Azobenzene has traditionally been used as a dye for textiles, but recent literature has 

focused on its responsive properties to develop optically active materials.27,74,90,91 The most 

common method of azobenzene distribution within a material is to combine the moiety with a 

monomer for polymerization. Azobenzene-containing monomers have been synthesized for 

applications in liquid-crystal polymers,85,88,92,93 shape-changing polymers,91,94 polymer 

networks,95,96 and polymer brushes.74,97,98 A range of methacrylate-containing photoresponsive 

polymers have been synthesized using the above methods.66,69,79,99,100 Physical properties of said 

polymers including thermal stability, chain anisotropy, wettability, and photoisomerization 

behavior are manipulated by varying the location and quantity of azobenzene groups in the 

material.74  

 

 Self-assembly and chromophore adsorption onto polymers have also been explored to 

add photoresponsive groups to the surface (Figure 2.5). As previously stated, surface modification 

is advantageous as it may be used to target modification at the surface, retain native thermal and 

mechanical properties of the polymer, and develop more complex materials. Self-assembled 

monolayers (SAMs) consisting of azobenzene-terminated alkanethiols have been developed for 

applications in optical memory storage and as sensors.101,102 Using similar molecular dynamics, 

self-assembling polymer micelles containing azobenzene have also been studied.78,103 This method 

provides highly arranged photoresponsive surfaces, however the packing density must be 

controlled as it greatly impacts the photoisomerization yield and material functionality.77,101,104 

Minimal research has explored the use of wet chemical modifications to add photoresponsive 

properties to materials.  
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Figure 2.5: Azobenzene self-assembled monolayers associate to the surface via intermolecular 

interactions between the head group (egg. alkanethiol) and the surface. Reprinted from Applied 

Surface Science, 228, Micheletto et al., Real time observation of trans–cis isomerization on 

azobenzene SAM induced by optical near field enhancement, 265-270, (2004), with permission 

from Elsevier.101  

 

2.6.1. Host-guest complexation between azobenzene and cyclodextrin 

 𝛽-cyclodextrin (𝛽-CD) is a conical molecule made up of linked α-D-glucopyranoside 

units forming a hydrophobic interior and hydrophilic exterior, allowing encapsulation of 

hydrophobic molecules in aqueous media. Cyclodextrin has been used to encapsulate hydrophobic 

drugs in solution105 and to form complexes with polymers106,107 and photoresponsive 

molecules.81,106 The strength of the host-guest interaction depends on the hydrophobicity of the 

guest molecule and the size of the cyclodextrin ring. The trans-form of azobenzene complexes 

with both 𝛼-cyclodextrin and 𝛽-CD (6 and 7 repeating units), while the cis-form can associate with 

𝛽-CD but has a less favourable interaction than the trans- isomer (Figure 2.6).108–111  

 

Figure 2.6: Photoisomerization of azobenzene with photoisomerization wavelengths (𝜆) for         

4-(phenylazo)benzoic acid. Cyclodextrin has strong interaction with azobenzene in the trans- form 

so selective irradiation of the surface can result in cyclodextrin patterning on the surface.  
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 These interactions have been used to obtain reversible systems closed with trans-

azobenzene and opened by irradiating the molecules to the cis- causing dissociation from 

cyclodextrin.28,109 This property has been applied to the self-assembly of polymers and polymer 

structures108–110,112–114 and for the controlled release of hydrophobic molecules from nanoparticles 

and micelles for drug delivery applications.27,28,115 Another application could be used to reversibly 

add peptides, nucleic acids, or biomolecules modified with 𝛽-CD to surfaces containing 

azobenzene to alter the cell response to the surface. 

 

2.7. Outline of thesis and research objectives 

 The hypothesis of this thesis is that wet chemical grafting of azobenzene to PMMA 

surfaces will generate a photo-controllable, responsive polymer that will reversibly bind to 𝛽-CD. 

In future studies, this would allow for disruption of cell culture through surface property 

manipulation or for reversibly adding biomolecules to the surface via 𝛽-CD complexation with 

azobenzene. Although grafting is not as prominently studied in the literature, it is hypothesized 

this method will allow for easy removal of reaction byproducts, may be applied to post-processed 

materials, allows for retention of native bulk properties, and has potential to be applied to materials 

other than PMMA. Surface modifications to PMMA disks and coated coverslips utilized diamine 

spacers to functionalize the surface prior to azobenzene modifications while bulk modifications 

were performed on a copolymer of methyl methacrylate and 2-amino ethyl methacrylate 

(MMAcoAEM).  

 

 In this work, wet chemical modifications are performed on PMMA to produce surfaces 

which are photoresponsive. In order to modify the surface with azobenzene, PMMA is first 
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aminated using an adaptation of the method from Fixe et al.1 The amine and azobenzene surfaces 

are characterized using ninhydrin assays, contact angle, x-ray photoelectron spectroscopy (XPS), 

and absorbance in the ultraviolet/visible (UV-VIS) spectrum. An additional functionalization was 

performed on PMMA to add carboxyl groups at the surface. Amine and carboxyl functionalized 

PMMA were also used to culture cells to investigate the cell response to the surfaces. Smoothed 

PMMA was characterized using atomic force microscopy (AFM) prior to cell studies and 

alamarBlue® assays were used to infer cell viability. Experiments are summarized in Figure 2.7 

and Figure 2.8 with the objectives of this work listed below. 

 

Figure 2.7: Poly(methyl methacrylate) (PMMA) modification pathway where diamine-

terminated spacers were added to PMMA to increase the reactivity of the surface (1), 4-

(phenylazo)benzoic acid (AZO) was grafted to the amine spacer (2), and surfaces were incubated 

in 𝛽-cyclodextrin (𝛽-CD) (3). 

 

Objective 1. Functionalize PMMA with carboxyl and amine groups to increase 

reactivity of the polymer: Carboxyl groups will be added via hydrolysis while amine groups 

added via aminolysis with diamine terminated spacer molecules. Functionalization will be focused 

at the surface and reacted surfaces compared to unfunctionalized controls for quantification. 

Surface properties will be investigated including cell interactions of HL-60 cells with the 

functionalized materials. 
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Objective 2. Modify amine-containing PMMA with carboxylated-azobenzene via 

carbodiimide chemistry: This will be investigated first using the amine-functionalized PMMA 

from Objective 1 and secondly using a copolymer of MMA and the monomer 2-aminoethyl 

methacrylate (AEM). The materials will be quantified and any changes to surface properties 

investigated. 

 

Objective 3. Investigate the photoisomerization of azobenzene attached to 

surfaces: Ultraviolet-visible (UV-VIS) spectroscopy will be used to monitor the 

photoisomerization of azobenzene grafted to polymers and compared to azobenzene in solution. 

In addition, interactions between β-CD and azobenzene-modified surfaces were studied using 

contact angle and UV-VIS spectroscopy. 

 

 

Figure 2.8: Experiment flow of poly(methyl methacrylate) (PMMA) and the copolymer methyl 

methacrylate-co-2-aminoethyl methacrylate (MMAcoAEM) functionalization, modification, and 

human promyelocytic leukemia (HL-60) cell studies. PMMA was functionalized with amine 

(NH2) or carboxyl (COOH) groups and both polymers modified with 4-(phenylazo)benzoic acid 

(AZO) and 𝛽-cyclodextrin (𝛽-CD) groups. 
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Chapter 3. Research methodology 

 

3.1. Materials and reagents 

 Poly(methyl methacrylate) (PMMA), methyl methacrylate (MMA), 2-aminoethyl 

methacrylate hydrochloride (AEM), benzoyl peroxide (BPO), hexamethylenediamine (HMD), 

O,O'-bis(2-aminopropyl) propylene glycol-block-polyethylene glycol-block-polypropylene glycol 

(PPG1.8-PEG9-PPG1.8), 4-(phenylazo)benzoic acid, and 𝛽-cyclodextrin (𝛽-CD) were purchased 

from Sigma Aldrich (Oakville, ON, CA).  PMMA disks from Tap Plastics (Stockton, CA, USA) 

were used in the initial surface functionalization while 12 mm round glass coverslips from VWR 

International were used for PMMA coatings. Trione® ninhydrin reagent from Pickering 

Laboratories (Mountain View, CA, USA) was obtained through Thermo Fisher Scientific. For cell 

culture, Iscove’s Modified Dulbecco’s Medium was obtained from the American Type Culture 

Collection (ATCC, Burlington, ON, CA) and supplemented with 20% fetal bovine serum from 

Wisent Inc. (Saint-Jean-Baptiste, QC, CA) and 1% penicillin/streptomycin solution from GE 

Healthcare/Life Sciences (Mississauga, ON, CA). Gibco phosphate buffered saline (PBS), 

alamarBlue® reagent, NucBlue® Live Cell ReadyProbes® Reagent, SYTOX® Green Nucleic 

Acid Stain, formalin (4 % formaldehyde), and anti-fade were purchased from Thermo Fisher 

Scientific and phorbol 12-myristate 13-acetate (PMA) purchased from Sigma Aldrich (Oakville, 

ON, CA). All water was filtered using a Millipore system (Millipore (Canada) Ltd, Etobicoke, 

ON, CA) and all other chemicals used as received from Sigma-Aldrich (Oakville, ON, CA). 
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3.2. Surface functionalization of PMMA with amine and carboxyl groups 

3.2.1. Preparing PMMA disks and PMMA-coated coverslips for functionalization  

 Poly (methyl methacrylate) surfaces were prepared by smoothing PMMA disks or 

coating 12 mm circular glass coverslips with a thin layer of PMMA via solution-casting. PMMA 

disks were smoothed by covering the top surface of 2 mm thick PMMA disks in 100 𝜇L of 

chloroform and air-drying them for 24 h covered in a glass petri dish followed by 48 h uncovered. 

For coating the glass coverslips, 20 mg/mL of PMMA in chloroform was prepared 24 h in advance 

to allow the PMMA to fully dissolve. Coated coverslips were prepared by pipetting 80 𝜇L of          

20 mg/mL PMMA in chloroform onto coverslips and drying for 24 h while covered in a glass petri 

dish followed by 48 h uncovered.  The disks and coated coverslips were further dried for 48 h in a 

vacuum oven at 30 °C. 

 

3.2.2. Amine functionalization of PMMA disks and PMMA-coated coverslips 

 Surfaces were aminated with a short or long diamine spacer using an adaption of the 

method developed by Fixe et al.1 In this work, hexamethylenediamine (HMD, molecular weight 

(Mw) = 116.21 g/mol) or O,O'-bis(2-aminopropyl) propylene glycol-block-polyethylene glycol-

block-polypropylene glycol (PPG-PEG-PPG, approximate Mw = 600 g/mol) was dissolved to       

20 v/v% in a sodium tetraborate buffer solution at a pH of 11.5 or 12.5 for reaction (Figure 3.1). 

The buffer was prepared using 1 N sodium hydroxide (NaOH) to adjust the pH of a 0.1 M sodium 

tetraborate and 0.15 M sodium chloride solution. After cleaning the surfaces once with 5 mL 

isopropanol and twice with 5 mL Millipore water, each sample was incubated in 2 mL of              

0.003 mol of HMD or 0.0007 mol of PPG-PEG-PPG in sodium tetraborate buffer solution. The 

reaction occurred under stirring at room temperature for 2 – 48 h on a rotating plate at 60 rpm, 



[20] 

 

then samples were rinsed with excess water and air-dried. The number of amine groups at the 

surface were quantified using a ninhydrin assay.  

A 

 
B 

 

Figure 3.1: Reaction mechanism for aminolysis reaction of PMMA surfaces with HMD (A) or 

PPG-PEG-PPG (B) diamine spacers. 

 

3.2.2.1. Amine functionalization was quantified using a ninhydrin assay 

 The ninhydrin assay is a widely used chromatographic method to quantify primary and 

secondary amines. The dye assay was developed for the analysis of amino acids,116 and is used 

today to analyze a wide variety of amine-containing compounds. Ninhydrin oxidizes compounds 

with primary amines to an aldehyde with one less carbon atom while producing carbon dioxide 

and ammonia. The reduced ninhydrin (hydrindantin) and ammonia then react to form Ruhemann’s 

purple, with a maximum absorbance at 570 nm. The amine functionalizations were quantified 

using the Trione® ninhydrin reagent, composed of sulfolane (25-50%), lithium acetate buffer     

(10-25%), ninhydrin hydrate (≤ 2.5%), hydrindantin (≤ 1.0%), and distilled water (25-50%). 

 

 Each functionalized disk or coated coverslip was incubated in 1 mL of deionized water 

overnight. To each sample, 0.5 mL of Trione® Ninhydrin Reagent was added then samples were 
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placed in a 100 °C oil bath.  After 10 minutes, the samples were removed and cooled to room 

temperature while standards of glycine in deionized water ranging from 0 M to 4x10-4 M were 

prepared (see sample standard curve in Figure 3.2). The absorbance of each ninhydrin sample was 

measured at 570 nm using a Perkin Elmer Enspire Multimode Plate Reader and the amine 

concentration calculated using a glycine standard curve. The number of amine groups added to the 

surface is reported as the difference between the amine concentrations of functionalized and 

unfunctionalized (control) PMMA samples. 

 

Figure 3.2: A representative standard curve of glycine in Millipore water measured at 570 nm 

used to calculate the amine concentration of functionalized samples. 

 

3.2.3. Carboxyl functionalization of PMMA disks 

 Smoothed PMMA disks were functionalized with carboxyl groups using an adaption of 

the method developed by Patel et al.60 Each disk was rinsed with 5 mL isopropanol, 5 mL of 

Millipore water, then added to a vial containing 2.5 mL of a 1:1 volume ratio of methanol and 

either 1 N or 6 N NaOH solution.  After reacting for 2 – 6 h at 60 °C, each disk was rinsed with    

5 mL of Millipore water and air-dried for 24 h in a well plate. The carboxyl groups were quantified 

using titrations, treating reacted surfaces as a copolymer of methyl methacrylate (MMA) and 

methacrylic acid (MAA) (equivalent to carboxylated MMA). 
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3.2.3.1. Carboxyl functionalization was quantified using titrations 

 Titration is a method of determining the concentration of acid or base in a sample via 

adding a complementary acid/base and monitoring pH through the neutralization reaction. The 

amount of carboxyl groups at the surface of functionalized PMMA was determined by back 

titration of NaOH incubated with the disks. Three vials of functionalized PMMA disks, 

unfunctionalized PMMA disks, and controls containing no disk were used for each trial. Each disk 

was incubated in 10 mL of an 8.33 mM NaOH solution overnight. Separate vials contained 2 mL 

of 8.44 mM potassium hydrogen phthalate (KHP) solution along with one drop of phenolphthalein. 

To determine the number of carboxyl groups that had been neutralized during the incubation, 

NaOH solutions were slowly pipetted into KHP vials until a colour change was observed. The final 

NaOH concentration was calculated by dividing the moles of KHP titrated against by the volume 

of NaOH titrated. The concentration of NaOH from incubated samples was compared to the control 

concentration and the number of carboxyl groups on functionalized surfaces reported as the 

difference between functionalized and unfunctionalized PMMA disks. 

 

3.3. Copolymerization to generate an amine-functionalized polymer 

 A copolymer of 2-aminoethyl methacrylate (AEM) and methyl methacrylate (MMA) 

was prepared via free radical polymerization using benzoyl peroxide (BPO) as initiator. Monomers 

were measured based on a theoretical 60 mol% MMA and 40 mol% AEM copolymer (10 wt% 

BPO) termed MMAcoAEM. First, 0.32 mL of MMA, 0.331 g of AEM and 0.048 g of BPO were 

added to a round bottom flask with 20 mL of Millipore water. Nitrogen gas was bubbled through 

the mixture for 5 minutes then the flask was submerged in a 70 °C pre-heated oil bath under reflux 

and stirred for 2 h. After the reaction, the mixture was cooled to room temperature and the excess 



[23] 

 

solution decanted while the precipitated copolymer was dissolved into ~ 20 mL of tetrahydrofuran 

(THF). The polymer/THF solution was slowly added to a 500 mL beaker of Millipore water and 

the copolymer precipitate extracted into a separate container to be dried. Nuclear magnetic 

resonance (NMR) spectroscopy and ninhydrin assays were used to determine the purity and final 

concentration of amine groups in the copolymer. The copolymer was prepared in bulk and coated 

onto glass coverslips by dispensing 80 𝜇L of 50 mg/mL MMAcoAEM in chloroform onto each 

coverslip and evaporating the solvent for 24 h while covered in a glass petri dish followed by         

48 h uncovered. The coated coverslips were further dried for 48 h under vacuum in a vacuum oven 

at 30 °C. 

 

3.3.1. Nuclear magnetic resonance spectroscopy to investigate copolymer structure 

 In this work, nuclear magnetic resonance (NMR) is used to verify the molecular 

structure and assess the purity of MMAcoAEM after polymerization. NMR operates on the 

principle that nuclei with angular momentum also have a small magnetic moment. Applying an 

external magnetic field to these nuclei introduces the potential for a transition to a higher energy 

state from a lower energy state. When returning to the lower energy state, energy is emitted and 

measured to develop an NMR spectrum.  Information may be gained from the number of peaks, 

chemical shift, peak area, and splitting behaviour in a spectrum. Chemical shifts and splitting 

behaviour may also be compared to libraries containing spectra for known compounds and 

impurities.117 

 

 The structure of MMAcoAEM was assessed by comparing the O-CH3 peak from the 

proton (1H) NMR spectrum of PMMA and the O-CH2-CH2-NH2 peaks from the 1H NMR spectrum 
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of MMAcoAEM. Proton NMR was collected using a Bruker AVANCE 300 MHz spectrometer at 

room temperature with polymers prepared at a concentration of 20 mg/mL using deuterated 

chloroform (CDCl3) as solvent. As PMMA is atactic and not all repeating units are chemically 

equivalent, some peaks were not fully resolved, leading to difficulties when assigning peaks.118 

Spectra were analyzed using Bruker TopSpin (Milton, Ontario, CA) and are reported using parts 

per million (ppm).  

 

3.4. Azobenzene modification of PMMA disks, PMMA-coated coverslips, and 

copolymer MMAcoAEM 

 Aminated PMMA and MMAcoAEM-coated coverslips were modified using the same 

procedure. Approximately two azobenzene groups were added to the reaction solution for each 

amine detected by the ninhydrin assay. Each disk or coverslip was incubated in 1 mL of 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (pH 6) containing 0.23 mg of 4-(phenylazo)benzoic 

acid, 0.96 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and 0.58 mg of N-

hydroxysuccinimide (NHS) (see Figure 3.3). The buffer was prepared using 1 N sodium hydroxide 

(NaOH) to adjust the pH of a 0.1 M MES and 0.5 M sodium chloride solution. After reacting for 

24 h at room temperature in the dark, the disks and coverslips were rinsed with excess water and 

stored in a fresh microplate to dry. Azobenzene modifications were analyzed using ninhydrin 

assays, contact angles, and XPS.  
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A 

 
B 

 
C 

  
D 

 

Figure 3.3: Reaction mechanisms for carbodiimide reaction of aminated PMMA surfaces and 

MMAcoAEM with 4-(phenylazo)benzoic acid. 4-(phenylazo)benzoic acid (AZO) is activated by 

EDC and stabilized by NHS (A). The NHS-AZO complex from (A) was then used to react with 

HMD (B) or PPG-PEG-PPG (C) aminated PMMA or MMAcoAEM (D).  

 

 MMAcoAEM was also bulk modified with azobenzene while dissolved in THF. A 

solution containing 30 mg of MMAcoAEM, 48.53 mg AZO, 82.29 mg EDC, and 49.41 mg NHS 

in 1 mL THF was reacted at room temperature in the dark for 24 h. After modification, the 

copolymer was precipitated out of solution by pouring the solution into 500 mL of water and 

extracting the polymer precipitate. A subsequent purification was performed on the polymer 
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through dissolution in THF and precipitation in water. Bulk modified MMAcoAEM was then 

rinsed with ethanol to remove unreacted 4-(phenylazo)benzoic acid and analyzed using NMR 

(dissolved in CDCl3).  

 

3.4.1. 𝛽-cyclodextrin complexation to azobenzene-modified surfaces 

 Modified samples were incubated in a solution of 1x10-3 M 𝛽-cyclodextrin (𝛽-CD) in 

Millipore water to investigate the complexation of 𝛽-CD (in excess) with azobenzene at the 

surface. After incubation, samples were washed with 2 mL ethanol followed by 5 mL water and 

air-dried. Unmodified, amine, and azobenzene surfaces were analyzed using contact angles and 

photoisomerization studies before and after treatment with 𝛽-CD.  

 

3.5. Changes in surface hydrophobicity measured using contact angles 

 Static sessile drop contact angles were measured to assess the hydrophobicity at the 

surface after each reaction. The contact angle is defined as the angle at the triple point between 

two liquids and a flat, solid surface at equilibrium. Contact angle measurements are commonly 

reported in literature and used to calculate surface properties including surface energy and 

curvature and can be used to determine the wettability of a surface. Polymer surfaces may change 

their characteristics over time due to re-orientation of free chains at the surface and roughness in 

a surface can introduce differences between the actual and apparent contact angles. Additionally, 

variations in temperature and the quality of the drop (liquid purity, equilibration time, size) may 

significantly impact contact angle development and stability.119 Environmental conditions must be 

reported along with contact angle measurements and comparisons between experiments made 

while keeping these complex factors in mind.119,120  
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 Static contact angles of 2 𝜇L Millipore water droplets at 22 °C on unmodified, aminated, 

carboxylated, azobenzene-modified, and 𝛽-CD treated surfaces were measured using a 

DataPhysics Contact Angle System OCA 15EC digital goniometer and associated software. 

Sessile drops were dispensed from an electronically controlled syringe and formed on the sample 

by elevating a levelled stage. Static contact angles were analyzed on multiple areas of each disk 

and coated coverslip then averaged to minimize variations in drop quality.  Measurements within 

sample sets were performed successively on the same day to minimize variations in temperature. 

 

3.6. Surface elemental analysis via x-ray photoelectron spectroscopy 

 X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical states and 

identify and quantify elements at the surface of PMMA before and after introducing amine groups 

and azobenzene. In this method, an aluminum (Al) x-ray source is used to excite the sample surface 

while under an ultra-high vacuum (<10-9 Torr) to emit photoelectrons.121 These electrons possess 

a kinetic energy dependent on the incident x-ray and the binding energy of its original atomic 

orbital. After the emitted electrons are collected by an electron energy analyzer, the binding energy 

and peak intensity are used to identify the chemical state and elements present at the surface. XPS 

gathers data from the top 10 nm of ultra-thin layers, provides up to 0.1% sensitivity to elemental 

composition, and may obtain a resolution from three to a few hundred micrometers: ideal for 

analyzing modifications to the thin surface layer of PMMA.121 The detection limits for most 

elements are in the 1000 ppm range, however detection of lower ppm is possible if the elements 

of interest are concentrated at the surface or a long collection time is used (>5 h).  
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 XPS was used to measure surface groups on coated coverslips but not PMMA disks due 

to technical difficulties with the disks degassing under high vacuum because of solvent retention.   

Prior to submitting samples for analysis, all samples were dried in a vacuum oven for 7 days to 

ensure they did not contain residual solvent or water. After sample submission, the polymer coated 

coverslips were mounted onto copper plates using adhesive tape due to the brittleness of the glass 

and to minimize charging effects on the sample. The samples were dried under high vacuum (10-9 

Torr) overnight then transferred to the analysis chamber (10-10 Torr). Spectra were collected on a 

Kratos Nova AXIS spectrometer using AlKα radiation at 1486.69 eV (150 W, 15 kV), charge 

neutralizer, and a delay-line detector consisting of three multi-channel plates. High resolution 

spectra were recorded with a pass energy of 20 eV and dwell time of 300 s over a 300 × 700 m2 

area (lens mode: FOV 1). The spectra were measured using Vision 2 software (Kratos Analytical) 

and processed using CasaXPS software (Neal Farley) with binding energies referred to the C 1s 

peak at 285 eV. Data was corrected for energy shifts due to charging of the sample and the spectra 

were corrected for background using the Shirley algorithm. The assignments of the chemical 

groups are based on the binding energies reported in literature.122–125
   

 

3.7. Ultraviolet-visible spectroscopy to investigate azobenzene photoisomerization 

 Ultraviolet-visible (UV-VIS) spectroscopy was used to verify the presence of 

azobenzene on modified surfaces and to monitor the photoisomerization of azobenzene between 

the trans- and cis- conformations. The wavelengths of maximum absorption for the trans- and cis- 

forms of 4-(phenylazo)benzoic acid in ethanol were measured to be 326 nm and 440 nm 

respectively. After irradiation at this wavelength, some molecules absorb energy to convert to the 
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other form. This transition is measurable through the shift in peak area under a wavelength vs. 

absorbance plot, as shown in Figure 3.4.  

 

Figure 3.4: Absorbance curve for 1x10-4 M azobenzene in ethanol before (blue) and after (green) 

2 h irradiation with 365 nm light. Before irradiation at 365 nm, the majority of azobenzene is found 

in the trans- form, however a significant portion of these molecules isomerize after irradiation to 

the cis- form, resulting in a smaller peak at 326 nm.  

 

 The photoisomerization of azobenzene-modified coated coverslips was investigated by 

placing the coatings in a well plate covered by 1 mL Millipore water and irradiating with a UVP 

UVL-21 compact UV lamp (4 W, 115 V ~ 60 Hz, 0.16 A) at 365 nm for 0 – 2 h at 5 cm above the 

sample surface. The power at the sample surface is expected to be inversely proportional to the 

distance from the UV lamp and reduced after travelling through the water, but was not measured 

directly. At 30 min intervals, the absorbance was measured using a Perkin Elmer Enspire 

Multimode Plate Reader in the range of 270 – 500 nm. Unmodified and amine-functionalized 

coatings were used as negative controls.  

 

 UV-VIS spectroscopy was also used to monitor the attachment of 𝛽-CD to azobenzene-

modified coverslips. PPG-PEG-PPG coverslips before and after azobenzene modification were 

tested as they had the best chain mobility to minimize steric hindrances to the photoisomerization. 
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Samples with 𝛽-CD bound to azobenzene are expected to have a lower absorbance than samples 

without 𝛽-CD. Each coverslip was incubated in excess 𝛽-CD (1 mL of 1x10-3 M) in Millipore 

water for 1 h then rinsed twice with 5 mL Millipore water. The coverslips were placed in a well 

plate covered in 1 mL water to dissolve any 𝛽-CD detaching from surfaces. The surfaces were 

irradiated for 1 h at 365 nm using a UVP UVL-21 compact UV lamp (4 W, 115 V ~ 60 Hz, 0.16 

A) 5 cm above the sample surface. At 30 min intervals, the absorbance of the coverslips in solution 

was measured using a Perkin Elmer Enspire Multimode Plate Reader from 270 – 500 nm and the 

wells replenished with 1 mL of fresh Millipore water. Unmodified PMMA and PPG-PEG-PPG-

modified PMMA coatings were used as negative controls. 

 

3.8. HL-60 cell culture on PMMA and amine- and carboxyl-functionalized PMMA 

 The viability and adhesion of neutrophil-like cells on functionalized PMMA was 

studied by incubating HL-60 cells with aminated and carboxylated PMMA disks. HL-60 viability 

experiments were conducted on smoothed functionalized PMMA as rough surfaces are known to 

decrease the cell adhesion and proliferation of lens epithelial cells and induce neutrophil cell 

death.14,126 

 

 HL-60 cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) with 20% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin solution, incubated at 37 °C in 5% 

carbon dioxide and 95% air, and passaged to maintain 100,000 – 1,000,000 cells/mL. HL-60 cells 

were activated with 50 nM phorbol-12-myristate 13-acetate (PMA) to promote differentiation into 

a neutrophil/macrophage-like phenotype51,52 which also promotes their adhesion.  In addition to 

azobenzene modifications, preliminary studies were performed on HL-60 cells cultured on 
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aminated and carboxylated PMMA disks. The study was conducted to investigate how surface 

functional groups affect neutrophil-like cell viability and adhesion on PMMA. Human 

promyelocytic leukemia (HL-60) cells were used for cell studies as they continuously proliferate 

and may be differentiated to possess qualities of granulocytes, monocytes, and macrophages with 

detailed HL-60 differentiation protocols discussed in literature.47,50,51  

 

 HL-60s were incubated with PMMA disks of different chemistries and then analyzed 

using the alamarBlue® assay or deoxyribonucleic acid (DNA) stains. PMMA disks were sterilized 

with two 15 minute washes in 70 % ethanol, air dried, and incubated overnight in 0.5 mL of 

medium. The medium was removed from disks and 0.5 mL of a 600,000 cell/mL solution added. 

HL-60 cells were incubated with the disks for 48 hours with 50 nM PMA or without PMA as 

controls.   

 

3.8.1. Surface topography investigated using atomic force microscopy 

 Prior to cell culture, the topology of PMMA smoothed and unsmoothed disks were 

measured using atomic force microscopy (AFM) as roughness has been linked to cell proliferation 

and migration in literature.20,127 AFM is a scanning probe method which measures local properties 

of a surface using a cantilever tipped with a sharp probe. As the probe moves towards the surface, 

attractive then repulsive forces between the probe and the surface cause deflections in the 

cantilever. These deflections are measured by directing a laser onto the back of the cantilever and 

using a position-sensitive photo diode to track changes in the reflected beam. AFM can operate in 

three different modes: contact mode, tapping mode, and non-contact mode. Contact mode 
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maintains a constant height or force as it scans across a surface while non-contact and tapping 

modes oscillate above the surface with a constant amplitude. 

 

 AFM was used to measure the roughness of the smoothed PMMA disks as it can be 

used to develop images with angstrom-level resolution and three-dimensional topography while 

requiring minimal sample preparation. A Veeco Multimode Atomic Force Microscope operating 

in tapping mode was used to analyze PMMA since this mode provides higher lateral resolution 

and faster scan time than non-contact mode and is less-damaging and less likely to distort 

topographical images than contact mode. A topographical heat map was developed for three 

100 𝜇m2 areas on a smoothed and unsmoothed PMMA disk with root mean square roughness (Rq) 

and average roughness (Ra) reported.  

 

3.8.2. HL-60 viability was measured using an alamarBlue® assay 

 An alamarBlue® assay was performed to assess cell viability of HL-60 cells incubated 

with and without PMMA and functionalized PMMA. The alamarBlue® reagent contains a non-

toxic, cell-permeable, and barely fluorescent compound named resazurin. Active cells maintain a 

reducing environment in the cytosol, and upon entering cells resazurin is reduced to the highly 

fluorescent compound resorufin. Living cells continually convert resazurin to resorufin causing 

the surrounding media to change colour and overall fluorescence to increase. The alamarBlue® 

assay compares the absorbance of resazurin at 600 nm and resorufin at 570 nm to measure cell 

activity. After 48 hours, the medium was aspirated and the disks/wells gently rinsed with 0.5 mL 

of phosphate buffered saline. Each disk/well (with adhered HL-60 cells or controls minimal 

adhered cells) were next incubated for 4 h in 0.05 mL of alamarBlue® reagent and 0.45 mL media. 
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The absorbance of the resulting solutions was read at 570 nm and 600 nm using 200 𝜇L samples 

in duplicate with a Perkin Elmer Enspire Multimode Plate Reader. Results are reported as 

absorbance ratios 570 nm/600 nm with the absorbance from blank wells containing only media 

subtracted as background.  

 

3.8.3. DNA staining to determine the live/dead cell ratios on PMMA surfaces 

 In addition to investigating the activity of cells seeded on PMMA disks, the DNA 

content inside and outside of cells was assessed using DNA staining. This information is important 

to understand the dynamics of HL-60 cells while attached to PMMA and how functional groups 

at the surface may influence cell behaviour.  Intracellular staining of DNA indicates live cells 

while extracellular staining indicates dead cells or extracellular traps. 

 

 Unfunctionalized, COOH- and NH2-PMMA disks were each seeded with HL-60 cells 

by adding 0.5 mL of a solution containing 600,000 cells/mL to each sample in a well plate. This 

solution contained modified medium made of 450 mL of IMDM, 5 mL of penicillin/streptomycin 

solution, and 90 mL of heat-inactivated FBS. Three samples of each surface chemistry were 

incubated with 0.5 mL of 50 nM PMA to promote cell adhesion, while three samples of each 

surface chemistry were stained without adding PMA as controls. After incubating for 48 h, one 

drop of NucBlue® Live Cell ReadyProbes Reagent was added to each well to stain intracellular 

DNA. Disks were incubated at 37oC and 5% CO2 / 95% air for 20 min, rinsed twice using 0.5 mL 

sterile PBS, then incubated in 10% formalin for 10 min at room temperature to fix the cells. After 

fixation with formalin, disks were again rinsed twice with 0.5 mL phosphate buffered saline (PBS), 

and then incubated with 0.5 mL of 1.7x10-3 nM SYTOX® green solution to stain extracellular 
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DNA. The stained samples were rinsed twice with 0.5 mL PBS. Disks were preserved by adding 

one drop of anti-fade to the surface, covering the surface with a round glass coverslip, drying 

overnight, and sealing the edges with nail polish. An EVOS FL Cell Imagining System was used 

to produce five overlay images at 20 times magnification for each disk (approximately 420 𝜇m x 

560 𝜇m area), with each overlay having a transference image, and excitation/emission maxima 

images at 358 nm/461 nm (blue light) and 488 nm/510 nm (green light). ImageJ software (National 

Institutes of Health, Bethesda, Maryland, USA) was used to perform area counts of blue and green 

stains for each surface, with stains less than 80 𝜇m2 discarded as anomalies. Blue stains represent 

live cells while green stain represents cells either dead or undergoing NETosis. The live cells 

stained and the ratio of NETosis to the total DNA stained are reported.   

 

3.9. Statistics 

 Data sets containing multiple trials with replicate samples are reported with standard 

error measurements while all other samples are reported with standard deviation. Two-tailed 

Student’s t-tests were used to examine significant differences between samples using a 95% 

confidence interval and assuming unequal variance and a normal distribution. 
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Chapter 4. Results 

 

4.1. Surface functionalization of PMMA disks with amine and carboxylic acid groups 

 The first set of experiments focused on the functionalization of poly(methyl 

methacrylate) (PMMA) disks. PMMA disks were smoothed and functionalized with either amine 

or carboxyl groups using wet chemical methods. After optimizing the graft densities, 

functionalized surfaces were used to culture HL-60 cells with phorbol 12-myristate 13-acetate 

(PMA) to induce differentiation and cell adhesion.  

 

4.1.1. Surface topography of rough and smoothed PMMA disks 

 Atomic force microscopy (AFM) was used to assess the surface roughness of PMMA 

disks before and after smoothing with chloroform. Three separate areas on one smoothed and one 

rough disk were analysed, with roughness and representative images given in Table 4.1 and     

Figure 4.1. The range of height of the rough disk was three to six times that of the smoothed disk 

across the three sample areas. The average root mean square (Rq) and mean (Ra) roughness values 

were both statistically different between the rough and smooth disks (p = 0.0074 for rough, p = 

0.0054 for smooth). Rough disks were also consistently more hydrophobic than smoothed disks 

with contact angles of 80 ± 2 ° and 76 ± 1 ° respectively, although not significantly different (p = 

0.075). X-ray photoelectron spectroscopy (XPS) results confirmed that smooth surfaces had a 

slightly higher amount of polar, hydrophilic groups at the surface (Appendix A.1). An increase in 

hydrophobicity with roughness is hypothesized to be due to the smoothing procedure decreasing 

the amount of entrapped air at the surface of the polymer, thus increasing hydrophilicity. 

A.2 
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Table 4.1: Average root mean square (Rq) and mean (Ra) roughness of rough and smoothed 

PMMA disks reported with standard deviation. (n = 3). 

 Rq (nm)  Ra (nm)  

Rough Disk 14.3 ± 2.2  9.5 ± 1.2  

Smooth Disk 1.8 ± 0.3  1.3 ± 0.2  

 

    

Figure 4.1: Heat-map AFM images of a 10 𝜇m x 10 𝜇m area of rough (A) and smoothed (B) 

PMMA indicate surface topology, with darker colours being indents in the surface and lighter 

colours being protrusions. XPS images of rough (C) and smooth (D) PMMA show that the rough 

disk has an abundance of both shallow and deep imperfections in the surface while smoothed disks 

are more uniform.  

 

4.1.2. Surface functionalization of PMMA disks 

4.1.2.1. Aminolysis functionalization of PMMA disks 

 Amine functionalization was performed based on the method developed by Fixe et al.1 

First the pH and length of reaction were varied in an attempt to maximize the 

hexamethylenediamine (HMD) graft density at the surface. Using a ninhydrin assay to quantify 

the amine functionalization, it was determined that increasing the pH and reaction time increased 

the amine graft density, shown in Figure 4.2. The results are reported as the difference between 

unfunctionalized PMMA and amine-functionalized PMMA. The amine density was significantly 

higher on functionalized surfaces than on unfunctionalized controls for PMMA reacted at pH 11.5 

for 48 h (p = 0.04) and pH 12.5 for 2 h (p = 0.03), but not for PMMA reacted at pH 11.5 for 2 h  

(p = 0.16) or pH 12.5 for 48 h (p = 0.06).  

C D B A 
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 Interestingly, the reaction conditions from Fixe et al. (pH 11.5 for 2 h) produced 

significantly less amine functionality than the pH 11.5 for 48 h (p = 0.05), pH 12.5 for 2 h                   

(p = 0.04), and pH 12.5 for 48 h (p = 0.05) conditions. The pH 11.5 for 48h, pH 12.5 for 2h, and 

pH 12.5 for 48h results were not significantly different from each other (p = 0.39 for pH 11.5 for 

48 h/ pH 12.5 for 2 h, p = 0.39 for pH 11.5 for 48 h/ pH 12.5 for 48 h, and p = 0.42 for pH 12.5 

for 2 h/pH 12.5 for 48 h). Further experiments using PMMA disks and PMMA-coated coverslips 

(later sections) were performed using PMMA aminated at pH 12.5 for 2 h because the increased 

pH increased the number of amine groups, with insignificant differences between 2 h and 48 h. 

  

Figure 4.2: Ninhydrin results with standard error (SE) bars for aminolysis reaction of PMMA 

with HMD while varying pH and reaction time. (n = 3, *p < 0.01). 

 

 PMMA disks were also modified with a longer diamine spacer O,O'-bis(2-aminopropyl) 

propylene glycol-block-polyethylene glycol-block-polypropylene glycol (PPG-PEG-PPG) using a 

pH 12.5 for 2 h with ninhydrin results below. Both HMD and PPG-PEG-PPG surfaces had a 

significantly higher amine content than unmodified controls (p = 0.04 for HMD, p = 0.04 for     
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PPG-PEG-PPG). There was no significant different between the HMD and PPG-PEG-PPG graft 

densities (p = 0.09). 

Table 4.2: Ninhydrin quantification for the amine modification of PMMA disks with either the 

short (HMD) or long (PPG-PEG-PPG) diamine spacer reported with standard error. (n = 3). 

PMMA Disk 
Amine Groups 

(nmol/cm2) 

+ HMD 36.4 ± 7.0 

+ PPG-PEG-PPG 19.5 ± 3.0 

 

4.1.2.2. Hydrolysis optimization and quantification 

 A separate functionalization converting the ester groups to carboxyl groups on PMMA 

was investigated using two different solutions of methanol and sodium hydroxide (n = 3). The first 

reaction tested a 1:1 ratio of 1 N NaOH and methanol for 1 h, however modified samples did not 

have significantly different functional groups than unmodified controls. Next, the reaction time 

and concentration of NaOH were increased to drive the hydrolysis reaction. The carboxyl content 

of 1 N NaOH for 6 h was 211.8 ± 63.5 nmol/cm2, in 6 N NaOH for 2 h was 174.8 ± 39.4 nmol/cm2, 

and in 6 N NaOH for 6 h was 208.7 ± 51.8 nmol/cm2. There were no significant differences when 

reacting with 1 N NaOH for 6 h or using 6 N NaOH for either 2 h or 6 h (p = 0.70 for 1 N for 6 h 

and 6 N for 2 h, p = 0.98 for 1 N for 2 h and 6 N for 6 h, p = 0.69 for 6N 2 h and 6 N 6 h), suggesting 

the reaction completes before 2 h. The 6 N for 6 h carboxyl-functionalized surfaces were used for 

HL-60 cell culture studies, discussed in detail in Section 4.5. Additional characterization should 

be used to verify the carboxyl concentration, since it was assumed that the surface was perfectly 

smooth for quantification however the AFM results indicated that smoothed PMMA still contained 

some roughness. 
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4.1.2.3. Azobenzene modification 

 The aminated PMMA disks were reacted with azobenzene in a pH 6.0 2-(N-

morpholino)ethanesulfonic acid (MES) buffer for 24 h in the dark. For HMD-modified PMMA 

disks, a significant 56% reduction in amine groups was measured (p = 0.04). There was also a 

reduction in the number of amine groups on PPG-PEG-PPG surfaces, however the change was not 

significant (p = 0.50).  

Table 4.3: Ninhydrin assay results for azobenzene modification of PMMA disks with standard 

error. Graft densities were compared to amine-functionalized PMMA controls (short spacer HMD, 

long spacer PPG-PEG-PPG) to calculate the azobenzene (AZO) graft density and reaction yield as 

the percentage of amine groups converted to azobenzene groups. (n = 3). 

PMMA Disk 
Amine Groups 

(nmol/cm2) 

AZO Groups 

(nmol/cm2) 

Yield of AZO 

Reaction 

+ HMD + AZO 36.4 ± 7.0 20.5 ± 0.4 56 % 

+ PPG-PEG-PPG + AZO 19.5 ± 3.0 2.20 ± 0.2 11 % 

 

4.1.2.4. Functionalizing PMMA increased hydrophobicity of the surface 

 Static contact angles were measured to determine the effect of functionalization on 

surface hydrophobicity, with a summary in Table A.2 in Appendix A.2. A variety of reaction 

conditions from the amine and carboxyl modification were tested. The contact angles of most 

functionalizations were significantly different than smooth PMMA, including rough PMMA           

(p = 0.05), HMD (b) (p = 0.04), HMD (d) (p = 0.009), carboxyl (a) (p = 0.01), and carboxyl (b)    

(p = 0.04), but excluding HMD (a) (p = 0.93), HMD (c) (p = 0.25), and the PPG-PEG-PPG                 

(p = 0.32) modifications. 
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Figure 4.3: Static water contact angles for unmodified and amine (short spacer HMD, long spacer 

PPG-PEG-PPG) and carboxyl functionalized PMMA disks with standard error bars. (n = 3,            

*p < 0.05). For a table of values please refer to Appendix A.2. 

 

 The contact angle of HMD (a) was significantly higher than the contact angles of      

HMD (b) (p = 0.02) and HMD (d) (p = 0.01). The lack of significant difference between the HMD 

modified (b), (c) and (d) samples further suggests the amine modification goes to completion 

before a reaction time of 2 h. These contact angles support the ninhydrin assay results, where 

increasing pH and reaction time increase hydrophilicity. Together these results were used to 

determine 2 h as the reaction time for further amine modifications. There was no significant 

difference between the carboxyl reaction conditions (a) and (b) (p = 0.21). Figure 4.4 summarizes 

contact angles after azobenzene modifications and after incubation with 𝛽-cyclodextrin (𝛽-CD) 

(values in Table A.3 in Appendix A.2). After modification with azobenzene, there was no 

significant change in contact angle for HMD (p = 0.39) or PPG-PEG-PPG disks (p = 0.88). There 

was a significant increase in water contact angle after incubation in 𝛽-CD for HMD + AZO                 
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(p = 0.04), but not for smooth PMMA (p = 0.32), HMD (p = 0.16), PPG-PEG-PPG (p = 0.26), or 

PPG-PEG-PPG + AZO (p = 0.53) surfaces. It is hypothesized that 𝛽-CD may be inducing a 

rearrangement of surface chains, resulting in an increase in hydrophobicity after incubation as 

opposed to the expected increase in hydrophilicity associated with the exterior of 𝛽-CD. 

 

Figure 4.4: Static water contact angles for PMMA disks before and after incubation in a            

1x10-3 M 𝛽-cyclodextrin (𝛽-CD) in water with standard error bars. Unmodified PMMA smooth 

disks and amine modified disks (short spacer HMD, long spacer PPG-PEG-PPG) were used as 

controls for azobenzene-modified (AZO) disks. (n = 3, *p < 0.05). For values please refer to 

Appendix A.2. 

 

4.2. Surface modification of PMMA-coated coverslips 

 Azobenzene modifications were performed on surfaces coated with a thin layer of 

PMMA to obtain materials better suited to XPS and UV-VIS spectroscopy analysis. The average 

thickness of PMMA-coated coverslips was measured to be 0.11 ± 0.01 mm using a digital caliper. 
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4.2.1. Amine graft density of PMMA-coated coverslips 

 PMMA-coated coverslips were functionalized with amine for 2 h in pH 12.5 buffer on 

PMMA-coated coverslips, with ninhydrin results summarized in Table 4.4. The amine density was 

significantly higher on HMD (p = 0.0003) and PPG-PEG-PPG (p = 0.01) compared to 

unfunctionalized PMMA controls. There was no significant difference between the graft density 

on HMD and PPG-PEG-PPG surfaces (p = 0.81).  

Table 4.4: Ninhydrin assay results for amine modification of PMMA-coated coverslips with short 

spacer (HMD) or long spacer (PPG-PEG-PPG) with standard error. (n = 3).  

PMMA Coated Coverslip 
Amine Groups 

(nmol/cm2) 

+ HMD 21.1 ± 0.9 

+ PPG-PEG-PPG 20.3 ± 2.9 

 

4.2.2. Azobenzene modification of PMMA-coated coverslips 

 Amine functionalized PMMA-coated coverslips were then modified with azobenzene 

groups. There was a significant reduction in the amine groups on PPG-PEG-PPG surface after 

azobenzene modification (p = 0.04) but the change in amine groups on the HMD surface was not 

significant (p = 0.06).  

Table 4.5: Ninhydrin results for azobenzene (AZO) modification of PMMA-coated coverslips 

with standard error. Graft densities were compared to amine-modified controls (short spacer HMD, 

long spacer PPG-PEG-PPG) to calculate the azobenzene graft density and reaction yield as the 

percentage of amine groups converted to azobenzene groups. (n = 3). 

PMMA Coated Coverslip 
Amine Groups 

(nmol/cm2) 

AZO Groups 

(nmol/cm2) 

 Yield of AZO 

Reaction 

+ HMD + AZO 21.1 ± 0.9 3.4 ± 0.2 16 % 

+ PPG-PEG-PPG + AZO 20.3 ± 2.9 11.2 ± 2.6 55 % 
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4.2.3. Surface hydrophobicity changes with azobenzene- and 𝛽-cyclodextrin modification  

 Contact angles were recorded for PMMA-coated coverslips before and after each 

modification stage and after incubation in a solution of 𝛽-CD in water, summarized in Figure 4.5 

(values in Table A.4 in Appendix A.2). Similar to results obtained for PMMA disks, the amine 

modification caused the surfaces to become more hydrophilic. Functionalizing PMMA 

significantly lowered the contact angle from 75 ± 2 ° to 69 ± 2 ° for PPG-PEG-PPG (p = 0.02), but 

not for HMD (p = 0.07). HMD and PPG-PEG-PPG contact angles were also significantly different 

(p = 0.03).  

 

 Azobenzene modification did not significantly impact the static contact angle of HMD 

(p = 0.71) or PPG-PEG-PPG (p = 0.07) coverslips. After incubation in 𝛽-CD, the contact angles 

significantly decreased from 75 ± 2 ° to 67 ± 2 ° for PMMA coverslips (p = 0.0005) and from            

72 ± 1 ° to 65 ± 4 ° for PPG-PEG-PPG+AZO coverslips (p = 0.03) and significantly increased 

from 69 ± 2 ° to 74 ± 1 ° for PPG-PEG-PPG coverslips (p = 0.009). Non-specific adsorption of    

𝛽-CD could be responsible for the decrease in unmodified PMMA contact angle, however the 

increase in contact angle for PPG-PEG-PPG may indicate that surface rearrangement is occurring. 
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Figure 4.5: Static water contact angles for unmodified, amine-modified (short spacer HMD, long 

spacer PPG-PEG-PPG), and azobenzene-modified (AZO) PMMA-coated coverslips before and 

after incubation with 1x10-3 M 𝛽-cyclodextrin (𝛽-CD) in water with standard error bars. (n = 3). 

 

4.2.4. Elemental analysis of the surface via x-ray photoelectron spectroscopy  

 XPS spectra of amine-modified PMMA-coated coverslips support the ninhydrin results 

for the amine modification. Attachment of the diamine tether to the surface should result in an 

increase in N 1s and C 1s C-C peaks and a decrease in the ester O 1s C-O peak from PMMA. 

These changes were present for both HMD and PPG-PEG-PPG modified surfaces, in addition to 

a decrease in C 1s C(O)C and increases in O 1s and C 1s C=O peaks, further suggesting the PMMA 

ester functionality decreased after modification.  
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Table 4.6: XPS results for PMMA-coated coverslips reported as Atomic Concentration (At %). 

Green values increased from PMMA to PPG-PEG-PPG modified or from PMMA to HMD 

modified surfaces while orange values decreased. (n = 1).  

 
PMMA PMMA + HMD 

PMMA + 

PPG-PEG-PPG  
Position At % Position At % Position At % 

Na 1s   1071.44 0.39   

O 1s, C-O 533.85 12.35 533.96 10.81 533.89 11.01 

O 1s, C=O 532.28 12.44 532.37 13.37 532.41 12.97 

N 1s, NHC=O  
 

 0.26 401.64 0.13 

N 1s 400.3 0.27 400.19 0.58 400.21 0.3 

C 1s, C(O)O 289.04 14.11 289.14 12.32 289.13 11.38 

C 1s, C=O 
  

286.73 10.95 287.19 5.44 

C 1s, C-O 286.84 13.13 287.37 3.86 286.63 11.27 

C 1s, C-C 285.74 17.79 285.7 19.18 285.7 17.83 

C 1s, CHx-C  285 29.92 285 26.77 285 28.11 

Cl 2p1/2 
  

199.62 0.09 199.59 0.03 

Cl 2p3/2 
  

197.89 0.18 197.73 0.06 

Si 2p, SiO 
  

102.3 1.24 102.27 1.46 

 

 Chlorine and silicon impurities were only detected in modified samples and not in the 

unmodified PMMA-coated coverslip. Interestingly, the O 1s C-O peak decreased for the              

PPG-PEG-PPG sample and there was only a slight increase in the C 1s C-C peak although           

PPG-PEG-PPG contains more C-O and C-C bonds than a native PMMA methyl ester group. 

Additionally, for both modifications the methyl CHx-C peak decreased. To verify the atomic 

concentrations measured in XPS, replicate samples should be analyzed and multiple areas on each 

modified surface should be analyzed to ensure a homogeneous distribution of functional groups. 

 

4.3. Copolymer MMAcoAEM 

 To increase the amount of azobenzene grafted to surfaces, a copolymer of methyl 

methacrylate (MMA) and 2-aminoethyl methacrylate (AEM) was synthesized with a higher 

prevalence of amine groups than previous amine modified surfaces. The copolymer was soluble 
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in chloroform and THF, and similarly to PMMA was clear and colourless when solution-coated 

onto surfaces. The amine content of the copolymer was estimated with a ninhydrin assay and the 

structure investigated using proton (1H) NMR, then the copolymer was modified with azobenzene 

in the bulk and on coated coverslips.  

 

4.3.1. MMAcoAEM contained more amine groups than functionalized-PMMA 

 The ninhydrin assay was used to estimate the amount of amine groups in the 

MMAcoAEM in bulk and on the surface of coverslips. The bulk concentration of amine was also 

used to estimate the percentage of the AEM monomer in MMAcoAEM. Despite attempting to 

synthesize 40 mol% AEM, comparing the bulk ninhydrin measurement to the theoretical amine 

content of the copolymer, the true copolymer amine content is estimated at 0.7 mol% AEM. 

MMAcoAEM was not soluble in the ninhydrin reagent solution, therefore it is likely that some 

amine functionality was not measured by the assay as ninhydrin is unable to penetrate the polymer. 

 

 MMAcoAEM-coated coverslips contained twice as many amine groups as amine-

modified PMMA-coated coverslips at 44.0 ± 2.2 nmol/cm2 compared to 21.1 ± 0.9 nmol/cm2. The 

MMAcoAEM bulk material contained six times as many amine groups as amine-modified 

PMMA-coated coverslips, with 3.7x10-11 ± 5.0x10-12 mol AEM/g MMAcoAEM (equivalent to 

129.6 ± 17.8 nmol/cm2 if coated) compared to 21.1 ± 0.9 nmol/cm2. The number of amine groups 

on MMAcoAEM-coated coverslips was significantly below the bulk concentration (p = 0.002), 

possibly due to association of the positively charged amine groups with the negatively charged 

glass coverslip. However, a ninhydrin assay comparing peeled and non-peeled coverslips revealed 

no significant difference in amine concentration (p = 0.85). There remains a large area for 
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improvement of the amine content of the copolymer. Other methods of polymerization which 

improve the homogeneous distribution of amine groups in the copolymer should be explored, such 

as atom transfer radical polymerization (ATRP).128–130 

 

4.3.2. Structure analysed using nuclear magnetic resonance spectroscopy 

 The proton nuclear magnetic resonance (NMR) spectrum of MMAcoAEM 

complemented the ninhydrin assay results but was also inconclusive. Based on 1H NMR studies 

of the AEM monomer and poly AEM, the peaks from H on the ethylamine side group are expected 

to appear around 𝛿 = 2.9 ppm and 𝛿 = 4.1 ppm in D2O.67,128,131,132 The MMAcoAEM copolymer 

demonstrates isotactic structure of PMMA in the 𝛿 = 1.0 ppm to 𝛿 = 2.0 ppm region and there are 

two distinctly new peaks at 𝛿 = 2.3 ppm and 𝛿 = 5.0 ppm, which may correspond to the shifted 

peaks of the H on the ethylamine group of AEM (Figure 4.6 C and D). Based on the ninhydrin 

results, only 0.7 mol% of the copolymer contains amine groups, making detection of these groups 

in proton NMR difficult. The suspected amine peaks are also similar in height to impurity peaks 

thought to result from residual benzoyl peroxide (BPO) at 𝛿 = 7.6 ppm and 𝛿 = 8.1 ppm.133 Further 

NMR studies are required to verify the structure of MMAcoAEM and the amine content of the 

polymer will remain estimated using the ninhydrin assay for these studies. 
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Figure 4.6: Proton NMR spectra for 20 mg of dissolved PMMA (blue) or MMAcoAEM (red) in 

deuterated chloroform (CDCl3, 𝛿 = 7.26 ppm).  

 

4.3.3. Azobenzene modification of MMAcoAEM  

 The MMAcoAEM copolymer was modified with azobenzene groups and the degree of 

modification was estimated by measuring the number of amine groups remaining at the surface. 

There was a 41 % reduction in amine groups on MMAcoAEM-coated coverslips and 19 % 

reduction in bulk amine groups after azobenzene modification. The MMAcoAEM-coated 

coverslip amine density decreased from 44.0 ± 2.2 nmol/cm2 to 25.9 ± 8.9 nmol/cm2, however the 

change was not significant (p = 0.11). Similarly, the amine content of the bulk MMAcoAEM 

decreased from 3.7x10-11 ± 5.0x10-12 mol AEM/g MMAcoAEM to 3.0x10-11 ± 2.1x10-12 mol 

AEM/g MMAcoAEM (equivalent to 104.8 ± 7.5 nmol/cm2 if coated), but not significantly (p = 
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0.25). The bulk reaction of MMAcoAEM in THF had a lower yield of azobenzene modification 

despite having the largest number of amine groups available for reaction. Early renditions of the 

modification mechanism investigated ethanol as a solvent for the carbodiimide reaction, similarly 

leading to minimal changes in amine graft density. The availability of protons and the charge of 

functional groups in solution strongly contribute to the efficiency of both EDC/NHS coupling and 

the preconcentration of amine groups at the reaction site.58,134 As such, the MES pH 6.0 buffer was 

identified to be the most effective reaction medium. Comparing these results to PMMA-HMD and 

PMMA-PPG-PEG-PPG modified with azobenzene, there were no apparent trends between the 

length of amine-terminated spacer (or AEM group) and the resulting graft density of azobenzene. 

Table 4.7: Ninhydrin assay results for azobenzene modification of MMAcoAEM bulk and 

MMAcoAEM-coated coverslips with standard error. Graft densities were compared to unmodified 

MMAcoAEM controls to calculate the azobenzene (AZO) graft density and reaction yield as the 

percentage of amine groups converted to azobenzene groups. (n = 3). 

Copolymer Reaction Media 
Amine Groups 

(nmol/cm2) 

AZO Groups 

(nmol/cm2) 

Yield of AZO 

Reaction 

Coverslip + AZO MES buffer pH 6 44.0 ± 2.2 18.1 ± 8.9 41 % 

Bulk + AZO THF 129.6 ± 17.8 24.8 ± 4.4 19 % 

  

4.3.4. Azobenzene-modification of MMAcoAEM increased surface hydrophobicity  

 Contact angles were measured for the MMAcoAEM-coated coverslip before and after 

azobenzene modification and incubation in 𝛽-CD in water (values in Table A.5 in Appendix A.2). 

The contact angle of MMAcoAEM was significantly more hydrophilic than unmodified PMMA-

coated coverslips at 42 ± 1 ° compared to 75 ± 2 ° (p = 2x10-6). Additionally, there was a significant 

increase in contact angle after azobenzene modification for MMAcoAEM-coated coverslips from 

42 ± 1 ° to 71 ± 1 ° (p = 2x10-7). After incubation in 𝛽-CD, the contact angle of azobenzene 

modified samples significantly increased from 71 ± 1 ° to 75 ± 1 ° (p = 0.002) while the angle of 

unmodified MMAcoAEM controls did not significantly change (p = 0.59). 
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Figure 4.7: Static water contact angles for unmodified and azobenzene-modified (AZO) 

MMAcoAEM-coated coverslips before and after incubation with 1x10-3 M 𝛽-cyclodextrin (𝛽-CD) 

in water with standard error bars. (n = 3). 

 

4.3.5. Elemental analysis of MMAcoAEM via x-ray photoelectron spectroscopy 

 The surface chemistry of a MMAcoAEM-coated coverslip was determined by XPS, 

summarized in Table 4.8. The copolymer has a similar nitrogen content to amine-modified 

PMMA-coated coverslips, corroborating the similar ninhydrin results between the PMMA- and 

MMAcoAEM-coated coverslips.  
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Table 4.8: XPS results for MMAcoAEM-coated coverslips reported as Atomic Concentration    

(At %). (n = 1).  
 

MMAcoAEM Coated 

Coverslip  
Position At % 

O 1s, C-O 533.94 12 

O 1s, C=O 532.36 12.84 

N 1s 400.25 0.26 

C 1s, C=O 289.11 13.6 

C 1s, C-O 286.93 12.72 

C 1s, C-C 285.78 18.02 

C 1s, CHx 285.05 29.96 

Cl 2p1/2 201.73 0.01 

Cl 2p3/2 199.6 0.02 

Si 2p, O-Si-O 103.68 0.09 

Si 2p O-Si-C 102.31 0.47 

 

4.4. Photoresponsiveness of azobenzene-modified PMMA and MMAcoAEM 

 A summary of the azobenzene graft densities for modified samples is presented below. 

Table 4.9: Summary of azobenzene (AZO) graft densities on functionalized PMMA (short spacer 

HMD, long spacer PPG-PEG-PPG) and MMAcoAEM surfaces with standard error. (n = 3) 

Surface Modification 
Azobenzene Group 

Density (nmol/cm2) 

HMD  

PMMA Disk 20.5 ± 0.4 

PMMA-Coated Coverslip 3.4 ± 0.2 

PPG-PEG-PPG  

PMMA Disk 2.2 ± 0.2 

PMMA-Coated Coverslip 11.2 ± 2.6 

MMAcoAEM  

MMAcoAEM-Coated Coverslip 18.1 ± 8.9 

Bulk 24.8 ± 4.4 
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4.4.1. Photoisomerization studies using UV-VIS spectroscopy 

 To investigate the photoisomerization of azobenzene grafted to PMMA and 

MMAcoAEM surfaces, the surfaces were irradiated at 365 nm for 1 h using a 4 W UVL-21 

compact UV lamp 5 cm from the sample surface. UV-VIS spectroscopy was used to measure the 

absorbance of native 4-(phenylazo)benzoic acid dissolved in solution and compare the 

photoisomerization curve to unmodified PMMA and azobenzene-modified coverslips at 30 minute 

intervals during irradiation.  

 

 There are apparent peaks at 326 nm and 440 nm corresponding to the 𝜋 – 𝜋∗ trans- 

transmission band and n – 𝜋∗ cis- transition band of azobenzene. As illustrated in Figure 4.8, the 

isomerization from trans- to cis- is measurable by a decrease in peak area at 326 nm and an increase 

in the peak at 440 nm after irradiation with 326 nm light. Comparatively, when 𝛽-CD binds to 

trans-azobenzene, azobenzene is shielded from absorbing UV-VIS light and the peak maxima at 

326 nm and 440 nm both decrease. We hypothesize a similar process will be observed for 

azobenzene-modified surfaces. 

  

Figure 4.8: Absorbance of 1x10-4 M azobenzene in ethanol before and after 2 h irradiation with 

365 nm light as in Figure 3.4 (A) and 1x10-3 M azobenzene and 1x10-3 M 𝛽-cyclodextrin in water 

before irradiation illustrating the shielding effect resulting from azobenzene-𝛽-cyclodextrin 

complex formation (B).  
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The UV-VIS absorbance spectrum of PMMA-coated coverslips did not change shape 

after irradiation, however the curve shifted to lower values. This shift is hypothesized to be due 

to movement of the coverslip between readings, resulting in a change in baseline absorbance. 

 

Figure 4.9: Photoisomerization study of PMMA-coated coverslip before and after irradiation 

with 365 nm light for 1 h with a 4 W UV lamp 5 cm from the sample surface. 

 

 Variability between coverslips resulted in slightly different baselines in each spectrum, 

so azobenzene curves were analyzed for general shape and absorption maxima. Coated coverslips 

were used for analysis as they were thin enough to measure UV-VIS through the material and were 

prepared using each modification method. Before irradiation, azobenzene-modified surfaces 

demonstrated a peak around 326 nm that was not present in amine controls, suggesting a successful 

modification. After irradiation for 1 h with 365 nm light, there were noticeable decreases in the 

peaks at 326 nm for each azobenzene-modified sample and negligible difference in the                  

PPG-PEG-PPG and MMAcoAEM control curves. PPG-PEG-PPG was modified with more 

azobenzene groups than HMD coverslips and illustrated the strongest photoisomerization curve. 

A 𝛽-CD incubation was then performed on the PPG-PEG-PPG-modified control and azobenzene-

modified surfaces.  
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Figure 4.10: Photoisomerization study of HMD (A), HMD + AZO (B), PPG-PEG-PPG (C), 

PPG-PEG-PPG + AZO (D), MMAcoAEM (E), and MMAcoAEM + AZO (F) coverslips before 

and after 365 nm irradiation for 1 h with a 4 W UV lamp 5 cm from the sample surface. A distinct 

peak in azobenzene-containing samples at 326 nm suggests azobenzene is present at the surface.  
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 PPG-PEG-PPG surfaces with and without azobenzene were incubated in 1 x 10-3 M      

𝛽-CD in Millipore water for 1 h. To test whether 𝛽-CD formed a complex with azobenzene on the 

surface, the absorbance was measured at 30 min intervals during irradiation with 365 nm light. 

The azobenzene-modified PPG-PEG-PPG surface (Figure 4.11 B) showed a strong peak at           

326 nm which decreased with increasing irradiation time, however the peak height at 0 min was 

lower than samples that had not been incubated in 𝛽-CD, suggesting 𝛽-CD is complexed with 

azobenzene. Further studies measuring the residual 𝛽-CD in solution are required to verify this 

finding.  

 

  

Figure 4.11: Photoisomerization study of PPG-PEG-PPG-modified (A) and azobenzene-

modified (B) PMMA-coated coverslip after a 1 h incubation in a 1 x 10-3 M 𝛽-cyclodextrin 

solution. The spectrum of PPG-PEG-PPG + AZO without irradiation prior to 𝛽-CD incubation is 

also included in (B). Samples were irradiated with 365 nm light for 1 h using a 4 W UV lamp at 5 

cm from the sample surface and absorbance measured and fresh water replenished at 30 min 

intervals. 
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amine and carboxyl groups to study the effects of PMMA surface chemistry on HL-60 cell viability 

and formation of extracellular traps (ETs). Tissue culture polystyrene (TCPS) was used as a control 
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promote adhesion to the growth surface. Cell viability was analyzed using an alamarBlue® assay 

and intracellular and extracellular deoxyribonucleic acid (DNA) stained using NucBlue® and 

SYTOX® green stains.  

 

4.5.1. HL-60 cell adhesion and viability on PMMA of different chemistry 

 PMMA disks were smoothed to control for variations in roughness. Control studies 

showed no large differences in adhesion or viability on smooth or rough surfaces (Appendix B.1). 

More cells adhered onto TCPS and the functionalized PMMA with PMA (Figure 4.12 A) than 

without PMA (Figure 4.12 B). PMA was required to activate and promote the adherence of          

HL-60 cells onto surfaces, indicating that the materials themselves (or proteins adsorbed from 

medium to the materials) did not promote activation.  There was a significantly lower number of 

live cells on amine-surfaces (10.2 cells/image) compared to PMMA (20.2 cells/image)                       

(p = 0.0005) and carboxyl-functionalized PMMA (26.1 cells/image) (p = 0.002). The live cell 

count on carboxyl-functionalized samples were higher than on unmodified samples, but were not 

significantly different. 

  

Figure 4.12: Number of live cells stained with NucBlue® on smooth unmodified (PMMA), 

HMD-modified (PMMA + NH2), and carboxyl-modified (PMMA + COOH) disks with (A) and 

without (B) incubation in PMA. There are no significant differences between samples without 

PMA. (n = 3, *p < 0.005).  
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 The alamarBlue® assay assessed viability of HL-60s incubated with the different 

PMMA disks. The alamarBlue® ratio significantly decreased from 1.4 for smooth PMMA to 0.9 

for carboxyl surfaces functionalized for 2 h (p = 0.04) or to 1.0 for carboxyl surfaces functionalized 

for 6 h (p = 0.03). The 48 h amine-functionalized surfaces also had a significantly higher viability 

than 2 h carboxyl (p = 0.013) or 6 h carboxyl (p = 0.015) functionalized surfaces. 

   

   

Figure 4.13: AlamarBlue® assay results normalized to TCPS + PMA (A) or TCPS (B). Results 

compare unmodified smooth PMMA disks to amine disks (NH2) modified in pH 12.5 sodium 

tetraborate buffer for 2 h (c) or 48 h (d) carboxyl disks (COOH) modified for 2 h (a) or 6 h (b).     

(n = 3, *p < 0.05). 
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 For incubations without PMA, there was a significant increase in the alamarBlue® ratio 

from 1.7 to 3.2 for carboxyl surfaces functionalized for 6 h as opposed to 2 h in 6 N NaOH                  

(p = 0.04). Comparatively, there was a significant decrease in the alamarBlue® ratio from 10.2 to 

7.7 for amine surfaces functionalized for 48 h as opposed to 2 h at a pH of 12.5 (p = 0.02), 

indicating the number of grafted molecules at the surface may affect cell viability. The error bars 

on both amine samples are large compared to those of smooth and carboxyl modified PMMA 

disks, which may be contributing to the lack of significant differences between amine and other 

samples. However, the amine samples consistently show increased cell activity compared to TCPS 

and smooth and carboxyl modified PMMA disks for both inactivated and PMA-activated HL-60 

cells.  

 

4.5.2. Comparison of surface chemistry on the presence of extracellular DNA  

 To observe and compare live cells and cells that have released their DNA (likely as 

extracellular traps),44 adhered cells on PMMA, amine-, and carboxyl-functionalized PMMA were 

dyed using NucBlue® and SYTOX® stains. The NucBlue® reagent permeates live cells to stain 

intracellular DNA blue while SYTOX® is unable to permeate cells and stains extracellular DNA 

or DNA in dead cells green. Cells undergoing cell death or releasing extracellular DNA traps 

(ETosis) appear as a mixture of the two colours. Representative images of unmodified, amine-

modified, and carboxyl-modified PMMA are included in Figure 4.14. 
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PMMA 

  
 PMMA + NH2 

  
PMMA + COOH  

Figure 4.14: Sample of NucBlue® (blue) and SYTOX® (green) stained smooth unmodified 

(PMMA), HMD-modified (PMMA + NH2), and carboxyl-modified (PMMA + COOH) disks 

activated with PMA images at 20 times magnification. Scale bar is 200 𝜇m. 

 

 The ratio of blue/green stained cells (ETosis/No ETosis) is summarized in Figure 4.15. 

HL-60 incubated with amine-functionalized surfaces (with PMA) have a significantly higher DNA 

staining ratio at 3.6 compared to 2.1 for PMMA (p = 0.01) and 1.5 for carboxyl-functionalized 

PMMA (p = 0.04). The difference between PMMA and PMMA-COOH is not significant                   

(p = 0.23).  

  

Figure 4.15: Ratio of green to blue stained cells seeded onto unmodified (PMMA), HMD-

modified (PMMA + NH2), and carboxyl-modified (PMMA + COOH) disks with incubation in 

PMA. Dead cells stain green while live cells stain blue. Values reported are a mean of 15 

representative images of each surface chemistry; 5 measurements per disk imaged. (n = 3).  
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Chapter 5. Discussion 

 

 Functionalization with amine or carboxyl groups and modification with azobenzene 

changed the hydrophilicity of poly(methyl methacrylate) (PMMA) and methyl methacrylate-co-2-

aminoethyl methacrylate (MMAcoAEM) surfaces, illustrating wet chemical methods were 

successful in changing surface properties. One advantage of using modified PMMA for 

modification is that O,O'-bis(2-aminopropyl) propylene glycol-block-polyethylene glycol-block-

polypropylene glycol (PPG-PEG-PPG) grafts provide a higher amount of mobility to attached 

azobenzene in comparison to hexamethylenediamine (HMD) modified or MMAcoAEM surfaces, 

improving the photoresponsive characteristics of the surface. In addition, there were improvements 

in the viability of PMA-activated human promyelocytic leukemia HL-60 cells when incubated 

with amine- and carboxyl-functionalized surfaces compared to incubations with unfunctionalized 

PMMA, illustrating that the surface properties of PMMA can be manipulated to alter cell responses 

to the material. 

 

5.1. Functionalization of PMMA with amine or carboxyl groups was slightly improved 

over current methods 

5.1.1. Coating with MMAcoAEM increased the density of amine groups at the surface 

compared to amine-functionalized PMMA coatings 

 PMMA disks and PMMA-coated coverslips were functionalized with NH2 using 

aminolysis adapted from Fixe et al.1 Strengthening the buffer from pH 11.5 to 12.5 caused a larger 

number of amine groups in solution to be protonated, promoting nucleophilic attack on the ester 

of PMMA and improving the final amine graft density.135 Interestingly, the reaction at pH 11.5 for 
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2 h produced surfaces with 11.2 ± 3.9 nmol/cm2 of HMD – a significantly higher value than 0.29 

± 0.02 nmol/cm2 reported by Fixe et al. using similar conditions,1 but in the same range obtained 

using similar reagents such as lithioamines (6.85 ± 0.60 nmol/cm2 to 13 ± 5 nmol/cm2).62,63 

Polymerization with amine-containing monomers128,136,137 or other reaction mechanisms for 

functionalization18,26,59,138 could be used to further improve the density of amine grafts. For 

example, up to 317 nmol/cm2 of amine-containing chitosan has been grafted to polysulfone after 

ozone treatment,138 much larger than densities achieved using aminolysis. However, a high graft 

density of photoresponsive molecules can lead to deactivation or dampening of the 

photoresponsive behaviour,84,104 so the density of amine groups is likely appropriate for this 

research. 

 

 There was no significant difference between the number of HMD or PPG-PEG-PPG 

groups grafted to PMMA disks (p = 0.09) or PMMA-coated coverslips (p = 0.81), suggesting chain 

length does not have a significant impact on the aminolysis efficiency. Further analysis of the 

amine surfaces could be used to determine if the spacers bind to the surface multiple times, 

particularly the PPG-PEG-PPG spacer. Doubly-bound spacers would increase hydrophobicity 

without contributing to available sites for azobenzene functionalization. Poly(ethylene glycol) 

(PEG) and PEG-derived spacers have low toxicity and good biocompatibility and have previously 

been used for biomolecule and chromophore conjugation to polymers.28,139–141 However, densely 

packed PEG chains decrease cell adhesion as a result of inhibited protein adsorption to the 

surface.13,142 Conformation of the surface chains may also affect surface properties. For example, 

Suh et al. determined the contact angle of PEG surfaces can be increased from 57 ° to 81 ° by 

introducing PEG nanostructures >400 nm tall spaced 500 nm apart to the surface.143  
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 The characterization of the MMAcoAEM samples may not have been representative of 

the bulk percentage of amine groups. The ninhydrin results contain a large amount of error and 

disagree with the 1H NMR results, suggesting poor dispersity of amine groups in the bulk sample. 

Although simple, free-radical polymerization provides little control over molecular weight and 

homogeneity and is largely dependent on the reactivity ratios of the monomers used. Reactivity 

ratios (r) are used in copolymerizations to quantify the prevalence of monomers reacting with 

themselves (ratio >>1), equally reacting with the other monomer (r ~ 1), or their inability to react 

with themselves (r = 0) to predict copolymer structure. Higher ratios result in polymerization of 

individual monomers or a block-copolymer while lower reactivity ratios correspond to a random 

or alternating copolymer. ATRP polymerization can better control the polydispersity and 

molecular weight of methacrylate copolymers by monitoring conversion.128,129 The reactivity ratio 

of MMA is higher in free-radical polymerization than in ATRP polymerization,130 increasing the 

instances of homopolymerized chains of MMA. To our knowledge, the reactivity ratios for a 

copolymerization of MMA and AEM have not been calculated. However, free-radical 

copolymerizations of MMA with a similar monomer, 2-(dimethylamino)ethyl methacrylate 

(DMAEMA), have resulted in reactivity ratios of 0.72 for DMAEMA and 0.68 for MMA.144 These 

values suggest that a DMAEMA and MMA copolymer would have a random or alternating 

copolymer structure and may be used to hypothesize that MMA and AEM copolymerization results 

in a similar copolymer structure. Future characterization of the MMAcoAEM copolymer should 

include repetition of the 1H NMR results, comparison to the molecular weight, molecular weight 

distribution, glass transition temperature, tensile strength, and optical clarity of native and amine-

functionalized PMMA.  

 



[63] 

 

5.1.2. Base-catalyzed hydrolysis functionalized PMMA similarly to other methods  

 The carboxyl functionalization produced similar results to literature, with PMMA 

functionalized with up to 211.8 ± 63.5 nmol/cm2 carboxyl groups after a 1 h reaction in methanol 

and 6 N NaOH.60,62 Previous studies have used concentrated sulfuric acid to achieve nearly 100 % 

conversion of PMMA ester groups to carboxyl groups in 1 h at 55 °C for isotactic PMMA and up 

to 85 % conversion for synditactic PMMA at the same conditions.61 Other groups have achieved 

a plateau at 240 ± 70 nmol/cm2 after 20 min reacting in 6 M sulfuric acid.62 Weaker acids, such as 

hydrochloric or hydroiodic acid, have also been coupled with a longer reaction time to hydrolyze 

the surface. The major drawback of using acid hydrolysis is that the surface can become etched, 

leading to variation between samples and a loss in transparency. Air plasma has also been used to 

functionalize PMMA with up to 210 ± 80 nmol/cm2 carboxyl groups after 10 s of exposure.62 

However, extended treatment with plasma can further react the surface resulting in a decrease in 

carboxylic acid functionality and the formation of oxides, acid anhydride, and aldehyde 

groups.62,145 Future studies could focus functionalization on isotactic or synditactic PMMA to 

decrease reaction time, but ultimately, this method of carboxyl functionalization successfully 

altered the PMMA surface properties in a controlled manner while using less damaging reagents 

than other conventional methods. 

 

5.1.3. Improvements to PMMA functionalization and measurements 

 The distribution of groups at the surface is primarily driven by concentration gradients 

for wet chemical methods and could be better controlled using polymerization, grafting-to, or 

reaction stages with protective groups. Modifying individual samples also introduces variability 

sample-to-sample and between controls, appearing as error in the ninhydrin and contact angle 
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results. Additionally, this method adds significantly less functionality to the surface than 

polymerized materials however populating the surface with functional groups will impact the cell 

response to the material. Still, this method selectively modifies the surface and allows simpler 

purification of the final material than bulk modification or polymerization. 

 

 An important consideration for the development of surfaces is that it is difficult to 

measure small concentrations of molecules at the surface accurately. Contamination is easy and 

samples for XPS and contact angle measurements must be handled carefully to ensure 

measurements are accurately depicting the surface. Difficulties also arose characterizing surfaces 

with XPS due to sample-to-sample variability, ensuring all solvent/water was eluted from samples, 

and minimizing the curvature of polymer surfaces. The ninhydrin and titration chemical assays 

were the most useful for quantifying the amine and carboxyl reactions, however both 

quantification methods had a large amount of error. This could be due to the variation in surface 

arrangement between samples, the number of samples tested, or the sensitivity of the method used. 

The ninhydrin assay may also have been providing inconsistent quantification due to penetration 

of the dye molecules into the bulk sample. Absorbance measurements only accounted for 

Ruhemann’s purple free-floating in solution and overlooked any dye trapped in the fluid-adsorbing 

outer layer of the polymer. This effect was observed in few samples and measurements from these 

samples were excluded from final graft density calculations. Moving forward, modifications using 

fluorescently tagged functional groups could be used to corroborate the extent of PMMA 

functionalization. Though there were statistically significant differences between contact angles 

of unmodified, amine, carboxyl, and azobenzene surfaces, changes of less than 10 ° may not be 

biologically significant and require testing with cells. Additional quantification techniques such as 
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scanning electron microscopy (SEM) and surface plasmon resonance (SPR) may also be used to 

support the elemental composition of the surfaces determined using XPS.  

 

5.2. Azobenzene attached to PMMA coatings retained the ability to photoisomerize 

 Azobenzene showed the ability to photoisomerize when attached to PMMA-coated 

coverslips, in agreement with literature.74,85,91 The photoresponsiveness of main and side chain 

azobenzene grafts has previously been explored by Ding and colleagues through the study of 

linear, graft, and comb azo-containing polymers.74 In that study, there were no changes to 

absorbance wavelength between the linear and graft copolymer, however the isomerization 

efficiency of the main-chain azobenzene was deemed significantly lower than side-chain 

azobenzene based on the times of isomerization.74 Interestingly, the comb azo-polymer 

demonstrated complex isomerization based on whether the main- or side-chains first isomerized 

to the cis- structure.  

 

 In our studies, a stronger photoisomerization signal was observed in samples with the 

longer PPG-PEG-PPG spacer. This may be due to improvements in photoisomerization efficiency 

with increased mobility provided by a long spacer. To study the effects of steric hindrance on 

photoisomerization, Kolpak et al. developed azobenzene-modified nanotubes as high energy 

density storage for thermal energy.146 They found that repulsive interactions dominate the 

behaviour of cis- isomers separated by less than 6 Å, decreasing isomerization efficiency. Above 

this separation distance, the energy required to photoisomerize generally increased with separation 

distance for the cis- isomer, however the trans- isomer was not greatly affected by steric hindrance 

due to its planar nature.146 Similarly, Haque et al. determined that increasing chain flexibility 
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improved the isomerization efficiency of azobenzene through free arrangement of the azobenzene 

groups into a parallel orientation.85 Blends of PMMA and 40 wt% azobenzene have also produced 

very similar absorbance curves to freely dissolved azobenzene in solution, further illustrating that 

mobile azobenzene has a higher isomerization efficiency.75 Thus, azobenzene with a larger range 

of motion or less steric hindrance can photoisomerize more easily, replicated in our results between 

the PPG-PEG-PPG (long spacer) and HMD or MMAcoAEM (short spacer).  

 

5.3. Cyclodextrin complexation affected azobenzene absorbance 

 It is difficult to conclude whether 𝛽-cyclodextrin (𝛽-CD) had a strong affinity for 

azobenzene bound to amine-functionalized PMMA and MMAcoAEM surfaces. As demonstrated 

with a trial in solution, the absorbance of azobenzene is decreased when it forms an inclusion 

complex in solution. A similar study by Bortolus and Monti indicated that with increasing 

cyclodextrin content in solution, the trans-azobenzene absorbance was decreased, however the cis-

azobenzene spectrum was unaffected.147 Additional studies have concluded that complexation 

between 𝛽-CD and cis-azobenzene may be observed, but is unfavoured and weaker than 

complexation with the trans- isomer.81,148 A comparable effect was observed between the 

absorbance curves of the unmodified PMMA and PPG-PEG-PPG controls (no azobenzene) before 

and after adding 𝛽-CD, with a change observed in both the trans- and cis- absorbance. This finding 

could correspond to non-specific adsorption of 𝛽-CD to PMMA or inclusion complex formation 

between 𝛽-CD and both trans- and cis-azobenzene. It is also possible that PPG-PEG-PPG chains 

may have interacted with the hydrophobic cavity of 𝛽-CD due to end group hydrophobicity or 

chain mobility/length, similar to 𝛽-CD interactions with hydrocarbon chains observed in 

literature.107,149  
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 The contact angle and photoisomerization results should be complemented with 

quantitative analysis of the 𝛽-CD groups on each surface by using a fluorescently labelled 𝛽-CD. 

Additionally, surfaces should be investigated for changes in physical properties after irradiation to 

determine if the trans- to cis- isomerization results in significantly different surface properties150 

and whether 𝛽-CD detaches from the surface after irradiation.  

 

5.4. Applications of azobenzene surfaces for biomedical research 

 Our focus was developing a generic, covalently modified polymer with photoswitchable 

surface properties. Azobenzene has been previously used to develop photoswitchable surfaces as 

copolymers,90 SAMs,101 and relief gratings.76 Auernheimer et al. developed a photoswitchable 

peptide by modifying arginine-glycine-aspartate (RGD) with an azobenzene moiety, then coating 

the material onto PMMA to control cell adhesion.29 Stemming from this work, Liu et al. 

investigated SAMs containing a mixture of a similar RGD-azobenzene to promote adhesion and 

PEG oligomers to inhibit non-specific cell adhesion, observing a similar result.30 With 0.1% only 

the alkanethiols on the surface modified with azobenzene, specific cell adhesion to the trans- 

isomer was demonstrated.30 An important consideration in the development of these 

photoswitchable surfaces is how the technology will be implemented in vivo. Azopolymers are 

capable of retaining surface patterns in aqueous environments,151 and visible light has been used 

to remove patterns using 15 mW, 488 nm irradiation for 2 min in the presence of cells without 

affecting cell viability.73 Our experiments utilized a much higher power UV lamp to achieve 

photoisomerization of azobenzene-modified surfaces. Further development of these materials for 

in vivo applications requires the surfaces to photoisomerization using lower power UV irradiation 

to minimize damage to surrounding cells.73 
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5.5. HL-60 cell culture on amine- and carboxyl-functionalized PMMA disks 

 Cell differentiation, adherence, and viability were also affected by changing surface 

properties. Roughness is known to affect cell proliferation, orientation, and migration differently 

for different cell types. Increased surface roughness also initiates non-apoptotic cell death of 

neutrophils via their release of reactive oxygen species.14 To maximize cell viability smooth 

PMMA was used to culture HL-60 cells. There was no indication that roughness affected the 

efficiency of the functionalization procedures.  

 

 Charge, hydrophilicity, and quantity of surface functional groups also play a role in the 

cellular response to a material. Increasing surface wettability has been shown to improve cell 

adhesion,15 with some studies observing optimal adhesion in the 40 ° – 60 ° range.15,16  In agreeance 

with literature, adding carboxyl or amine groups to smoothed PMMA increased wettability and 

decreased the contact angle significantly from 76 ± 1 ° to 42 ± 6 ° or 66 ± 2 ° respectively.16,62  

 

 AlamarBlue® assays and DNA staining were used to infer HL-60 cell viability and 

behaviour on PMMA and functionalized PMMA surfaces. The alamarBlue® assay indicated that 

adding hydrophilic groups to the surface resulted in higher cell viability with both amine and 

carboxyl surfaces, however positively charged groups provided the highest increase in viability. 

Despite a lower count of live cells on the surfaces of aminated PMMA, there was an increase in 

cell activity.  

 

 Although viability and proliferation were studied, the effect of surface chemistry on the 

type of HL-60 cell differentiation with PMA was not investigated. PMA is believed to initiate 
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differentiation of HL-60 cells into a macrophage/monocyte-like phenotype while promoting 

adhesion.50,51 Without knowledge of the phenotype of activated HL-60 cells, it is difficult to 

conclude how the surface chemistry impacts cell behaviour. Particularly of interest to this study 

was the noted increase in extracellular DNA for HL-60 cells incubated with amine-functionalized 

PMMA, hypothesized to be a result of the formation of extracellular traps (ETosis). The release of 

DNA and chromatin to form extracellular traps (ETs) has been attributed to neutrophil response to 

acute inflammation but recent evidence has shown the formation of ETs from monocytes.45 Based 

on the findings of increased extracellular DNA found on amine-functionalized samples, the 

presence of amine groups promotes ETosis compared to native or carboxyl-functionalized PMMA. 

Further evidence is required to determine whether the phenotype of HL-60 cells was affected by 

surface chemistry and to identify the extracellular DNA stained as NETs or ETs. Further 

investigation into the cell morphology and behaviour of PMA-differentiated HL-60 cells may be 

achieved by using antibody stains to detect the presence of neutrophil- or macrophage-like cell 

attributes. Extracellular traps may be identified using citrullinated Histone H343,152 or neutrophil 

elastase,42,153 neutrophils may be identified using CD66b antibodies,154 and 

monocytes/macrophages may be identified using the monoclonal antibody MAS 072.155  
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Chapter 6. Conclusions and future work 

 

6.1. Azobenzene grafted to functionalized PMMA generated a photoresponsive surface 

 In this work, wet chemical modification was used to modify the surface of poly (methyl 

methacrylate) (PMMA) disks and coatings on glass coverslips with azobenzene moieties. 

Smoothed PMMA surfaces were functionalized with amine or carboxyl groups, with amine-

functionalized surfaces later modified with azobenzene using carbodiimide chemistry. The amine 

functionalization was optimized by increasing the pH to 12.5 to increase the density of 

hexamethylenediamine (HMD) groups to 36.4 ± 5.7 nmol/cm2 from 0.3 ± 0.02 nmol/cm2 

previously reported in literature.1 Base-catalyzed hydrolysis was used to achieve a carboxyl 

surface density of 211.8 ± 63.5 nmol/cm2. In addition, coatings of a synthesized copolymer of 

methyl methacrylate (MMA) with 0.7 mol% 2-aminoethyl methacrylate (AEM) (copolymer 

MMAcoAEM) had twice the number of amine groups available for modification as amine-

functionalized PMMA. This copolymer shows promise as a coating material to introduce 

positively charged, hydrophilic groups to hydrophobic polymers and may be used to study cell-

material interactions alongside functionalized polymers or charged copolymers, such as methyl 

methacrylate-co-methacrylic acid (MMAcoMAA).  

 

 Azobenzene surfaces can be used to achieve reversible, patternable surface 

modifications to a range of polymeric surfaces. Although relatively new to biomedical 

applications, azobenzene surfaces have potential to be used for interactive cell scaffolds, 

diagnostic tools, and ocular devices such as intraocular lenses (IOLs). Amine-functionalized 

PMMA and the MMAcoAEM copolymer were modified with 20.5 ± 0.4 nmol/cm2 (HMD),         
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11.2 ± 2.6 nmol/cm2 (PPG-PEG-PPG), or 24.8 ± 4.4 nmol/cm2 (MMAcoAEM) of azobenzene. 

Azobenzene-modified surfaces showed significant differences from amine-functionalized controls 

in the ninhydrin assay, contact angle, and ultraviolet-visible (UV-VIS) photoisomerization studies, 

suggesting the modifications were successful. Importantly, the surfaces with grafted azobenzene 

illustrated UV-VIS absorbance curves similar to azobenzene dissolved in ethanol, verifying 

immobilized azobenzene retained the ability to photoisomerize after attachment to the surface. 

Furthermore, 𝛽-cyclodextrin (𝛽-CD) incubation significantly altered the photoisomerization of 

azobenzene-modified PPG-PEG-PPG surfaces, indicating that bound azobenzene was capable of 

complexing with 𝛽-CD. This feature of the material allows for further customization of properties 

using biomolecules or functional groups conjugated to 𝛽-CD.  

 

 Amine and carboxyl-functionalized surfaces were also used for HL-60 cell culture to 

determine how changing the surface properties may affect the cellular response to the material. 

AlamarBlue® assays and deoxyribonucleic acid (DNA) staining indicated that adding amine or 

carboxyl groups to the surface resulted in different cell behaviour compared to unfunctionalized 

PMMA. There were fewer live cells on amine-functionalized samples, however those surfaces also 

promoted higher cell activity and more extracellular DNA than unfunctionalized or carboxyl-

functionalized PMMA. Amine-functionalized surfaces also contained the highest amount of 

extracellular DNA, suggesting surface chemistry may influence HL-60 cell differentiation and the 

release of extracellular traps (ETs). 
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6.2. Future work 

 The complete characterization of the copolymer MMAcoAEM should be addressed in 

future studies as this work only investigated the number of amine groups available for reaction. 

Characterization of this polymer should include additional NMR studies and investigation of 

thermal properties using thermogravimetric analysis or differential scanning calorimetry to infer 

the purity and structure of the copolymer. Gel permeation chromatography may also be used to 

determine the molecular weight and polydispersity of the copolymer to ensure batch-to-batch 

homogeneity and for comparison to other polymers including PMMA.  

 

 The effects of grafting azobenzene on its isomerization kinetics were not studied in this 

work. Future work should investigate the reversibility of the photoisomerization of azobenzene-

modified surfaces by cycling between irradiation at 326 nm and 440 nm. This process will give 

insight into the dynamics of grafted azobenzene, whether the efficiency of isomerization was 

affected by attaching azobenzene to surfaces, and how the tether length and flexibility may play a 

role.  

 

 In addition, the changes to surface properties with azobenzene in the trans- and cis-

conformations should be investigated. Switching the surface properties of materials with light 

could be used to modulate the behaviour of cells grown on the surface. First, the cytotoxicity of 

azobenzene- and 𝛽-CD-modified surfaces should be evaluated by culturing cells on the surfaces 

and measuring cell viability.  Secondly, the cell reaction to trans- to cis- isomerization of 

azobenzene, the release of 𝛽-CD from the surface, and functional groups on the surface could be 

monitored by measuring adhered cells, viability, and gene expression. 
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 Finally, surface patterning of the azobenzene surfaces could be investigated by using 

photomasks to controllably irradiate portions of the surface. Our studies did not fully investigate 

the reversible attachment of 𝛽-CD to azobenzene surfaces, however further alteration of surface 

properties could be explored by modifying 𝛽-CD with peptide or nucleic acid chains before 

incubation with the azobenzene surface. In combination, these methods could be used to pattern a 

surface with different biomolecules to study the effect on surface properties and cell-material 

interactions.   
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Appendix A. Surface functionalization of PMMA disks 

A.1. X-ray photoelectron spectroscopy (XPS) study of surface elemental composition of 

rough and smooth PMMA disks 

 The availability of chemical groups at the surface of rough and smooth PMMA were 

then analysed using XPS. The smooth disk had higher amounts of polar, hydrophilic groups (C=O 

and C-O) and decreased hydrophobic (CHx) groups at the surface compared to the rough disks 

(Table A.1), supporting the contact angle results.  

Table A.1: XPS peaks for rough and smoothed PMMA disk reported as Atomic Concentration   

(At %). Green values increased from the rough to smooth PMMA disk while orange values 

decreased. (n = 1). 

 Rough Smooth 

 Position At (%) Position At (%) 

Na 1s 1071.76 0.15   

O 1s, Si-O   534.5 4.05 

O 1s, C-O 533.84 8.68 533.67 9.09 

O 1s, C=O 532.29 14.53 532.32 12.48 

N 1s 400.05 0.41   

C 1s, C=O 289.05 9.82 289.08 12.66 

C 1s, C-O 286.91 10.13 286.87 12.75 

C 1s, C-C 285.83 12.69 285.79 16.19 

C 1s, CHx 285 41.16 285.01 30.51 

Cl 2p1/2 200.25 0.02 201.73 0.02 

Cl 2p3/2 198.22 0.04 200.13 0.04 

Si 2p, O-Si-O   102.9 0.75 

Si 2p O-Si-C 102.29 2.35 102.07 1.46 

 

 Based upon these results, smoothed PMMA disks were used for functionalization as 

smoothed surfaces will provide a more consistent environment for further contact angle analysis 

and the XPS results suggest there are more ester side chains available for reaction on the smoothed 

surface. 
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A.2. Contact angles for functionalized PMMA disks  

 The following tables contain the static water contact angles for amine- and carboxyl-

functionalized PMMA disks and coated coverslips, MMAcoAEM-coated coverslips, and 

azobenzene-modified surfaces before and after incubation with 𝛽-cyclodextrin (𝛽-CD). 

Table A.2: Static water contact angles for unmodified and amine (short spacer HMD, long spacer 

PPG-PEG-PPG) and carboxyl functionalized PMMA disks with standard error. (n = 3). 

Reaction Conditions Contact Angle (°) 

Rough  80 ± 2 

Smooth  76 ± 1 

HMD (a) (pH 11.5, 2 h) 76 ± 1 

HMD (b) (pH 11.5, 48 h) 71 ± 1 

HMD (c) (pH 12.5, 2 h) 67 ± 4 

HMD (d) (pH 12.5, 48 h) 66 ± 2 

PPG-PEG-PPG (pH 12.5, 2 h) 72 ± 2 

Carboxyl (a) (6N NaOH, 2 h) 50 ± 2 

Carboxyl (b) (6N NaOH, 6 h) 42 ± 6 

 

Table A.3: Static water contact angles for PMMA disks before and after incubation in 𝛽-

cyclodextrin solution with standard error. Unmodified PMMA smooth disks and amine modified 

disks (short spacer HMD, long spacer PPG-PEG-PPG) were used as controls for azobenzene-

modified (AZO) disks. (n = 3).  

PMMA Disk 
Before Incubation After Incubation 

Contact Angle (°) Contact Angle (°) 

Smooth Disk 76 ± 1 74 ± 1 

HMD 67 ± 4 73 ± 2 

HMD (c) + AZO 70 ± 1 74 ± 1 

PPG-PEG-PPG 72 ± 2 76 ± 2 

PPG-PEG-PPG + AZO 72 ± 2 74 ± 1 
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Table A.4: Static water contact angles for unmodified, amine-functionalized (short spacer HMD, 

long spacer PPG-PEG-PPG), and azobenzene-modified (AZO) PMMA-coated coverslips before 

and after incubation with 𝛽-cyclodextrin with standard error. (n = 3). 

PMMA Coated Coverslip 
Before Incubation After Incubation 

Contact Angle (°) Contact Angle (°) 

Glass Only  57 ± 2 - 

PMMA Coated-Coverslip 75 ± 2 67 ± 2 

+ HMD 72 ± 1 71 ± 1 

+ HMD+AZO 72 ± 2 74 ± 2 

+ PPG-PEG-PPG 69 ± 2 74 ± 1 

+ PPG-PEG-PPG+AZO 72 ± 1 65 ± 4 

 

Table A.5: Static water contact angles for unmodified and azobenzene-modified (AZO) 

MMAcoAEM-coated coverslips before and after incubation in 𝛽-cyclodextrin with standard error. 

(n = 3). 

 Before Incubation After Incubation  

MMAcoAEM-Coated Coverslips Contact Angle (°) Contact Angle (°) 

MMAcoAEM 42 ± 1 43 ± 1 

MMAcoAEM + AZO 71 ± 1 75 ± 1 
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Appendix B. HL-60 cell studies on functionalized PMMA 

B.1. Rough vs. smooth topology had minimal effect on cell viability 

 PMA significantly increased the cell adhesion for each surface, with absorbance 

increased to 0.30 from 0.080 for TCPS (p = 0.02), 0.44 from 0.16 for rough PMMA (p = 0.05), 

and 0.42 from 0.14 for smooth PMMA (p = 0.009), shown in Figure B.1. There was no significant 

difference in the viability of HL-60s without PMA grown on rough (p = 0.15) or smooth (p = 0.02) 

PMMA disks compared to TCPS. For samples incubated with PMA, there were significant 

increases in cell viability for rough (p = 0.02) and smooth (p = 0.03) PMMA disks to 0.44 or 0.42 

respectively from 0.30 for TCPS, but no significant difference in cell viability between rough and 

smooth PMMA (p = 0.39) – however these differences a likely a result of the higher number of 

cells adhering to samples activated with PMA than on samples without PMA.  

 

Figure B.1: AlamarBlue® assay results comparing rough and smooth PMMA disks to tissue 

culture polystyrene (TCPS) with and without PMA activation. (n = 3, *p < 0.05, **p < 0.01).  
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B.2. Cell viability is higher on amine-functionalized PMMA than TCPS control 

 A cell viability study was performed for PMMA disks modified with amine (HMD) or 

carboxyl groups, shown in Figure B.2 and Figure B.3 respectively. There was a significant 

difference between inactivated and activated cells between TCPS and TCPS + PMA (p = 0.008), 

between NH2 (c) and NH2 (c) + PMA (p = 0.001), and between NH2 (d) and NH2 (d) + PMA                 

(p = 0.004). There was a significant increase in absorbance from TCPS to amine modified PMMA 

disks (c) (p = 0.01) and (d) (p = 0.02), and from TCPS activated with PMA to activated amine 

samples (c) (p = 0.003) and (d) (p = 0.02). Finally, there was no significant difference between 

NH2 (c) and NH2 (d) without (p = 0.43) or with (p = 0.05) PMA. 

 

Figure B.2: AlamarBlue® assay results comparing smooth PMMA disks modified with HMD for 

2 hours (c) or 48 hours (d) to tissue culture polystyrene (TCPS) with and without PMA activation. 

(n = 3, *p < 0.05, ** p < 0.01).  
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B.3. Cell viability is higher on carboxyl-functionalized PMMA than TCPS control 

 Figure B.3 indicates the significant difference between inactivated and PMA-activated 

cells growing on TCPS and TCPS + PMA (p = 0.005), COOH (a) and COOH (a) + PMA                         

(p = 0.0002), and COOH (b) and COOH (b) + PMA (p = 0.009). Between TCPS and carboxyl 

surfaces activated with PMA there were no significant differences for TCPS + PMA and                   

COOH (a) + PMA (p = 0.47) or TCPS + PMA and COOH (b) + PMA (p = 0.92), unlike the amine-

modified surfaces. There was a significant difference between TCPS and COOH (b) (p = 0.01) but 

no significant difference between TCPS and COOH (a) (p = 0.19). Finally, there was no significant 

difference between the COOH (a) and COOH (b) cells without PMA (p = 0.07) or with PMA           

(p = 0.28) 

 

Figure B.3: AlamarBlue® assay results comparing smooth PMMA disks modified with carboxyl 

groups for 2 hours (a) or 6 hours (b) to tissue culture polystyrene (TCPS) with and without PMA 

activation. (n = 3, *p < 0.05, **p < 0.0005).  
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