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Abstract 

 Posterior capsule opacification (PCO) is a condition that affects 20-40% of patients that 

undergo cataract lens replacement surgery. The design of the replacement intraocular lens (IOL) 

(for instance material, shape, and surface chemistry) is thought to be one of the main 

contributing factors to its development. Following the implantation of a biomaterial, there is a 

response by the immune system, activating cells and the release of various factors.  The 

neutrophil is one of the first immune cells to respond and consequently has an effect on local 

cells and downstream immune cells.  Also, neutrophils release a meshwork of DNA and proteins 

termed neutrophil extracellular traps (NETs).  NETs are present during the inflammatory 

response and can affect downstream immune cells (i.e. macrophages) and the local cells.  

Therefore, it is hypothesized that the lens surface chemistry and the immune response of the 

neutrophils affect the behaviour of lens epithelial cells (LECs) and macrophages in the wound 

healing response. 

In this research, NETs were isolated from an HL60 cell line and used to investigate their 

effect on macrophages (activated THP1 cells) and LECs in vitro.  Cell viability and behaviour of 

these cell types were assessed to determine the effects that NETs have on local and immune cells 

involved in PCO and the wound healing response.  Poly(methyl methacrylate) (PMMA) disks 

were functionalized with amine or carboxyl surface groups to explore how the surface chemistry 

can affect LEC behaviour and viability in vitro.  Lastly, in vivo analysis of functionalized 

PMMA beads investigated the healing response and neutrophil presence to different surface 

chemistries.   

When THP1 cells were incubated on tissue cultured polystyrene (TCPS) pre-treated with 

NETs, the NETs increased monocyte differentiation and TNF-α production when paired with 
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activation with phorbol 13-myrstate 12-acetate (PMA) but there was no significant increase in 

THP1 cells differentiation when they were incubated on NETs only.  It was also found that there 

were paracrine effects on the activated macrophages, leading to increased cell activation when 

THP1 cells were seeded onto TCPS at a higher cell density.  When LEC were incubated on 

TCPS with pre-adsorbed NETs, the NETs decreased LEC viability but, interestingly, increased 

the production of alpha smooth muscle actin (α-SMA), a marker of epithelial to mesenchymal 

transition.   

When LEC were incubated on PMMA, the PMMA surface chemistry altered the viability 

of LECs and α-SMA production, with increased viability and α-SMA expression on aminated 

PMMA.  When PMMA beads were injected subcutaneously into C57BL/6J mice, there was 

increased neutrophil presence and vessel formation 7 days after injection as well as differences in 

these two measures surrounding the aminated and carboxylated PMMA. Neutrophil presence 

was increased surrounding PMMA-COOH and vessel structure formation was increased 

surrounding PMMA-NH2 at 1 day and 7 days after injection.   
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. Introduction Chapter 1

 Cataracts are a leading cause of blindness worldwide.1 The cause of cataracts is the 

production of fibres that cloud of the lens of the eye, blocking the path of light.2 To treat this 

condition, artificial intraocular lenses (IOLs) are inserted to replace the natural, defective lenses. 

This procedure is a relatively successful one; however, there is a common complication called 

posterior capsule opacification (PCO) that can occur in 20-40% of patients 2 to 5 years post 

surgery.1 Children and patients with other inflammatory diseases1 in particular have higher 

incidence rates of PCO (44% one year after surgery in children)3 due to an increased 

proliferation rate of local lens epithelial cells (LECs). The current treatment for PCO is further 

surgical intervention by a neodymium: yttrium-aluminum-garnet (Nd: YAG) laser capsulotomy 

to remove the pathogenic lens epithelial cells and fibres that formed.4 While this surgery has a 

95% success rate in its treatment of PCO5, there is a need for a PCO prevention as capsulotomy 

can result in complications in patients with other eye conditions, retinal detachment, IOL and 

optic nerve damage as well as increased costs to health care systems and lack of accessibility to 

this treatment in developing countries.6       

PCO is a multi-factor problem.  For instance, PCO develops because lens cells left in the 

capsular bag will proliferate, migrate and occlude that visual access.2 During PCO, LEC 

migration is understood to be the critical factor in PCO development. These LECs undergo 

epithelial-to-mesenchymal transition (EMT), inducing a phenotypic change and then produce 

alpha smooth muscle actin (α-SMA) which causes capsular wrinkling.7 More recently, the design 

of the IOL is recognized to be a leading factor in PCO.  Lens shape and edges have been 

investigated as a physical methods to limit migration of LECs to prevent of PCO.8,9 Surface 

modifications of IOLs have also been explored because alteration of protein adsorption or cell 
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attachment may increase or reduce PCO development.10,11 For example, LEC migration and 

adherence could be regulated by alternative PMMA surface modifications.    

Following the implantation of a biomaterial into the body, the host elicits an innate 

immune reaction in response to the foreign material (IOL) and the injury to the surrounding 

tissue from the surgery itself.12 Neutrophils are the first immune cell to respond at the surgery or 

injury site. While originally thought to have a lifespan or less than 24 hours, it has recently been 

discovered that neutrophils remain present for up to 3 days13 and have roles such as releasing 

their nuclear DNA in web-like structures called extracellular traps (NETs) that trap and kill 

bacteria.14 The discovery of NETs14,15 also supports the notion that neutrophils may have a more 

significant effect in inflammation and healing surrounding implants than previously thought.  

NETs are a meshwork of proteins and DNA released from neutrophils that have undergone a 

specific and unique type of programmed cell death called NETosis.16 NETs may also modulate 

the inflammatory response because they can alter the phenotype fibroblasts17 and dendritic 

cells.18 In the case of PCO, neutrophils and released NETs may affect LECs and macrophages, 

which follow neutrophils in the innate immune response. Macrophages are important in the 

wound healing response by adhering to the material releasing cytokines and chemoattractants 

that leads to fibroblast recruitment and foreign body giant cell formation.19 Furthermore, their 

polarization determines the length of the inflammatory phase and initiates the resolution 

phase.12,20 Thus further research on the effects of NETs on macrophages may provide insight to 

the mechanism behind not only PCO, but in wound healing as well. 

Current research into the host response on IOLs focuses on understanding how the 

macrophage responses and IOL design promote or inhibit the rate of PCO. Silicon, 

poly(hydroxyethylmethacrylate) (pHEMA) and poly(methyl methacrylate) (PMMA) are 
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common materials for IOLs.21,22 PMMA is a popular choice for IOLs because it is well-tolerated 

by the body, not prone to degradation and has lower protein adsorption and surface roughness 

compared to other materials23,24 and will be the polymer focus of this thesis.   

 We hypothesize that PMMA surface chemistry and NETs will affect the behaviour of 

lens epithelial cells and macrophages in the wound healing response.  This thesis investigates the 

effect of PMMA surface chemistries and local immune cells on LECs to learn more about the 

relationships between IOL material and cellular responses in PCO. To achieve this, PMMA 

functionalized with carboxyl (PMMA-COOH) or amine groups (PMMA-NH2). LEC viability 

and behaviour and monocyte differentiation on NETs adsorbed onto tissue culture polystyrene 

was also evaluated.  In addition, in vivo work was conducted to analyze neutrophil infiltration 

and tissue healing following the subcutaneous injection of functionalized PMMA in C57BL/6J 

mouse model.  It was found that NETs increased the differentiation of monocytes to 

macrophages in the presence of PMA and increased the released of TNF-α in these cells.  NETs 

decreased the viability of LECs and increased the expression of α-SMA whereas amine 

functionalized PMMA increased the viability and α-SMA expression compared to native PMMA 

and carboxylated PMMA disks.  PMMA-NH2 beads when injected in vivo increased neutrophil 

presence surrounding the beads and vessel formation.  Seven days following injection, there was 

an increase in neutrophils surrounding the beads as well as vessel formation compared to day 1 

explants.   
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. Literature review Chapter 2

After implantation of a biomaterial or medical device, the response of the host’s immune 

system as well as local cells will lead to tissue healing or a foreign body response.  Once a 

material has been implanted, a cascade of events takes place, beginning with protein adsorption 

to the surface of the material and cell recruitment to the wound site,12 which causes an 

inflammatory response (Figure 2-1). Neutrophils are one of the first cell types to infiltrate the 

area and bind to the proteins adsorbed to the surface of the biomaterial. Days later, macrophages 

then enter the injured area, furthering the inflammatory response by leading to matrix deposition, 

foreign body giant cell (FBGC) formation and fibrous encapsulation, as seen in the Figure 2-1 

below.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1.  An overview of the wound healing response depicting the stages various cells 
infiltrate the damaged tissue following implantation of a biomaterial.  This response begins 
within hours of implantation and can continue for days to months.  Adapted from Grainger, D. 
Nature Biotechnology 31(6); 201319 with permission from Springer Nature.  

Antibodies 

Serum proteins (e.g. 
complement proteins, 
albumin, clotting 
factors)    
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2.1 Surface properties of biomaterials affecting protein adsorption 

Immediately following implantation of a biomaterial in vivo, plasma proteins will adsorb 

to the surface of the material or device.12 The type and quantity of proteins in this layer is 

dependent on the chemistry at the surface, such as hydrophobicity, charge and topography.11,25    

These adsorbed proteins (along with the underlying chemistry) will influence how local cells 

interact with the material. Chemoattractants, cytokines and other biological factors released by 

the local cells and plasma proteins initiates recruitment of immune cells, first neutrophils 

followed by macrophages.12 These cells then bind to the surface of the material through integrin 

binding sites in the cell membranes that bind to specific plasma proteins, such as albumin, 

complement factors, fibronectin and many more.26,27 For instance, vitronectin, fibronectin, and 

human immunoglobulin G (IgG) commonly adsorb to materials and are found to affect 

monocyte/ macrophage adhesion and survival when adsorbed onto surfaces.26,28,29 The protein 

layer that adsorbs to the surface is therefore critical to the cellular responses that follow.   

  

2.2 Cellular interactions in the foreign body response 

 Many different types of cells migrate to the wound site to aid in tissue repair and matrix 

remodeling, all while interacting with the newly introduced implant material over time (Figure 2-

2)30. Immediately following tissue injury, including that caused by the insertion of a medical 

device/material, the blood-material interaction allows plasma proteins to adsorb to the material 

and cells to adhere to the material, which includes coagulation proteins, the complement system 

and platelets.12 During the acute response, neutrophils infiltrate the wound site first, followed by 

macrophages (Figure 2-2). When macrophages recognize the material as foreign, they will 

attempt to phagocytose it. However, if the material is too large to be engulfed by the 
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macrophages, these cells undergo frustrated phagocytosis. Frustrated phagocytosis occurs when a 

material cannot be degraded by the macrophages and instead they release biochemical signals 

that can be toxic to the local tissue, causing more damage and inflammation.31 Multiple nuclei of 

macrophages can fuse and form foreign body giant cells (FBGCs) to encapsulate the material in 

an attempt to degrade it.32,33 Because large materials cannot be engulfed, a fibrotic capsule will 

form surrounding the implant and prevent the integration on the material into the body.12 

Therefore, biomaterial size and blood-material interactions are important factors to consider in 

the development of biomaterials and devices to ensure integration, and not rejection, by the host.  

 

 

Figure 2-2.  The sequence of events following the introduction of a biomaterial to the body 
showing the cell types present at the implant site over time.  Reprinted from Anderson, J. Annual 
Reviews of Materials Research 31; 200130 with permission from Annual Reviews of Materials 
Research.      

 

The interaction between local and inflammatory cells and the IOL material is considered 

a main factor in the development and progression of PCO. Research has begun to focus on the 



 7 

interaction of macrophages and IOL34 materials because of their role in the chronic inflammation 

response and the formation of foreign body giant cells which impedes proper function of the 

implanted material or device.12 However, the role of neutrophils has been less investigated 

previously; recent developments in the complex nature of neutrophils and their production of 

extracellular traps (ETs), have increased interest in their role in the healing response.14,16,35             

  

2.2.1 The role of neutrophils in the innate inflammatory immune response 

Neutrophils are the most abundant type of white blood cell in the body and are first to 

arrive at wound site.36 In the past, they were thought to be a short-lived cell, active in circulation 

for less than 24 hours before becoming apoptotic.37 Because of this very short time span, their 

role in inflammation was thought to be relatively limited, especially when compared to the 

effects of macrophages in the immune response.  In a neutrophil knockout mice model, it was 

observed that neutrophil depleted mice had an accelerated wound closure and had no significant 

effect on collagen deposition compared to the wild-type mice.38 This discovery may imply that 

neutrophils have inhibitory effects on the healing response and that understanding their 

behaviour is highly important in the wound healing response and their effects in PCO.     

Recent research has revealed that in vivo the average neutrophil lifespan in circulation is 

5.4 days in humans39 and tissue-resident neutrophils are active for tens of hours and up to 3 days 

following tissue injury,40,13 leading to a reevaluation of the function neutrophils have in 

inflammation and healing.  Tissue-resident neutrophils release chemoattractants and cytokines 

that recruit more neutrophils and macrophages to the wound site,41 enhancing the inflammatory 

response.  Following damage to a tissue, cytokines are released by the local epithelial cells, 
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including neutrophil chemoattractants interleukin 8 (IL-8), CXCL4, CXCL5 and CXCL7, 

causing neutrophil chemotaxis, adhesion and migration to the wound site.42,43 Once activated, 

neutrophils will release various cytokines, degranulation proteins and reactive oxygen species 

(ROS),44 a process that has been demonstrated by various studies of human neutrophils in the 

presence of different biomaterials ex vivo45–47 and in mouse models.48,49 In the presence of 

biomaterials, the mechanism behind their activity and cytokine secretion is unknown, but it is 

thought that protein adsorption and signals from local cells on the biomaterial surface may be 

implicated.12  

 

2.2.2  The discovery of neutrophil extracellular traps and their importance in wound healing 

and inflammation       

In 2004, Brinkmann et al. first described an innate response in activated neutrophils in 

which neutrophils released granule proteins and chromatin that formed extracellular fibers that 

were able to bind bacteria, preventing them from spreading within the host and killing 

microorganisms that are a possible danger.14 The neutrophil extracellular traps, or NETs, contain 

DNA and associated proteins from neutrophils that have undergone a specific type of 

programmed cell death called NETosis16,44 (Figure 2-3).50 There are two type of NETosis that 

have been identified, independent from apoptosis or necrosis.51 The first is conventional suicidal 

NETosis, during which the nuclear membrane and cytoplasmic organelles disintegrate as nuclear 

material mixes with the cytoplasm before chromatin and protein release.16 The second is called 

vital NETosis,51 where nuclear DNA is packed into budding vesicles from the nuclear membrane 

and exported into the extracellular space and released.52 This process allows the neutrophil to 

remain intact while expelling NETs.53 There is some debate whether these neutrophils are viable, 
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as they have lost at least part of their nuclear DNA. Whether a neutrophil undergoes suicidal or 

vital NETosis is dependent on the stimulus and cell receptor binding. For example, conventional 

NETosis is initiated by ligand binding to toll-like receptors, IgG, complement and cytokine 

receptors.53 Vital NETosis has been showed to be simulated by lipopolysaccharides (LPS),54 

found in bacterial cell walls such as in Staphylococcus aureus.52      

 

Figure 2-3.  The mechanism of NETosis following activation of neutrophils in response to a 
stimulus.  The NETs contain a variety of DNA and proteins.  Reprinted from Hermosilla, C. 
Parasitology; 201450 with permission from Cambridge University Press.   

 

DNA is a major component of NETs14 and has an antimicrobial purpose in immune 

defense by destabilizing the membrane of bacteria.55 NETs proteins are bound with the DNA, 

such as citrullinated histone H3 (Cit-H3) and neutrophil elastase (NE). During NETosis, histones 

undergo deamination, the conversion of arginine to citrulline, a post translational modification 

that is characteristic of NETosis.56 This conversion occurs via peptidylarginine deiminase 4 
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(PAD4), an enzyme important for chromosome decondensation.57 This in an interesting process, 

as PAD4 has been found to be elevated in neutrophils from diabetic mice and had delayed wound 

healing; similarly wild-type mice had increased production of NETs when compared to PAD4 

knockout mice.57,58 These knock-out mice are more prone to bacterial infections as the PAD4 

knockout neutrophils were unable to produce NETs.58 Neutrophil elastase is another protein 

essential for the release of NETs, as when it is released from the granules of neutrophils, it 

decondenses chromatin which is necessary for NET formation.59 NE gives NETs their 

antibacterial and antimicrobial properties by killing microorganisms by disrupting their outer 

membranes60; mice knockouts for NE are susceptible to infection.61 Both of these proteins in 

combination with DNA have been used in research to verify NET presence in vitro and in vivo. 

The influence of NETs on their local environment is not limited to innate immunity and 

their increased persistence has been implicated in a variety of inflammatory disease. For 

example, NETs have been found to stimulate thrombosis and coagulation,62,63 which contributes 

to the pathogenesis of some diseases, like cancer and lupus. An increase in the production of 

extracellular traps cancer states lead to tumor cell trapping and metastasis.64,65 Furthermore, in 

cancer metastases, NETs will trap circulating tumor cells and increase metastasis in murine 

model of lung and liver tumours.64 Increased NET production is also seen in lupus patients, 

inducing endothelial cell death that lead to organ failure and fibrosis.66 NETs have also been 

found to cause epithelial and endothelial cell death via histone- induced cytotoxitiy,67 promote 

fibroblast differentiation and function to myofibroblasts,17 and initiate cell death in macrophages 

and dendritic cells via mitochondrial damage.18 These findings have identified NETs and 

NETotic neutrophils as potential targets for therapies for a number of conditions and diseases.  
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2.2.3 Macrophage response in acute inflammation 

 Monocytes are recruited to the wound site 48 hours after the initial injury and are 

differentiated by cytokines released by neutrophils and local cells to become macrophages.68 

These macrophages are critical in the wound healing response because they release factors that 

influence whether a regenerative healing response or foreign body response will result 

surrounding implants.12 Because neutrophils release chemokines that recruit and influence the 

behaviour of cells that arrive at a wound site, they may have a larger role in how cells are 

recruited to the inflamed tissue.69 For example, neutrophil secrete several proteins that attract 

monocytes to the injury site (cathelicidin, cathepsin, α- defensins, and azurocidin for instance).70 

Cathelicidin was found to induce integrin activation on monocytes to allow them to adhere to 

endothelial cells in mouse models and in vitro.70 Furthermore, LL-37 and heparin- binding 

protein (HBP) mobilize inflammatory monocytes71 and HBP along with human neutrophil 

peptides 1-3 (HNP1-3) activate macrophages to release TNF-α and INF-γ.72   

     

2.2.4  Macrophage polarization   

Macrophages polarize to behaviours that typically divide them into two subpopulations, 

M1 (classically activated macrophages) and M2 (alternatively activated macrophages).73 The 

complexities of polarization are still being discovered; it is likely a spectrum of behaviours rather 

than one subtype versus another.74 M1 macrophage are pro-inflammatory and predominately 

secrete TNF-α, IL-12, IL-18, and IL-2375 whereas M2 macrophages are pro-resolution and 

secrete a variety of regulatory and tissue repair cytokines such as IL-10 and TGF-β76 (Figure 2-

4). Chronic inflammation can occur if M1 macrophages are present at the wound site and do not 



 12 

undergo a switch to an M2 state and resolve the tissue and cells.20 Macrophages and FBGCs are 

considered key mediators in the foreign body response, as they are present for the longest 

amount of time following the initial immune response, up to months and possibly longer in 

chronic inflammation cases.12 FBGCs can lead to degradation and surface cracking of a 

biomaterial overtime,77 decreasing the longevity and functionality of implanted materials. 

   

Figure 2-4.  Cytokines released by subsets of macrophages, as displayed on a spectrum.  
Reprinted from Weagel, E. Journal of Clinical and Cellular Immunology 6 (4); 201574 with 
permission from Creative Commons Attribution License.      

 

Recent research has investigated the influence of neutrophils and, in particular, NETs 

influence on macrophages. It has been shown that macrophages can remove neutrophils that have 

undergone NETosis via phagocytosis.78 Furthermore, M2 macrophages release a variety of 

macrophage chemotactic factors,79 which recruit and trap macrophages within tissue; the M1 

macrophages then can move into the tissue at the wound site to interact with the NETs.80 In the 

presence of NETotic neutrophils, M1 macrophages can release extracellular DNA and this 
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increased DNA presence contributes further to the inflammatory response.80 Extracellular DNA 

itself may not necessarily produce an inflammatory response, but DNA can associate with other 

proteins and factors to become damage associated molecular pattern (DAMP), much like the 

DNA released in NETosis. 

  

2.3 Pathogenesis of posterior capsule opacification 

Following cataract lens replacement surgery, 20-40% of patients develop posterior 

capsule opacification (PCO).1 Figure 2-5 shows the location of the lens in the anterior portion of 

the eye and the capsular bag that surrounds the lens. PCO is often referred to as “secondary 

cataracts” because new structures appear along the posterior capsule of the lens due to the LECs 

that remain in the capsular bag after surgery (Figure 2-6).2 The cause of PCO is multi-factorial, 

with factors such as age, genetics, type of surgery and skill of the surgeon all part of the issue, 

but the current hypothesis is that the main cause is the material of the IOL itself.3  

 

 

Figure 2-5.  (A) A schematic diagram of the eye, showing the lens located anteriorly and (B) the 
intraocular lens in the capsular bag.   
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The development of PCO is due to local cells interacting in the microenvironment 

surrounding the IOL implant. The surgical procedure damages tissue and inflammatory cells to 

infiltrate, initiating a wound healing response. Furthermore, lens cells remaining at the edge of 

the implant migrate along the capsule, proliferate, and undergo a process called epithelial-to-

mesenchymal transition (EMT) (Figure 2-5), allowing them to deposit excessive extracellular 

matrix (ECM)1 and lens fibres that decrease visual acuity.7 This fibrosis manifests within the lens 

capsular bag as two main structures; Elschnig’s pearls (the migrating LECs behind the lens)7 or a 

Soemmerring’s ring (caused by LECs on the anterior capsular flap that adhere to the posterior 

capsule),81 both of which impede vision.  

 

 

Figure 2-6.  A simplified schematic of (A) the lens capsule bag with residual LECs post surgery 
and the residual lens and (B) the migration and adhesion of LECs behind the lens in PCO 
(Elschnig’s pearls).  (C) shows the general design of the IOL implant, lens and haptics (arms) 
and where is it positioned within the eye.   (A&B) reprinted from Wormstone, I. Experimental 
Eye Research 74; 20027 with permission from Elsevier and (C) adapted from Millan, M. 
Proceeding of SPIE 8011(1); 201182 with permission from The International Society for Optical 
Engineering.   

 

C 
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EMT is a characteristic marker of PCO, and during EMT, lens cells undergo a transition 

from an epithelial phenotype to a mesenchymal phenotype. This allows the cells to deposit fibers 

that contract and cause capsular wrinkling and produce lens fibres.2 These mesenchymal cells 

express increased amounts of α-smooth muscle actin (α-SMA), which is expressed in 

myofibroblasts.83 When LECs undergo EMT that also lose epithelial cell markers, namely E-

cadherin.84 Interestingly, lens epithelial cells from human donors with no cataract history or 

visible opacities express high levels of E-cadherin and very minimal amounts of α-SMA, at far 

lower levels than cells from lenses with advanced cataracts or IOLs with PCO.85 

The exact mechanism of EMT in LECs is still unknown but current research indicates 

that local growth factors may influence LEC phenotypes. Transforming growth factor β isoform 

2 (TGF-β2) is found in high active concentrations in the aqueous humor of the eye following 

cataract surgery.86,87 It was also found to induce transdifferentiation of lens epithelial cells to a 

myofibroblast phenotype in rats and these differentiated cells expressed α-SMA in rat lens 

epithelium88 and stimulate capsular wrinkling in ex vivo human capsular bags.89 

  

2.4 Design criteria of intraocular lenses for PCO prevention 

Modifications to the IOL have been investigated in reducing PCO.  Surface chemistry of 

the IOL can either inhibit or support cell and protein adhesion.1 Other studies have observed an 

inhibitory effect on PCO development in IOLs with an edge that reduces the migration of 

LECs.90 As mentioned earlier, material and design of the lens is presumed to be the leading 

factor in PCO development, and many strategies have been explored in mitigating or preventing 

PCO.   
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2.4.1 Physical and chemical factors  

Polymers of different chemical and physical properties have different incidences of PCO 

following lens replacement surgery. In addition, the rigidity of the lens has an effect on cell 

migration and adhesion. For example, soft AcrySof disks made of acrylate/ methacrylate 

copolymers inhibited LEC migration compared to hard PMMA disks and lens cells cultured on 

PMMA had an increased myofibroblast phenotype compared to the AcrySof.21,22 In a clinical 

trial with patients that received one of these two IOLs, the AcrySof was to have 17% reduction in 

intervention for PCO compared to PMMA lenses.91 However, IOLs made of the similarly soft 

polymer hydroxyethylmethacrylate (pHEMA) used in clinical trials for pediatric patients had a 

similar visual acuity and complications to rigid PMMA lenses,92 suggesting that there are other 

factors influencing PCO beyond the type and rigidity of the material.     

The surface chemistry of the lenses also affects how cells migrate and proliferate, a 

feature important in PCO. For instance, lens cells adhere less to pHEMA (which is hydrophilic) 

than PMMA lenses (hydrophobic), and there is a decrease in protein adhesion on PMMA 

compared to pHEMA,93 indicating that the differences in surface properties could alter cell 

adhesion.  There is complex and contrasting data on the polymers and their effects on lens cells 

in vitro and in vivo, and one material is not necessarily better than another.      

 

2.4.2 Shape 

Because migration of LEC cells along the posterior capsule/material is a characteristic 

feature of PCO, physical inhibition of lens cell migration has been explored by modifying the 

shape and edges of the lens itself. Sharp, rectangular edges have been shown to prevent or limit 
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the migration of lens epithelial cells8,94 and therefore slow the formation of secondary 

opacification when compared to round edged lenses of the same acrylic IO.L9 The sharp edged 

lenses create a capsular bend that round edges do not and this physically inhibits the lens cells 

from migrating behind the lens.8,9 While this alone does not prevent PCO, in combination with 

the type of material, migration and PCO can be greatly reduced.8  

 

2.4.3 Drug delivery systems 

IOLs have also been used as a drug delivery vehicle to prevent or delay the development 

of PCO, either through coating or loading of the lenses with drug or protein or loading a drug 

into a separate reservoir attached to the haptics of the IOL so it is released over a sustained 

period of time.95 For example, coating PMMA lenses with thapsigargin, a plant-based compound 

that has been shown to inhibit rabbit lens epithelial cell growth in vitro,96 inhibited LEC growth 

when implanted into the rabbit capsular bag.97 Polydimethylsiloxane (PDMS) lenses have been 

used to load and deliver matrix metalloproteinase (MMP) inhibitors in a time released fashion98 

and decrease growth factors (such as TGFβ) in the eye, mitigating cataract formation.2,99 Drug 

delivery strategies show promise to reduce or modulate PCO but may be limited by cost and by 

the duration of the delivery of the drug.  

 

2.5 PMMA for intraocular lenses 

PMMA is a popular polymer for IOLs. The polymer is rigid and resistant to deterioration 

and optically transparent, leading to its use in ocular devices like contact lenses and IOLs.23 

Modifications to shapes, edges, and surface chemistry have been made to PMMA to reduce PCO 
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with varying success. For example, PMMA with sharp edges has a lower PCO scores (a measure 

of PCO formation) compared to round edges in human clinical trials100 and heparin modified 

PMMA had reduced PCO formation.101 PMMA surface substitutions with COO- and SO3
- groups 

can inhibit LEC proliferation and migration when compared to substituted PMMA,102 indicating 

that surface groups on PMMA can be used to alter cell behaviours, particularly for PCO.   

PMMA can be made as a copolymer or be modified with function groups for ocular 

applications.10,102 Previous research in the Wells’ group has demonstrated that amine 

functionalized PMMA surfaces increases HL60 cell viability and activity when compared to 

unfunctionalized PMMA and carboxyl functionalized PMMA. It was also found that the rate of 

NETosis was significantly higher on these aminated PMMA surfaces, indicating that neutrophil-

material interactions have an effect on cell behaviour. This effect will also be explored in LECs 

as it pertains to PCO.     

 

2.6 Outline of thesis and research objectives 

The hypothesis of this research is that the surface chemistry of PMMA and neutrophil 

extracellular traps will affect macrophage and lens epithelial cell behaviour and activity, and the 

wound healing response.  NET effects on behaviour of macrophages in vitro will contribute to 

the understanding of the inflammatory response in wound healing. Analyzing how LECs respond 

to NETs as well as to different PMMA surface chemistries will help characterize how these 

factors effect on cell behaviour and viability and the role this have in mitigating PCO.  In vivo 

will analyze how PMMA surface chemistries affect neutrophil presence at the injury site as well 

as the tissue healing response.   
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Objective 1.  Assess the effects NETs have on macrophage and LEC viability and behaviour:  

NETs will be generated and isolated from HL60 cells to be used in further experiments with 

THP1 (macrophage-like) cells and LECs. Macrophage cells will be incubated with NETs 

adsorbed onto tissue culture polystyrene (TCPS) and their viability and cytokine release (TNF-α 

and IL-10) to explore the inflammatory response. LEC will be incubated with NETs adsorbed 

onto TCPS and their viability and expression of α-SMA will evaluate EMT in the presence of 

NETs. 

  

Objective 2.  Investigating the effects of PMMA surface chemistries on LEC viability and 

behaviour:  LEC will be incubated with PMMA disks functionalized with amine and carboxyl 

groups and LEC viability and expression of α-SMA will assess their behavior and EMT. 

Exploring PMMA properties and the material- cell interaction between PMMA and LECs will 

possibly increase understanding of the mechanism behind PCO. 

 

Objective 3.  Determine how PMMA surface chemistries effect neutrophil infiltration and wound 

healing in subcutaneous implants: PMMA beads functionalized with amine and carboxyl groups 

will be injected into mice to determine the surface chemistry effects on neutrophils and the 

wound healing response at 1 and 7 days following injections. Immunohistochemistry neutrophils 

and vessels will identify the type of cells present surround the beads and the vessels surrounding 

different surface chemistries and histological staining will further support these findings.  
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. Research methods  Chapter 3

3.1 Materials and reagents 

 HL60, THP1 and B3 cell lines were purchased from the American Type Culture 

Collection (ATCC, Burlington, ON, CA) and cultured in Iscove’s Modified Dulbecco’s Medium 

(IMDM) (ATCC, Burlington, ON, CA), Roswell Park Memorial Institute (RPMI) 1640 (Gibco, 

Thermo Fisher Scientific), and Eagle’s minimal essential medium (EMEM) (ATCC, Burlington, 

ON, CA respectively). IMDM and EMEM were 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). RPMI 1640 was supplemented with 10% 

fetal bovine serum from Wisent Inc. and 1% penicillin/ streptomycin solution from GE 

Healthcare/Life Sciences. TriplE Express, Gibco phosphate buffered saline (PBS), Trypan Blue, 

alamarBlue® reagent, NucBlue® Live Cell ReadyProbes® Reagent, LIVE/ DEADTM Viability/ 

Cytotoxicity kit SYTOX® Green Nucleic Acid Stain, Ultrapure Distilled Water, anti-

citrullinated histone H3 antibody, secondary antibody Alexa Fluor 594, and 10% formalin and 

anti-fade were purchased from Thermo Fisher Scientific. PBS, dimethyl sulfoxide (DMSO), 

bovine serum albumin (BSA) and phorbol 12-myristate 13-acetate (PMA) purchased from 

Millipore Sigma (Oakville, ON, CA). LEGEND MAX Human TNF-α and IL-10 ELISA kits 

with pre-coated plates were purchased from BioLegend (San Diego CA). All water was filtered 

using a Millipore system (Millipore (Canada) Ltd, Etobicoke, ON, CA).      

 Poly(methyl methacrylate) (PMMA) disks were purchased from TAP Plastics (Pleasant 

Hill, California) and PMMA beads and 12 mm round glass coverslips were purchased from 

VWR International Inc. (Mississauga, ON, CA). Ninhydrin reagent and hexamethylenediamine 

(HMD) was purchased from Millipore Sigma.   
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 C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). LAL 

pyrochrome test kit was purchased from Associates of Cape Cod Inc. (East Falmouth, MA).10x 

TRIS Buffered Saline (TBS) solution was purchased from VWR and 10x Citrate Antigen 

Retrieval Buffer and Hematoxylin Gill II, Eosin Y and Organo/ Limonene MountTM was 

purchased from Millipore Sigma. Anti-Rat HRP-DAB Cell & Tissue Staining kit was purchased 

from (R&D Systems (Minneapolis, MN). Antibodies for Ly6G and CD31 were purchased from 

antibodies.com (Newton, UK) and Santa Cruz Biotechnology Inc. (Dallas, TX) respectively.  

SuperfrostTM Plus microscope slides were purchased from ThermoFisher.   

  

3.2 Functionalization of PMMA disks and PMMA beads 

 Poly (methyl methacrylate) PMMA disks (diameter 12mm) were smoothed with 

chloroform to reduce surface roughness of the disk and prepared for the addition of surface 

groups. The top surface of the disk was covered in 40 µL of chloroform and air dried in a 

covered petri dish for 24 hours followed by 48 hours uncovered. The disks were then dried 

further in a vacuum oven at 30 oC for 48 hours. Previous AFM measurements from our lab show 

that the resulting mean roughness is 9.5 nm.103 PMMA beads (average diameter 200 µm) were 

rinsed with Millipore water before functionalization.  

 

3.2.1 Carboxyl functionalization of PMMA disks and PMMA beads 

 PMMA disks were functionalized with carboxyl groups using a method adapted by Patel 

et al104 and further improved by Clarke et al.103 The PMMA disks were rinsed with isopropanol 

and Millipore water then incubated in a solution of methanol and 6 N NaOH in a 1:1 ratio. After 
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reacting for 2 hours in a 60 oC water bath, rinsed with excess Millipore water and drained using 

filter paper for 24 hours and air-dried in a petri dish for another 24 hours. PMMA beads were 

functionalized using the same method, rinsed with excess Millipore water and dried using filter 

paper. 

 

3.2.1.1 Back titration to quantify of carboxyl groups 

Back titration was used to measure the amount of carboxylation. Three vials of carboxyl 

functionalized PMMA disks or beads and unfunctionalized (PMMA control) disks or beads were 

compared. Each sample was incubated in 10 mL of 8.33 mM NaOH solution overnight. Separate 

vials with 3 mL of 8.44 mM of potassium hydrogen phthalate (KHP) were prepared and one drop 

of phenolphthalein added. NaOH solutions from the incubations were added in drop-wise 

increments until a colour change was sustained. To determine the number of carboxyl groups 

that were neutralized during the incubation, the final NaOH concentration was calculated by 

dividing the moles of KHP titration against the volume of NaOH titrated. The concentration of 

NaOH of the functionalized samples were compared to the control samples incubated NaOH 

solution and the number of carboxyl groups on the surface of the functionalized disks or beads 

was found as the difference between functionalized and unfunctionalized disks of beads.    

 

3.2.2 Amine functionalization of PMMA disks and PMMA beads 

 Amine groups were added to the smoothed surface of the PMMA disks via an aminolysis 

reaction adapted by Fixe et al105 and further improved by Clarke et al.103 Hexamethyldiamine 

(molecular weight= 116.21 g/mol) was dissolved in sodium tetraborate buffer to a 10% w/v 
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solution. The buffer was prepared with 0.1 M sodium tetraborate and 0.15 M sodium chloride 

with the pH adjusted to 12.5 with 1 N sodium hydroxide. Disks were rinsed twice with 

isopropanol and twice with excess Millipore water then incubated in 2 mL of the 

hexamethyldiamine solution per disk. The disks were incubated at room temperature on a plate 

shaker at 70 rpm for 2 hours then rinsed with excess Millipore water and air-dried overnight.  

PMMA beads were functionalized using the same method, rinsed with excess Millipore water 

and drained using filter paper for 24 hours and air-dried in a petri dish for another 24 hours. The 

number of amine groups on the surface of the disks and beads were quantified using a ninhydrin 

assay.  

 

3.2.2.1 Ninhydrin assay to quantify amine groups 

 The ninhydrin assay is a chromogenic method used to quantify primary and secondary 

amine groups. The ninhydrin reagent oxidizes primary amine groups to an aldehyde, carbon 

dioxide and ammonia. The reaction between the reduced ninhydrin reagent and ammonia 

produces Ruhemann’s purple, which absorbs light at 570 nm.   

To quantify the amine functionalization of the PMMA disks and beads, 3 disks of each 

amine functionalized disks or bead type and unfunctionalized (control) disks or bead type were 

incubated in 1 mL of deionized water overnight. 0.5 mL of ninhydrin reagent was added to each 

sample vial and placed in a 100 oC oil bath. The samples were removed after 10 minutes and 

cooled. The absorbance of each sample and each standard was measured at 570 nm. The amine 

concentration of each sample was determined using standard curve of prepared glycine 

concentrations from 0 M to 1.2x10-4 M (Figure 3-1). Absorbance of the samples was measured 

using Perkin Elmer Enspire Multimode Plate Reader. The functionalized amine PMMA disks 
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were normalized to control PMMA disks and the number of amine groups added was the 

calculated difference between functionalized and control disks.     

 

 

Figure 3-1.  A representative standard curve of glycine in Millipore water measured at 570 nm 
used to calculate the amine concentration of functionalized disks and beads.   

     

3.3 Sterilization of PMMA disks and beads  

 PMMA disks and beads were sterilized for in vitro cell work (disks) or in vivo mouse 

work (beads). The chemical modifications included chemicals that would help remove 

endotoxin, so additional steps were added to the control PMMA beads. PMMA beads (controls) 

were washed twice with HCl for 5 mins, twice with 90% ethanol for 20 mins and twice with 

Millipore water. Amine functionalized beads were washed twice in 70% ethanol for 20 mins, 

washed twice with Millipore water. Carboxyl-functionalized beads were washed twice in 90% 

ethanol and placed in a sonicating waterbath for 5 minutes and washed twice with Millipore 

water. All beads were left in Millipore water overnight and then air-dried in the BSC the next 
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day.  Beads were moved to a new sterile container and stored dry. PMMA disks were sterilized 

with two 10 minute incubations in 70% ethanol, followed by two 10 minute incubations in 

Millipore water. They were air-dried in a biological safety cabinet for 24 hours. 

   

3.3.1 Endotoxin assay on PMMA beads 

To ensure PMMA beads were properly sterilized for implantation, an endotoxin assay 

was conducted. Endotoxin is a component of lipopolysaccharide found in gram- negative 

bacterial cell walls and can initiate inflammatory responses, confounding any results. A low 

presence of endotoxin of less than 0.25 EU per mL of bead suspension (800 mg/ mL) must be 

achieved to be confident there are not confounding factors affecting cellular responses in the in 

vitro and in vivo studies. 

The Limulus Amebocyte Lysate (LAL) pyrochrome test kit from Associates of Cape Cod 

Inc. was used as per manufacturer’s directions. Pyrochrome is a chromogenic reagent that 

changes colour in the presence of endotoxin. Samples of each beads type (n=3) and standards 

were placed in a well plate and the reconstituted pyrochrome was added to each well.  The plate 

was incubated at 37 oC for 20 mins. The reaction was stopped by adding 50% acetic acid to each 

well. Samples and standards were transferred to a 96 well plate and the absorbance was 

measured in the plate reader at 405 nm. An endotoxin standard dilution series was prepared to 

concentration raging from 0.03125 EU/mL to 1 EU/mL (Figure 3-2) and used to calculate the 

amount of endotoxin in each sample.   



 26 

 

Figure 3-2.  A representative standard curve of control standard endotoxin (CSE) from measured 
at 450 nm used to calculate the endotoxin concentration of PMMA beads.      

 

3.4 Culturing cell lines 

3.4.1 Culturing HL60 cells 

HL60 cells are promyelocytic cell line from human peripheral blood leukocytes from a patient 

with acute promyelocytic leukemia derived by S.J. Collins, et al.106 HL60 cells were cultured in 

Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 20% fetal bovine serum 

(FBS) and 1% penicillin/ streptomycin. Cells were maintained at 200,000 – 1,000,000 cells/ mL 

and incubated at 37 oC in 5% carbon dioxide and 95% air. Activation of HL60s with PMA 

induced a neutrophil phenotype.107 HL60s were activated in Iscove’s Modified Dulbecco’s 

Medium (IMDM) supplemented with 20% heat inactivated fetal bovine serum (HI-FBS) and 1% 

penicillin/ streptomycin. Heat inactivated FBS was used to protect NETs from degradation by 

DNase from in serum.108 
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3.4.1.1 Generating and isolating NETs from activated HL60 cells 

 HL60 cells were centrifuged at 450 x g for 5 mins and resuspended in IMDM with heat-

inactivated FBS (HI-IMDM) to a concentration of 100,000 cells/ mL. 20 mL of this suspension 

was added to a culture flask and activated with 8 µM phorbol-12-myristate 13-acetate (PMA) in 

four T-150 tissue culture flasks for 24 hours at 37 oC in 5% CO2 to allow for the cells to 

differentiate into a neutrophil phenotype and adhere to the surface of the tissue culture treated 

flask. Currently there is no method for isolating NETs from HL60 cells but following a protocol 

that produced NETs from primary neutrophils isolated from whole blood,109 NETs were 

carefully detached from the back of the tissue culture flask in cold PBS by gently scraping the 

back of the flask with a cell scrapper. If multiple flasks were used, then the PBS cell concentrate 

was combined amongst the different flasks. The PBS- cell suspension was collected and 

centrifuged at 450xg for 10 minutes at 4 oC. The supernatant was collected into microcentrifuge 

tubes and the remaining pellet of dead neutrophil cells discarded. The supernatant was 

centrifuged in a micro-centrifuge for 10 mins at 15,000 x g at 4 oC.  The pellet in each 

microcentrifuge tube was resuspended to a concentration of 2 x 107 originally activated cells per 

100 µL of PBS. Figure 3-3 shows a schematic of the NET generation and isolation procedure.  A 

NanoDrop machine was used to measure the concentration of DNA and quality of DNA in the 

NET stock solution. This stock was used immediately for subsequent experiments or stored for 

up to 24 hours at 4 oC. NETs were then adsorbed on to tissue culture polystyrene (TCPS) well 

plates or glass cover glass to achieve 14,000 ng/cm2 and incubated in HI-IMDM to cover 

exposed glass of TCPS with serum proteins.   
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Figure 3-3.  A schematic diagram of the NET generation and isolation procedure as adapted 
from Najmeh et al.109 The first centrifugation step removes dead neutrophil cells from the 
suspension and the second centrifugation collects the DNA from NETs, which is then 
resuspended in fresh PBS.     

 

To observe if the isolated DNA was NETs, stains were used to visualize DNA and 

immunohistochemistry to observe the presence of citrullinated histone H3, a protein found in 

DNA released by neutrophils during NETosis. The NETs were absorbed on cover glass and fixed 

10% formalin solution for 10 minutes followed by two PBS rinses. Cover glass was then 

incubated in a 1 µM SYTOX Green solution for 10 minutes, rinsed with PBS twice and 

incubated for 20 mins in anti-histone H3 primary antibody diluted to 1:250 in PBS. SYTOX 

Secondary antibody Alex Fluor 594 was prepared to a 1:500 dilution in PBS and the cover slips 

incubated in this solution for 1 hour followed by a final rinse in PBS. Cover glass with NETs 

were sealed with anti-fade mount to a glass slide and allowed to dry for 16 hours at 4°C 

protected from the dark. The cover slips were sealed to the glass slides using clear nail polish.  

An EVOS FL fluorescent microscope was used to image the NETs and representative images 

were taken from each of the samples.     
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3.4.2 Culturing THP1 cells 

 THP1 are moncytic cell line derived from human peripheral monocytes isolated from a 

patient with acute monocyte leukemia.110 THP1 cells were cultured in Roswell Park Memorial 

Institute (RPMI) 1640 Medium supplemented with 10% FBS, 1% penicillin/ streptomycin and 

2g/L sodium bicarbonate. Cells were maintained at 200,000 – 1,000,000 cells/ mL and incubated 

at 37 oC in 5% carbon dioxide and 95% air. THP1s were activated with either 50 nM or 100 nM 

PMA for 24 hours to induce a macrophage phenotype and rested in fresh RPMI- 1640 for 48 

hours following activation to allow differentiation.     

 

3.4.3 Culturing B3 LEC cells 

 B3 LEC are human lens epithelial cell transformed with an adenovirus 12-SV40 virus 

hybrid.111 B3 cells were cultured in Eagle’s Minimum Essential Medium (EMEM) supplemented 

with 20% FBS, and 1% penicillin/ streptomycin. The cells were maintained between 40-80% 

confluences by passaging every 3-4 days. Cells to be passaged were gently rinsed with PBS then 

3 mL of TriplE Express was added to detach the cells by shaking the flask and using a 

microscope to determine when cells were detached. This was to be done in less than 1 minute, as 

prolonged exposure to TriplE can damage cell membranes. 4 mL of fresh supplemented EMEM 

was added to the flask to neutralize the effects of the TriplE. Cells were incubated at 37 oC in 5% 

carbon dioxide and 95% air, and media was changed every other day. 
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3.5 Incubation of cells on isolated NETs 

NETs were adsorbed into 48 wellplate to a concentration of 14,000ng/ cm2 and incubated 

at 4 oC in the dark for 24 hours to allow for maximum adsorption to the wells; control wells were 

incubated with PBS. A light microscope was used to verify the adherence of the NETs and media 

with any unadhered NETs was carefully aspirated.   

 

3.5.1  THP1s incubated on NETs 

Suspensions of THP1 cells were centrifuged at 250 x g for 5 minutes and the medium 

removed and replaced with heat inactivated RPMI 1640 to a concentration of 1.66 x 106 cells/ 

mL.  300 µL of this cell suspension was added to each well (with and without adsorbed NETs) to 

have approximately 500,000 cells per well. THP1 cells were activated with 50 nM or 100 nM 

PMA for 24 hours in the appropriate wells for 24 hours, followed by 48 hours in fresh RPMI-

1640 to allow differentiation. The supernatant was the collected at 48 hours and frozen for an 

ELISA. An alamarBlue assay and LIVE/ DEAD assay were performed to assess the cells’ 

metabolic activity. 

 

3.5.1.1 Assessing metabolic activity using an alamarBlue assay 

 An alamarBlue assay is a colorimetric assay that contains the compound resazurin. 

Metabolically active cells reduce this compound to the compound resorufin. This is used as a 

measure of cell health and activity by finding the ratio between resazurin absorbance at 600 nm 

and resorufin at 570 nm. 
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  Medium was aspirated from each well and replaced with 1 mL of alamarBlue reagent in a 

1:9 dilution HI-RPMI-1640. THP1 cells were incubated for 3 hours and at this time, 100 µL 

triplicates of the supernatant were plated in a 96 well plate. The 96 well plate absorbance was 

read in a plate reader at 570 nm and 600 nm. Fresh HI-RPMI-1640 was replaced in each well and 

cells incubated for one hour before LIVE/ DEAD staining. 

 

3.5.1.2 LIVE/ DEAD assay 

 The LIVE/ DEAD assay uses intracellular esterase activity and plasma membrane 

integrity to determine live cells. Live cells have detectable intracellular esterase activity than is 

stained with green-fluorescent calcein-AM whereas dead cells with have no intact membrane and 

can be stained with red-fluorescent ethidium homodimer-1 (EthD-1) (a protein only found within 

cell membranes). A stock solution of 4 µM EthD-1 and 2 µM calcein-AM was prepared in PBS 

as per the manufacturers directions. This solution was added to each well to cover the entire well 

and incubated at room temperature for 30 minutes. Using a fluorescent microscope, 

representative images were taken of each well and ImageJ was used to quantify the number of 

live and dead cells.  

 

3.5.1.3 Enzyme- linked immunosorbent assay (ELISA) 

Using the supernatant from both 24 hours post activation and 48 hours, an ELISA was 

used to measure the concentration of TNF-α and IL-10 following the incubation of THP1 cells 

with NETs in comparison to 50 nM and 100 nM PMA. PMA is used as a comparison because it 

activates THP1s to macrophages and can be used to assess whether NETs have the same or 
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similar activation effect. TNF-α and IL-10 ELISAs with precoated plates were purchased from 

BioLegend and used as the manufacturer’s directions. Before adding the supernatant to the 

ELISA plate, supernatant of the THP1 cells activated with 50 nM and 100 nM PMA were diluted 

1:10 in fresh RPMI-1640 for the TNF-α ELISA, as a trial ELISA showed the TNF-α levels were 

too high to be read by the standard curve. The plate was read in the plate reader at 450 nm and 

570 nm within 30 mins of adding the stop buffer. The amount of TNF-α and IL-10 from each 

incubation condition was determined by using the standard curve. 

 

3.5.2  LECs incubated on NETs 

 NETs were plated in a 48 well plate as per the procedure in Section 3.5. LECs were 

suspended in heat inactivated EMEM. For each well, 25 000 cells/ cm2 were added and 

incubated for 24 hours. An alamarBlue assay and LIVE/ DEAD assay were performed to assess 

the cells’ metabolic activity. Staining with α- smooth muscle actin (α-SMA) antibody was 

performed to determine epithelial to mesenchymal transition (EMT). The alamarBlue assay and 

measurement was conducted as indicated above in the THP1 on NETs section, using HI-EMEM 

instead of HI-RPMI-1640. The LIVE/ DEAD assay and quantification was conducted as above 

in the THP1 on NETs section. 

 

3.5.2.1 Immunocytochemistry of LECs using α- smooth muscle actin antibody  

 B3 LEC incubated with NETs or no NETs were then monitored for the presence of α-

SMA. After allowing the LECs to incubate overnight, one drop on NucBlue reagent was added 

to each well and allowed to incubate at for 20 mins. NucBlue is a cell permeable stain that enters 
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living cells and stains the nuclei. Cells were then fixed in 4% formalin for 15 mins followed by 

two washes with PBS. To permeabalize cells, they were incubated with 0.5% Triton-X in the 

dark for 5 minutes then washed with 100 µL of PBS. α-SMA antibody was diluted in 1% BSA 

solution to a dilution of 1:50 and 100 µL added to each coverslip. The samples were incubated at 

4 oC for 16 hours in the dark. Cover glass was sealed to a microscope slide with anti-fade mount 

and representative images of each well were taken with the EVOS fluorescent microscope. 

Images were quantified using ImageJ to compare the number of marked cells in each condition 

by live cell staining with NucBlue. The extent of EMT by the LECs was determined by the area 

covered by α-SMA normalized to the number of live cells.  

 

3.6 Incubation of LECs on PMMA with different surface chemistries 

Disks that had been sterilized were placed in a 24 wellplate, to the following conditions: 

tissue culture polystyrene (control), unfunctionalized PMMA, amine functionalized PMMA and 

carboxyl functionalized PMMA (each n= 3). 1 mL of 50 000 cells/ mL cell suspension was 

added to each well and incubated at 37 oC for 24 hours. An alamarBlue assay was used to assess 

the effect different PMMA surfaces had the metabolic activity of LECs as per Section 3.5.2.  

Staining α-SMA antibody again assessed the presence of mesenchymal cells as per Section 

3.5.2.1.   

 

3.7 Subcutaneous injection of functionalized PMMA beads in C57BL/6J mice 

 Mice were kept in the animal facilities for 7 days to acclimate to the environment. Mice 

were induced using 5% isoflurane and injected with Meloxicam subcutaneously at 2 mg/kg. 
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Mice were maintained at 1-2% isoflurane during the procedure. Surgical area was prepared by 

shaving the dorsal surface and applying Veet to remove the rest of the hair and cleaned with 

alternating iodine and alcohol wipes. The beads were suspended in PBS to a concentration of 800 

mg/ mL. Four separate syringes were loaded with 100 µL of the bead-PBS solution and an 18-

gauge needle. Four injections were made subcutaneously per animal with one of the following 

bead types: PMMA, PMMA-NH2 or PMMA-COOH. The injection site was circled with a 

marker to identify them later during explantation. Animals were monitored during recovery and 

up to 4 days post-operation.  

  

3.7.1  Explantation of tissue at predetermined end points 

 At 1 day or 7 days post- injections, mice were sacrificed via CO2 followed by 

pneumothoraxic puncture. A square of tissue about 5 mm in length was removed from each of 

the four injection sites. Tissue samples were placed in histology cages and submerged in 10% 

formalin solution. Samples were processed and embedded in paraffin by Queen’s Laboratory for 

Molecular Pathology (QLMP). 

 

3.8 Histological evaluation of explanted tissues 

 Embedded tissue samples were sliced using a microtombe. Slices were observed under a 

light microscope to locate the depth at which the beads were located and consecutive slices were 

taken from this area. Slides were dried in a 60 oC oven for one hour before staining. Before each 

staining procedure, tissue was deparaffinized in D-limonene 3 times for 4 mins each then 

rehydrated through ethanol dips (100%, 85% and 70%, 12 dips each), followed by a 5 min 
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incubation in tap water. Sections were imaged use an EVOS microscope to take representative 

images of each sample type. 

 

3.8.1 Hematoxylin & Eosin (H&E) staining  

 H&E stain was used to visualize nuclei and cytoplasm of the tissue samples around the 

PMMA beads. Rehydrated tissue was stained with Hematoxylin for 5 mins followed by a rinse in 

tap water for 4 mins then a 2 min incubation in eosin and again rinsed in tap water for 4 mins.  

The tissue was dehydrated through the ethanol dips in reverse order and cleared with one 

incubation in D-limonene for 5 mins. Slides were wiped of excess liquid and mounted with 

organo/limonene mount with a glass coverslip. Tissue slides were examined using an EVOS 

microscope and representative images were taken of each sample. 

  

3.8.2 Masson’s Trichrome 

Masson’s Trichrome staining was performed by Queen’s Laboratory for Molecular 

Pathology (QLMP). Tissue slides were examined using an EVOS microscope and representative 

images were taken of each sample.  

 

3.8.3  Immunohistochemistry 

 After rehydration of tissue, slides were incubated in citrate buffer at pH 6 at 60oC for 90 

minutes. Slides were then cooled to room temperature for half an hour and rinse in distilled (DI) 

water three times for 2 minutes each. Tissue sections were encircled in a hydrophobic barrier 

with a PAP barrier pen to allow reagents to cover the whole section. Using the anti-rat HRP-
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DAB tissue staining kit from R&D Systems, the tissue samples were blocked and stained as per 

the manufacturer’s directions, with the peroxidase blocking step being reduced to 10 mins and 

move to after the primary antibody incubation, as per the antibodies’ manufacturers’ 

recommendation. The primary antibodies used were anti-Ly6G antibody and anti-CD31 antibody 

diluted in TBS with 1% BSA to 1:100 and 1:50 respectively. A humidity chamber was created 

using a locking top plastic container lined with dampened paper towels and placed in the cold 

room (4oC) for 18 hours. The secondary antibody, HRP conjugation and DAB Chromogen 

solution was performed as per BioLegend’s directions, with DAB Chromogen solution 

monitored with the EVOS microscope for colour change for 14 mins. Slides were rinsed in DI 

water for 5 minutes and counterstained with Hematoxylin diluted 1:100 in PBS for 20 seconds 

then rinsed in tap water to allow bluing of the counterstain. Slides would wiped for excess liquid 

and mount with organo/ limonene and glass coverslips.   

Tissue slides were examined using an EVOS microscope representative images were 

taken of each sample. To quantify the neutrophil presence surrounding PMMA beads, pictures of 

the entire bead section were taken and the area stained positive for Ly6G was calculated and 

normalized to the number of beads in the section. For quantifying vessel formation, the number 

of vessel-like structures (Figure 3-4) was counted in the entire bead area and normalized to bead 

area in the sections.  
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Figure 3-4.  An example image of the vessel like structures as stained with anti-CD31 antibody 
and HRP-DAB Chromogen staining kit.  The arrows indicate the brown stained areas that 
indicate endothelial cells.  (scale bar= 100 µm). 

 

3.9 Statistics 

Data sets that were a composite of three biological replicates were reported with standard 

errors while individual experiments are shown with standard deviation Technical replicates are 

notated as n= X in figure captions. A one-way ANOVA with Tukey post-hoc test using a 95% 

confidence interval was used in experiments that measured one independent variable in multiple 

conditions. Student’s t-test was used to determine significance between experiments with two 

conditions using a 95% confidence interval and assuming normal distribution and unequal 

variance.      
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. Results Chapter 4

4.1 NETs were generated and isolated from HL60 cell line 

NETs were isolated from HL60 cells that were activated with 8 µM PMA for 24 hours.  

Following activation, NETs were isolated from cells and supernatant through a series of washes 

and centrifugations. A series of different isolation methods using varying concentration of cells 

and single or multi-flasks were compared to determine which yielded the highest concentrations 

(Figure 4-1). It was found that 106 cells/ mL in four T-150 flasks produced a significantly higher 

amount of NETs than the single flask activations and 106 cells/ mL in three flasks and there was 

no significant difference between 106 cells/ mL in four flasks and 2 x 106 cells/ mL in four 

flasks. An average of 103.75 ± 18.58 ng/ µL of DNA from NETs was isolated from 8 x 107 cells 

activated in a four separate flasks. To concentrate the NET stock, the isolate was resuspended in 

100 µL of PBS per 2 x 107 activated cells, resulting in 400 µL of NET stock solution.  Positive 

staining of DNA (SYTOX Green) and citrullinated histone H3 demonstrated that NETs were 

isolated from activated HL60 cells (Figure 4-2). The overlay in Figure 4-2C shows that 

extracellular DNA from activated HL60 cells contained the citrullinated histone H3 protein and 

that this DNA was distinct from DNA from apoptotic or necrotic cells.  
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Activated HL60 Concentration 
(M= million) 

 

Figure 4-1.  The DNA concentration in NET solutions obtained from various methods of HL60 
cells activated with PMA.  The first three bars are single flask activation methods and the other 
three are multi-flask methods.  Values are means with n=3, error bars are standard deviation  
***= p< 0.001. 
 

 

 

Figure 4-2.  Representative images of NETs isolated from activated HL60 cells stained with (A) 
SYTOX Green for extracellular DNA and (B) citrullinated histone H3 (red).  (C) Shows an 
overlay of both SYTOX green and citrullinated histone H3. (scale bar= 400 µm)  
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4.2 THP1 viability was evaluated with an alamarBlue assay and LIVE/ DEAD staining 

THP1 cells were incubated in 48 well plates at two cell seeding densities for 48 hours 

incubated with and without NETs and/ or PMA. AlamarBlue assays and LIVE/ DEAD assays 

assessed the viability and number of cells in each condition.   

Figure 4-3 shows the alamarBlue ratios and Figure 4-4 shows the LIVE/ DEAD results of 

300 000 THP1 cells/ cm2. As expected, PMA increased the number of cells that adhered on the 

surface of the wells, indicating increased differentiation into macrophages. NETs were found to 

slightly activate cells by increasing the alamarBlue ratio in THP1 cells activated with 100 nM 

PMA and incubated on NETs compared to THP1 cells activated with 100 nM PMA (p= 0.017).  

There were no significant differences seen between the other treatment groups.     

LIVE/ DEAD staining of THP1s showed a significant increase of live cells when THP1 

cells were incubated on NETs in comparison to inactivated THP1s (p= 0.015), indicated NETs 

slightly activated cells (Figure 4-4) as well as increased the number of dead cells when THP1s 

were incubated on NETs. NETs decrease the LIVE/ DEAD cell ratio but it was only significant 

in the THP1s activated with 50 nM PMA (p= 0.00003) (Figure 4-5). Interestingly, Figure 4-6 

shows increased clumping of live THP1 cells activated with 50 nM PMA compared to the 100 

nM. 
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Figure 4-3.  The alamarBlue ratios at 48 hours after 300 000 THP1 cells/ cm2 were incubated on 
either TCPS with 0 nM, 50 nM, or 100 nM PMA or on neutrophil extracellular traps (NETs) 
adsorbed to TCPS with 0 nM, 50 nM, or 100 nM PMA. (n=3, error bars represent standard 
deviation,*= p< 0.05).     
 

 

 

Figure 4-4.  Number of live and dead cells of 300 000 THP1 cells/ cm2 were incubated on either 
TCPS with 0 nM, 50 nM, or 100 nM PMA or on neutrophil extracellular traps (NETs) adsorbed 
on TCPS with 0 nM, 50 nM, or 100 nM PMA. (n=3, error bars represent standard deviation, 
*=p< 0.05). 
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Figure 4-5.  The LIVE/ DEAD ratios of 300 000 THP1 cells/ cm2 were incubated on either 
TCPS with 0 nM, 50 nM, or 100 nM PMA or on neutrophil extracellular traps (NETs) adsorbed 
on TCPS with 0 nM, 50 nM, or 100 nM PMA. (n=3, error bars represent standard deviation, 
*=p<0.05).       
 

 

Figure 4-6.  Representative images of 300 000 THP1 cells/ cm2 were incubated on either TCPS 
with 0 nM, 50 nM, or 100 nM PMA or on neutrophil extracellular traps (NETs) adsorbed on 
TCPS with 0 nM, 50 nM, or 100 nM PMA. (scale bar= 200 µm)   
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The alamarBlue was replicated as above and supports similar trends of increased THP1 

activation when in the presence of NETs. Figure 4-7 shows this data.  In this replicate, THP1s 

incubated on NETs without any PMA had increased activation compared to THP1s on TCPS (p= 

0.032). There were no significant differences between the other two-paired conditions (PMA 

versus PMA+ NETs). 

 

Figure 4-7.  The alamarBlue ratios at 48 hours when of 300 000 THP1 cells/ cm2 were incubated 
on either TCPS with 0 nM, 50 nM, or 100 nM PMA or on neutrophil extracellular traps (NETs) 
Adsorbed on TCPS with 0 nM, 50 nM, or 100 nM PMA. (n=3, error bars represent standard 
deviation, *=p< 0.05). 
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 LIVE/ DEAD staining of THP1s on NETs showed a significant increase of live cells compared 

to unactivated THP1s (p= 0.023) but not in the 100 nM PMA activated conditions (Figure 4-9).  

The LIVE/ DEAD ratios in this case did not show a difference between incubation with or 

without NETs (Figure 4-10).  As seen with the 300 000 cells/ cm2, clumps of live cells were seen 

in the 100 nM activated conditions both with and without NETs (Figure 4-11).  

 

 

Figure 4-8.  The alamarBlue ratios at 48 hours when of 500 000 THP1 cells/ cm2 were incubated 
on either TCPS with 0 nM or 100 nM PMA or on neutrophil extracellular traps (NETs) adsorbed 
on TCPS with 0 nM or 100 nM PMA. (n=3, error bars represent standard deviation, *=p< 0.05).  
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Figure 4-9.  The number of live and dead cells when of 500 000 THP1 cells/ cm2 were incubated 
on either TCPS with 0 nM or 100 nM PMA or on neutrophil extracellular traps (NETs) adsorbed 
on TCPS with 0 nM or 100 nM PMA. (n=3, error bars represent standard deviation, *=p< 0.05). 
 

 

 

Figure 4-10.  The LIVE/ DEAD ratios of 500 000 THP1 cells/ cm2 incubated on either TCPS 
with 0 nM or 100 nM PMA or on neutrophil extracellular traps (NETs) adsorbed on TCPS with 0 
nM or 100 nM PMA. (n=3, error bars represent standard deviation). 
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Figure 4-11.  Representative images of 500 000 THP1 cells/ cm2 incubated on either TCPS with 
or without 100 nM PMA or on neutrophil extracellular traps (NETs) adsorbed on TCPS with or 
without 100 nM PMA. (scale bar= 1000 µm) 
 

4.3 THP1 cell supernatant was used in ELISAs to determine TNF-α  and IL-10 release 

The supernatant from the 300 000 THP1 cell/ cm2 activation study with NETs and PMA 

was collected and used in ELISAs for TNF-α and IL-10.     

 

4.3.1 TNF-α released from THP1 cells 

As shown in Figure 4-12, there was no significant change in TNF-α released from THP1s 

incubated on TCPS and THP1s incubated on NETs or between THP1s activated with 50 nM 

PMA and THP1s activated with 50 nM PMA on NETs. There is a significant increase of TNF-α 

released from seen between THP1s activated with 100 nM on NETs compared to THP1s 

activated with 100 nM (p= 0.017).         
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Figure 4-12. The concentration of TNF-α secreted from 300 000 THP1 cells/ cm2 when 
incubated on either TCPS with 0 nM, 50 nM, or 100 nM PMA or on neutrophil extracellular 
traps (NETs) with 0 nM, 50 nM, or 100 nM PMA.  Measured at 450 nm and concentration 
determined by the TNF-α standard curve. (n=3, error bars represent standard deviation, 
*=p<0.05). 

  

4.3.2 IL-10 ELISA  

The supernatant from THP1 cells seeded at 300 000 cells/ cm2 was used to determine the 

amount of IL-10 released by the THP1 cells using an ELISA (Figure A-1). No detectable levels 

of IL-10 were found in any of the experimental conditions and all values fell below the lowest 

point on the calibration curve (3.9 pg/ mL).  

 

4.4 LEC viability and α-SMA production in the presence of NETs 

LECs were incubated on glass coverslips with and without pre-adsorbed NETs and serum 

proteins (to aid in cell adhesion to the glass). The glass coverslips were placed in a 24 well plate 

and 25 000 cells were incubated in each well to imitate the low cell counts that would be seen in 
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the capsular bag microenvironment post surgery. After 24 hours, an alamarBlue assay and LIVE/ 

DEAD cell staining were performed on the cells or staining with NucBlue and for α-SMA to 

assess epithelial to mesenchymal transition (EMT).     

 

4.4.1 LEC viability was evaluated with an alamarBlue assay 

Figure 4-13 shows the alamarBlue ratio of LECs incubated on glass coverslips or NETs 

(n=3, p= 0.029).  LECs grown on NETs had a significant decrease in viability after a 24-hour 

incubation period compared to LECs grown on cover glass. After 4 hours, supernatant was 

removed and the numbers of unadhered cells were counted. There were no significant difference 

between the number of cells adhered to the glass coverslips with or without NETs (data not 

shown).     

 

 

Figure 4-13.  The alamarBlue ratios at 24 hours of 25 000 LECs/ cm2 on glass coverslips and 
LECs incubated on NETs. This figure is the composite of three biological replicates. (n=3, error 
bars show standard error, * = p < 0.05). 
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4.4.2  α-SMA and NucBlue staining 

Figure 4-14A shows representative images of LECs incubated on glass coverslips and 4-

Figure 4-14B shows LECs incubated on NETs. The amount of α-SMA was determined by the 

signal ratio of the α-SMA to find the total area of the coverslip covered with α-SMA. The 

average surface area covered by α-SMA on adsorbed NETs is significantly higher at 17.6 ± 2.2 

mm2 compared to glass at 2.05 ± 0.88 mm2 (n=3, p= 0.042). The relative total number of live 

cells is reported in Figure 4-15 (n= 3, p= 0.0014). Table 4-1 is a summary of LECs incubated on 

NETs and normalizes the amount of α-SMA produced by the LECs to the number of live cells in 

each condition to eliminate increased amounts of α-SMA production due to an increase in cells.  

There was an increase in α-SMA production from cells incubated on NETs compared to cells 

incubated on glass coverslips (p= 0.00004).          

       

 

Figure 4-14.  Representative images of LECs grown on (A) glass coverslips and (B) glass 
coverslips with adsorbed NETs.  α-SMA is stained with fluorescent anti- α-SMA antibody 
(green) and live cells are stained with NucBlue (blue). (scale bar= 400 µm)    

 

 

 



 50 

   A                  B 

    

Figure 4-15.  (A) The average area of the coverslip positive for α-SMA of LECs on glass 
coverslips and LECs on glass coverslips with adsorbed NETs. (B) The total number of live cells 
on the coverslips as determined by NucBlue staining. (n=3, error bars show standard deviation, 
**= p < 0.005, ***= p < 0.001).       
 

 

Table 4-1.  Summary of LECs on glass coverslips with and without adsorbed NETs.  The 
amount of α-SMA produced on each surface is normalized to the number of live cells (n=3, table 
shows standard deviation). 

 

 alamarBlue 
ratio 

α-SMA (mm2) NucBlue (# of live 
cells) 

α-SMA /NucBlue #  
(x 104 mm2/cell) 

Glass 0.384 ± 0.077 1.42 ± 0.21 10680 ± 2460 1.3 ± 0.2 

NETs 0.211 ± 0.047 25.65 ± 5.57 29140 ± 5430 8.8 ± 0.6 

 

 

4.5 Surface functionalization of PMMA surfaces with amine and carboxyl groups 

PMMA disks and beads were functionalized with amine or carboxyl groups on their 

surface and then used in in vitro and in vivo studies. For in vitro experiments, lens epithelial cells 

(LECs) were incubated with the disks to quantify their viability and behaviour in the presence of 
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different PMMA surface chemistries. For in vivo experiments, the beads were injected 

subcutaneously into mice to study the effects of PMMA surface chemistry on neutrophil activity 

and healing responses.    

PMMA disks or beads were aminated by incubation in hexamethyldiamine (HMD) in 

borate buffer. The ninhydrin assay determined the number of amine groups at the surfaces 

normalized to unfunctionalized PMMA disks or beads. The functionalized PMMA disks had an 

average of 69.3 ± 31.6 nmol/cm2  (n=3), and the PMMA beads had an average of 1.4 x103 ± 

525.8 nmol/g (n=3).    

PMMA disks and beads were incubated in NaOH and methanol. Back titration was used 

to calculate the number of carboxyl groups on the surface of the disks and beads and normalized 

to unmodified PMMA. The functionalized PMMA disks had an average of 167.2 ± 44.5 

nmol/cm2 (n=3), and the PMMA beads had an average of 1.8 x103 ± 279.9 nmol/g (n=3).        

 

4.6 LEC viability and α-SMA production on different PMMA surface chemistries 

LECs were incubated on TCPS and different PMMA surfaces chemistries for 24 hours 

and their viability assessed with an alamarBlue assay and then stained for α-SMA produced by 

the cells as a marker for EMT. 

 

4.6.1 LEC viability was evaluated with an alamarBlue assay 

Figure 4-16 shows the alamarBlue ratios of LECs incubated on TCPS and different 

PMMA surface chemistries (n=3). LECs incubated with PMMA- NH2 had a significantly 

increased cell viability compared to LEC incubated on PMMA (p=0.003) or PMMA-COOH (p= 
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0.006). LECs incubated with PMMA and PMMA- COOH did not show any significant 

differences in viability. Cells grown on TCPS had a significant increased viability of LECs when 

compared to PMMA (p= 0.0002) and PMMA-COOH (p= 0.0006). After 4 hours, supernatant 

was removed and the numbers of unadhered cells were counted. There were no significant 

difference between the number of cells adhered to the TCPS or any of the PMMA chemistries. 

 

 

Figure 4-16.  The alamarBlue ratios of 25 000 LECs/ cm2 after a 24 hour incubation on 
functionalized and native PMMA surfaces. (n=3, error bars show standard deviation, *= p< 0.05, 
**= p < 0.005).  
 
 

 This same experiment was repeated and the results showed similar trends to the first 

experiment. Figure 4-17 shows the results of this replicate. LECs grown on PMMA- NH2 were 

significantly more viable than LECs on PMMA-COOH (p= 0.0188). However, a significant 

difference between LEC viability on PMMA- NH2 and PMMA was not observed (p= 0.115), 

although the trend is similar to that of the first experiment. Again, no significant difference was 

seen between LECs incubated on PMMA and PMMA-COOH.      
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Figure 4-17.  The alamarBlue ratios of 25 000 LECs/ cm2 after a 24 hour incubation on 
functionalized and native PMMA surfaces.  (n=3, error bars show standard deviation, *=p<0.05). 
 

4.6.2 α-SMA and NucBlue staining 

Figure 4-18A shows representative images of LECs incubated the three PMMA surface 

chemistries and Figure 4-18B shows LECs incubated on PMMA disks with different surface 

chemistries (n=3). The amount of α-SMA was determined by using the signal ratio of the α-

SMA to find the total area of the coverslip positive for α-SMA. The average surface area 

covered by α-SMA on PMMA-NH2 is significantly higher at 21.8 ± 5.6 mm2 in comparison to 

PMMA at 0.98 ± 0.58 (p= 0.003) and PMMA-COOH at 7.25 ± 3.01 mm2 (p= 0.016) as well as a 

significant increase between PMMA and PMMA-COOH (p= 0.024), as shown in Figure 4-19A.  

The relative total number of live cells (NucBlue positive) is reported in Figure 4-19B. Table 4-2 

summarizes the results of the experiments conducted with the LECs incubated on glass 

coverslips and NETs. The amount of α-SMA produced by the LECs in each condition was 

normalized to the number of live cells. There was a significant increase in the amount of α-SMA 

on PMMA-NH2 compared to PMMA and PMMA-COOH (p=0.00025 and p= 0.017 respectively) 

but not between PMMA and PMMA-COOH (p= 0.056).    
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Figure 4-18.  Representative images of LECs grown on (A) PMMA, (B) PMMA-NH2 and (C) 
PMMA-COOH.  α-SMA is stained with fluorescent anti- α-SMA antibody (green) and live cells 
are stained with NucBlue (blue). (scale bar= 400 µm)   
 
 

    A            B 

 

Figure 4-19.  (A) The average area of the coverslip positive for α-SMA of LECs on TCPS and 
PMMA disks with different surface chemistries. (B) The total number of lives cells on the 
coverslips as determined by NucBlue staining. (n=3, error bars show standard deviation, *= p< 
0.05, **= p < 0.005). 
 
 

0	

5	

10	

15	

20	

25	

30	

A
re

a 
C

ov
er

ed
 (m

m
2)

0	

5000	

10000	

15000	

20000	

25000	

30000	

35000	

To
ta

l n
um

be
r o

f l
iv

e 
ce

lls
** * * ** 

** 



 55 

Table 4-2.  Summary of LECs incubated on PMMA disks of different surface chemistries.  The 
amount of α-SMA produced on each surface is normalized to the number of live cells (n=3, table 
shows standard deviation).    

 
 alamarBlue 

ratio 
α-SMA  (mm2) NucBlue (# of 

live cells) 
α-SMA /NucBlue # 

(x 104 mm2/cell) 
PMMA 0.146 ± 0.017 0.98 ± 0.58 9641 ± 3750 0.98 ± 0.26 

PMMA-NH2 0.254 ± 0.023 21.8 ± 5.6 25058 ± 5210 8.7 ± 1.1 

PMMA-COOH 0.156 ± 0.021 7.25 ± 3.01 19281 ± 1270 3.8 ± 1.8 

 

 
4.7 Tissue analysis of PMMA beads injected in vivo   

C57BL/6J mice were injected with PMMA beads of different surface chemistries (amine 

or carboxyl). Beads were tested for endotoxin to eliminate any potential cross reaction not 

related to the surface chemistry of the beads and tissues were stained for analysis of neutrophil 

and healing response. Each mouse received four injections of 100µL of 800 mg/ mL bead 

suspension, which had less than 0.25 EU/ mL. The endotoxin units per mL of each of the bead 

chemistries of different surface chemistries were below the minimum standard (Table 4-3).   

 

Table 4-3.  The amount of endotoxin units per mL of 800mg/ mL of PMMA bead suspensions in 
endotoxin free water.  The endotoxin concentration was calculated using Limulus Amebocyte 
Lysate (LAL) Pyrochrome kit (Cape Cod Inc.) (n=3).     

 

Bead Type Endotoxin Concentration (EU/ mL) 

Unfunctionalized PMMA 0.038 ± 0.00071 

Amine PMMA         0.041 ± 0.00087 
 

Carboxyl PMMA         0.044 ± 0.0011 
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4.7.1 Histological and immunohistochemistry analysis of in vivo PMMA injections 

Implanted beads were explanted 1 day or 7 days following surgery. They were stained 

with H&E or Masson’s Trichrome or immunohistochemical (IHC) staining with antibodies 

against Ly6G to identify neutrophils or CD31 to identify intact microvessels.   

 Ly6G was stained to visualize their neutrophil presence around injected PMMA beads 

(Figure 4-20). The amount of neutrophils is quantified as the area of the bead covered by cells 

stained positive for Ly6G antibody (Figure 4-22). There was a significant increase in neutrophils 

present at 1 day surrounding PMMA (p=0.014), PMMA-NH2 (p=0.0073), and PMMA-COOH 

(p=0.020) compared to 7 days. Between bead types, at 1 day there were no significant 

differences in the area positive for Ly6G. At 7 days, there was a significant increase in areas 

positive for Ly6G surrounding PMMA-NH2 compared to PMMA (p=0.0014), and an increase in 

Ly6G positive cells surrounding PMMA-COOH bead when compared to PMMA (p= 0.0020), 

and PMMA-NH2 (p=0.0060). This increase in cell density is also seen in the H&E stain (Figure 

4-21). 
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Figure 4-20.  Representative pictures of tissue explants stained with anti-Ly6G antibody and a 
HRP-DAB Chromogen conjugation staining kit to identify neutrophils (brown). 20x 
magnification, scale bar= 200 µm. 
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Figure 4-21.  Representative pictures of functionalized and native PMMA bead areas stained 
with H&E.  20x magnification, scale bar= 200 µm. 
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Figure 4-22.  A summary of the area surrounding the functionalized and native PMMA beads 1 
day and 7 days post injection that stained positive for Ly6G, a mouse neutrophil cell marker 
normalized to the number of beads in the bead pocket. (n=4, error bars show standard deviation, 
*= p< 0.05).        

 

CD31 receptors on endothelial cells were stained with anti-CD31 antibody to visualize 

vessel like structures surrounding the injected PMMA beads (Figure 4-23). The amount of 

vessel-like structures around the beads at 1 day and 7 days after injection is reported in Figure 4-

25.  There was a significant increase in vessel-like structures present at 7 days around PMMA-

NH2 compared to 1 day (p= 0.0032). The other two bead types were not significant but did have 

an increase in CD31 at 7 days compared to 1 day. Between bead types, at 1 day there was a 

significant increase in the number of CD31 positive vessels surrounding PMMA and PMMA-

NH2 (p= 0.014) and PMMA-NH2 and PMMA-COOH (0.011). At 7 days, there was a significant 

increase in the number of CD31 positive cells surrounding PMMA-NH2 beads compared to 
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PMMA (p=0.043) and PMMA-COOH (p=0.050). This is also supported by Masson’s Trichrome 

staining (Figure 4-24).   
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Figure 4-23.  Representative pictures of tissue explants stained with anti-CD31 antibody and a 
HRP-DAB Chromogen conjugation staining kit to identify endothelial cells (brown). 40x 
magnification, scale bar= 100 µm. Note the small dots in the pictures of the PMMA-NH2 and 
PMMA-COOH at 7 days are air bubbles from mounting slides.       
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Figure 4-24.  Representative pictures of functionalized and native PMMA bead areas stained 
with Masson’s Trichrome.  Arrows indicate blood vessels.  40x magnification, scale bar= 100 
µm. 

 

 
Figure 4-25.  A summary of the number of vessel structures surrounding the functionalized and 
native PMMA beads 1 day and 7 days post injection, stained positive for CD31, a endothelial 
cell marker normalized to the bead area (mm2). (n=4, error bars show standard deviation, 
*=p<0.05, **= p< 0.005).   
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. Discussion Chapter 5

When neutrophil cells contact biomaterials, they will interact with the proteins or other 

biomolecules at the surface of the material.  Previous research in the Wells lab suggests that 

surface chemistry (and proteins that adsorb to it from serum in medium) alters the rate at which 

HL60 “neutrophil-like” cells release extracellular traps.103 Furthermore, in the context of PCO, 

lens epithelial cells (LEC) will also interact with the material surface because they remain after 

cataract surgery. By studying how NETs influence macrophage cells (THP1 cells) and LECs as 

well as how surface chemistry can influence LECs, the influence of neutrophil behavior at the 

surface of material can alter downstream cell behaviours. Surface chemistries of PMMA and 

immune cells present at the wound site have an effect on downstream immune cell action and 

lens epithelial cells in a way that may mitigate or contribute to the mechanism leading to the 

development of PCO.  

 

5.1 NETs can be generated and isolated from the HL60 cell line 

Neutrophil extracellular traps were generated and isolated from HL60 cells following a 

protocol adapted from the procedure by Najmeh et al109 for isolating NETs from human primary 

neutrophils. HL60 cells were activated with PMA to promote the release of NETs and then NETs 

isolated in a series of washes and centrifugations. While NETs have been isolated from PMA-

activated primary blood neutrophils in past studies,14,16 this is the first evidence of isolating 

NETs from an established cell line. While the amount of NETs isolated from the cell line (103.75 

ng/ µL) was less that that isolated from primary blood neutrophils (140-180 ng/ µL), there was 

enough DNA to use in subsequent experiments. DNA is one of the main components in NETs, 
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determined by staining NETs with DNA dyes and treatment with deoxyribonuclease (DNase), 

which degraded NETs.14 However, neutrophils that undergo NETosis and apoptosis would both 

result in the release of DNA but these two means of cell death are distinct from each other.16 To 

verify that the DNA isolated from the HL60 cells was NETs, the NET isolate was adsorbed onto 

coverslips and stained for DNA and the specific NET-associated protein citrullinated histone H3.     

The presence of NETs was confirmed by staining for extracellular DNA with SYTOX 

Green and anti-citrullinated histone H3 antibody. The overlay of the DNA and citrullinated 

histone H3 indicates that HL60 cell activation with PMA and the isolation method were 

successful in isolating NETs. During NETosis, arginine in histone H3 and H4 are deiminated to 

the amino acid citrulline by the enzyme peptidyl arginine deiminase 4 (PAD4).56 PAD4 is 

abundant in the granules of neutrophils and their release can induce apoptosis and the 

deimination of the H3 and H4,56,112 making this enzyme essential in the formation of NETs.58  

Previous research by Wang et al.113 shows that inhibition of PAD4 decreases histone 

citrullination and consequently the formation of NETs whereas treating HL60 cells with PAD4 

induces NETosis and NET-like structure formation. Due to the critical contribution PAD4 has in 

the NETosis process and hypercitrullination of histone H3 it facilities as well as the three 

arginine groups available for citrullination,114 we used citrullinated histone H3 as a NET-specific 

marker when qualifying the NET isolate from HL60s. Neutrophil elastase is also a protein 

specifically released by neutrophils during NETosis59 and is anther marker that would be used in 

the future for evaluation of NETosis. 
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5.2 NETs increase the activation of THP1 cells in the presence of PMA and dependent on 

cell density 

The NETs isolated from HL60 cells were used to study the effects of neutrophils on 

macrophages (THP1 cells). While neutrophils are usually cleared by macrophages earlier on in 

the healing response, NETs can remain behind and have further effects on the macrophages. 

 

5.2.1 NETs increase activation of THP1 cells 

In a normal healing response, neutrophil extracellular traps will be cleared by 

macrophages and the ingestion of NETs by the macrophages does not produce pro-inflammatory 

cytokines.78 We found that in the presence of NETs isolated from HL60 cells, THP1s showed 

trends of increased cell viability, which was significant in THP1s activated with 100 nM PMA.  

Activation with 100 nM PMA may mimic the effect that would be seen in vivo, where 

macrophages are highly active following surgery, and the presence of NETs may increase that 

response. It has also been shown that following degradation of NETs, macrophages can undergo 

phenotype dependent responses, with M2 causing a pro-inflammatory response and M1 

macrophages undergo cell death.80 This is an interesting finding as M2 macrophages are 

considered to be the pro-resolution phenotype and their switch to pro-inflammatory may increase 

the inflammatory response in chronic disease and wound healing. In vivo studies of NETs in the 

role they play in cancer metastasis have found that NETs can trap circulating tumor cells leading 

to increased metastisis.64 Treatment with DNase and neutrophil elastase inhibitor decreased these 

effects.            
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DNase is present in serum at a concentration of 29.1 ng/mL.115 However, in chronic 

inflammation and some diseases, NETs are not properly cleared because of increased DNA 

presence that cannot be cleared quickly enough or lack of enzyme to degrade them and can illicit 

pro-inflammatory cytokine production. NETs are implicated in chronic conditions such as 

lupus,116 diabetes,57 and thrombosis,62 due to either excessive presence or aggregation of NETs 

that cannot be cleared by macrophages, and cause further inflammation, activation of platelets 

and other inflammatory factors.  

 

5.2.2 Cell density of macrophages may have an effect on paracrine activation 

In our research we found that there was an increase in THP1 cell activation in the 

presence of NETs that was dependent on the cell density. THP1s incubated on NETs at 500 000 

cells/cm2 compared to 300 000 THP1s cells/ cm2 incubated on NETs had an increased viability.  

Cell culture conditions of THP1s have shown an increase of CD14+ marker, which is indicative 

of monocyte to macrophage differentiation, at higher cell densities.117 This increased activation 

may have also been present in our research comparing 300 000 THP1 cells/ cm2 and 500 000 

THP1 cells/ cm2. As described about, in chronic conditions, NETs can induce macrophages to 

release more inflammatory cytokines thus increase the activity of the macrophages. 

Macrophages fuse to form foreign body giant cells (FBGCs)12 and in our LIVE/ DEAD 

staining of THP1s on NETs, concentrated clumps of THP1 cells were seen in the activated 

conditions. While these cannot be concluded to be FBGCs, it is possible that at higher cell 

densities, activated THP1s can fuse with each other at the nuclei to make these bodies. Foreign 

body giant cells are multinucleated cells, in which multiple nuclei fuse to form one large body.118 
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To verify the presence of FBGCs, nuclei staining (for example, Giemsa staining) would need to 

be done to determine multiple nuclei within the single body of fused cells.          

 

5.3 NETs increase the release of TNF-α  but do not express detectable levels of IL-10 

NETs increased TNF-α released by THP1s activated with 100 nM PMA and incubated 

on NETs for 48 hours as determined by an ELISA. The 48 hours incubation with NETs was to 

allow investigate whether NETs could influence differentiated macrophages to release the 

cytokines TNF-α or IL, pro-inflammatory (M1) and pro- resolution (M2) markers respectively.  

Macrophages undergo differentiated into these phenotypes naturally in the body in response to 

foreign bodies119 and cytokines released injured tissues and cells (such as IL-8 and TNF-α).73 

M1 and M2 type macrophages express different proteins and surface markers, which are part of 

the behavior and can be measured to determine their polarization. TNF-α is a known M1 

macrophage marker and IL-10 is a marker for M2 macropahges76 and was used in this research 

to evaluate the M1/M2 polarization of THP1 cells incubated with NETs.  In chronic illness such 

as lupus, it has been demonstrated that NETs can activate macrophage inflammasomes in 

macrophages from lupus patients. These macrophages then release inflammatory cytokines 

which stimulate neutrophils to undergo further NETosis, increasing inflammation.120 While it is 

possible that this upregulation of NETosis is also seen in our research, it is difficult to say, as 

there may be behavioural differences between the cell lines and primary cells. The research 

between NETs and macrophages in lupus patients used human primary cells and they saw 

cytokines IL-18 and IL-1β (both inflammatory cytokines) released from macrophages when 

activated by NETs.120 While the cytokines investigated in these studies were different, TNF-α, 

an inflammatory cytokine, may demonstrate this trend of increased inflammation as well.  
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Further work analyzing different inflammatory cytokines can give a better understand of the cell 

line compared to primary cells.    

While there was no significant difference between THP1s activated with 50 nM PMA 

and THP1s activated with 50 nM PMA and NETs, there was a trend of increased TNF-α.  It is 

possible that the NETs stimulate a more inflammatory response in THP1 cells after they have 

already been activated with PMA, influencing them to M1 phenotype, as mentioned above with 

phenotype M1/ M2 activity switching.80 Repeating this study with other inflammatory cytokines 

will help determine is this effect is true and if NETs alone may have a role in furthering an 

existing inflammatory response.         

An IL-10 ELISA did not detect any levels of IL-10 in any of the activated THP1 

conditions.  This may indicate that NETs do not induce the M2 phenotype in macrophages, 

which is in agreement with the increase in TNF-α released by cells incubated with NETs. 

Experiments with increased time points and a range of cell markers for both M1 and M2 

macrophages will aid in determining whether NETs do induce either of these phenotypes. 

 

5.4 LEC viability and α-SMA expression are affected by surface chemistry and NETs 

A characteristic feature of PCO is the capsular wrinkling caused by the epithelial to 

mesenchymal transition (EMT) undergone by the lens epithelial cells following cataract lens 

replacement surgery.2,3 When epithelial cells transdifferentiate to mesenchymal cells they lose 

their epithelial phenotypic markers such as E-cadherin, and express mesenchymal markers like 

α-SMA and collagen I.84 In our research, we used α-SMA expression from the LECs to assess 

EMT in the presence of different PMMA surface chemistries and NETs. It is important to note 
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that α-SMA alone is not substantial alone to determine EMT; rather, it can be used to confirm 

whether these factors induce the phenotypic LEC behaviour seen in previous PCO research.  

Migration of the LECS as well as the loss of the epithelial markers, such as E-cadherin are 

important to measure as well in evaluating EMT. 

Another phenomena that has been observed following cataract surgery is lens epithelial 

cell apoptosis.121,122 It was found that LECs in the capsular bag undergo apoptosis relatively 

early on in the healing response after surgery, due to the elevated levels of TGF-β2.121 TGF-β2 is 

also able to induce transdifferentiation of LECs to a mesenchymal phenotype88 and express α-

SMA, stimulating the wrinkling of the capsular bag.89 The mechanism behind the lens cells’ 

death is not understood, but some cells may die and the remaining surviving cells may continue 

to adhere and proliferate. Assessing how the surface chemistries of PMMA (proteins adsorbed 

during culture) and adsorbed NETs affect LEC, α-SMA ICC and apoptosis will indicate which 

factors may increase or decrease EMT.   

 

5.4.1 PMMA surface chemistry affects viability and expression of α-SMA of LECs 

Cell adherence and proliferation on biomaterials is dependent on the binding of cell 

integrin receptors to ECM components or proteins.123 ECM components and proteins adsorb to 

the material immediately following IOL implant12 to minimize free surface energy, and the 

absorption of these can be altered by the surface chemistry of the material, such as surface 

charge which would bind to certain proteins depending on overall charge.124 PMMA substituted 

with COO-/ SO-
3 leads to the inhibition of LEC growth102 and other research has shown that 

aminated surfaced (NH2) exhibit increased ECM protein adhesion, fibroblast adhesion and 
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spreading125 and LEC attachment when on aminated silicon126.  Our research found that this was 

also true of PMMA disks functionalized with amine and carboxyl groups. LECs had an increased 

viability as determined by an alamarBlue assay when incubated on aminated surfaced compared 

to carboxylated PMMA and native PMMA. 

There are also other considerations in vivo in terms of PCO.  As mentioned ECM proteins 

are highly important in normal tissue and healing tissue cell attachment. Fibronectin can alter 

integrin binding sites on NH2 and COOH surfaces and subsequently altered adhesion and gene 

expression.27 Likewise, collagen, another ECM component, when attached to COOH 

functionalized surface improved myoblast and fibroblast proliferation.127 These would all be 

present in the healing response following cataract surgery and have an effect on how LECs 

behave.          

    

5.4.2 NETs decrease LEC viability and increase α-SMA expression 

LECs incubated on NETs adsorbed to TCPS, their viability was significantly decreased 

while their expression of α-SMA was increased. Even though they had a decreased viability, 

there were more live cells present than on the glass coverslips. This is similar to the effects of 

TGF-β2 on LECs as described above; increased apoptosis, leading to overall decrease in cell 

viability and increased α-SMA production. While our research did not look at the apoptosis of 

LECs, the decreased viability of LECs on NETs may indicate that there was more cell death 

compared to the control or that when cell increase their α-SMA expression they have decreased 

cell health. Healthy LECs also express α-SMA, in lower quantities than LECs in PCO.83,85,128 

This was also observed in LECs incubated on glass coverslips with no NETs present. Another 
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possibility is that LEC cell death is an early stage process in PCO formation following cataract 

surgery as suggested by Saika et al.121 LECs incubated on NETs have increased α-SMA and live 

cells but decreased viability may indicate the LECs proliferated more compared to the control, 

expressed more α-SMA but some cells may have died after this process. Proliferation assays 

may be able to provide a better insight into the rate of LEC growth on PMMA. 

 

5.5 Histological analysis of injected PMMA beads 

Neutrophil and vessel-like structure formation was varied between time points (1 and 7 

days) and PMMA surface chemistries. Serum proteins, growth factors, and cytokines all effect 

how neutrophils and endothelial cells respond to PMMA beads. 

 

5.5.1 Early time point in the healing response shows increased neutrophil presence around the 

PMMA implants 

A significant increase in neutrophil response was observed at 7 days compared to 1 day 

across all bead surface chemistries. Neutrophils are the first immune cell to be active in the 

foreign body response (FBR) and can be present up to 3 days following the initial tissue 

damage.12,48 Further along in the FBR, macrophages infiltrate the area and phagocytose the dead 

neutrophils78 and are activated by the cytokines and factors released by neutrophils and the local 

cells68.  Therefore, this increase of neutrophil presence at 7 days after injection may be indicative 

of an enhanced inflammatory response or prolonged neutrophil activation and recruitment due to 

the changes in surface chemistry. Furthermore, the different surface chemistries there were no 

significant different in neutrophil response; however there was increase neutrophils surrounding 
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the PMMA-NH2 and PMMA-COOH when compared to PMMA at both 1 and 7 days.  The 

increase of neutrophil presence at 7 days around PMMA-COOH compared to other groups is 

interesting as it may indicate increased inflammation. Further in vivo work investigating the 

macrophage presence at these two time points and possibly longer time points will reveal the 

inflammatory response surrounding these beads. As mentioned in previous sections, the surface 

chemistry affects the adhesion of serum proteins to a material and the positive and negative 

charge respectively on these surfaces may have increased the neutrophil response.  

     

5.5.2 Later time point in the healing response shows increase vessel-like structures 

At 7 days after the injection of the different PMMA beads, a trend of increased of vessel 

like structure formation was seen compared to 1 day. This increase was significant between the 

PMMA-NH2 beads only. During wound healing, vessels begin to form around 3-4 days 

following the initial tissue damage in response to fibroblast activity and to the area and 

angiogenic growth factors and promote the sprouting of new vessels from existing 

vessels.12,129,130 Therefore, at 7 days we would expect to see more vessel-like structures 

beginning to form. In determining what a constituted a vessel-like structure, areas of 

concentrated CD31 (dark brown areas) were counted and normalized to mm2 of tissue. While it 

may have been too early in the healing response to see the circular vessel formation, there 

increased patches of CD31 may indicate that endothelial cells have begun to infiltrate the area 

more at 7 days. Another possibility is that the area between the beads, where the vessels should 

have been forming, was compressed by the beads, blocking the vessels from being visualized.  

The increased CD31 surrounding PMMA-NH2 compared to PMMA-COOH is interesting, 

as pervious work done by the Sefton lab found increased vessel formation around PMMA/MAA 
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copolymers.131 The beads used for that research contain 40% MAA surface groups whereas the 

beads used for our in vivo work contained approximately 10%. The difference is surface group 

concentration may lead to a different inflammatory response, which would be investigated in 

future work looking at macrophage phenotypes and the inflammation downstream in the healing 

response.  
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. Conclusions and future work Chapter 6

6.1 Functionalized PMMA and NETs have an effect of macrophage and LEC viability and 

behaviour 

Functionalized PMMA disks and NETs were determined to have varying effects on 

macrophages and lens epithelial cells in vitro. To study the effects of neutrophil extracellular 

traps (NETs), they were isolated and then absorbed onto tissue culture polystyrene (TCPS).  

NETs were isolated from HL60 cells after stimulation with PMA, which has not previously been 

done.  This resulted in 400 µL a NET stock concentration of 103.75 ± 18.59 ng/ µL. This was 

below literature values of 140-180 ng/ µL109 using freshly isolated human neutrophils, but was 

adequate to study the effects of adsorb NETs on macrophages and LEC. PMMA disks were 

modified to have either amine groups or carboxyl groups on their surface using previously 

established protocols that have been further improved in our lab and used to evaluate their effects 

on lens epithelial cell viability and behaviour.          

  When THP1 “macrophage-like” cells were incubated with NETs adsorbed onto TCPS 

and 100 PMA, there was a significant increase in THP1 cell viability in comparison to THP1 

cells activated with 100 nM PMA and without NETs. These macrophages also had an increased 

release of TNF-α, a pro-inflammatory cytokine, but other cell markers and cytokines would need 

to be investigated over a long time frame to determine whether NETs can affect macrophage 

phenotype. THP1 activation was also dependent on cell seeding density in the presence of PMA 

and NETs.   

NETs and different PMMA surface chemistries also affected the viability and behaviour 

of LECs.  LEC viability was decreased when they were incubated on NETs adsorbed to TCPS 

and expression of α-SMA was increased. Since α-SMA is a characteristic feature of LECs that 
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have undergone EMT, this observation indicated that NETs may increase the transition of LECs 

to mesenchymal cells. PMMA surface chemistry also altered the viability and α-SMA 

expression, with increased viability and α-SMA on aminated surfaces when compared to 

carboxylated and native PMMA surfaces.  

 

6.2 Functionalized PMMA has an effect on neutrophils and wound healing in vivo 

Histological analysis of injected beads showed there was an increase in neutrophil 

presence and vessel-like structures at seven days after injection compared to 1 day. The increase 

in neutrophil presence around PMMA-NH2 and PMMA-COOH beads may indicate an enhanced 

inflammatory response by the neutrophils, and that the surface chemistry and adsorbed proteins 

are implicated in this difference in neutrophil response.  Vessel forms were also increased around 

PMMA-NH2, but not PMMA-COOH, which differs from previous research that saw increase in 

vessel formation around PMMA-COOH compared to PMMA.131 10% of the modified PMMA 

beads had carboxyl groups, compared to the 40% found in literature, leading to the suggestion 

that the concentration of surface groups on the PMMA surface can have varying effects in 

wound healing and inflammation.   

 

6.3 Future work 

While the results suggest NETs may enhance the inflammatory effect of macrophages 

activated with PMA, further investigation into the effect of NETs on macrophage polarization by 

investigating other cytokines released by differentiated macrophages and cell markers.  

Furthermore, there is the possibility that the behavior of macrophages elicited by NETs may 

encourage further NETosis, increasing the inflammatory response. Further characterization of the 
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macrophage cells incubated with or without NETs by flow cytometry and immunocytochemistry 

will determine what phenotype of macrophages are present (M1/ M2). Exploration of the masses 

of cells observed in the LIVE/ DEAD staining by nuclei staining will determine if the masses 

have multiple nuclei characteristic of foreign body giant cells when in the presences of NETs and 

if NETs induce the formation of these bodies.  Increasing time points of experiments may give a 

better picture of the healing response and the inflammatory action of macrophages over time.  

The formation of FBGCs and increased inflammation may also be due to differences in cell 

seeding density of THP1s and the paracrine effects of activated THP1 cells.         

The behaviour of LECs on NETs and PMMA needs to be further investigated to 

determine if EMT is occurring through further in vitro analysis. Epithelial markers in 

conjunction with mesenchymal markers (E-cadherin and α-SMA respectively) can be used to 

first determine that EMT is occurring as well as the rate of proliferation and migration of cells in 

response to these materials and factors over time. Investigating the relationship between LEC 

apoptosis and α-SMA can help better define the mechanism behind α-SMA and cell migration 

and proliferation that may mitigate PCO.     

 In vivo analysis of macrophage polarization and staining for NETs will enhance our 

understanding of how neutrophils affect the wound healing response to different surface 

chemistries and the inflammatory effects the macrophages and NETs have on each other. In 

particular, investigating the effects of NETs on macrophages in vivo will support the possible 

continued inflammatory response of macrophages due to them stimulating NETosis. Cell 

analysis of types of cells around the different PMMA surface chemistries will also provide more 

insight into how the cells respond to material surfaces at various time points. These results would 

further explore the hypothesis that surface chemistry alters cell behaviour and the wound healing 
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response in vivo as well as further our understanding of the effects that early stage immune 

responses have downstream in the healing response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 76 

Bibliography 

1. Awasthi, N., Guo, S. & Wagner, B. J. Posterior capsular opacification. Arch. Ophthalmol. 

127, 555 (2009). 

2. Wormstone, I. M., Wang, L. & Liu, C. S. C. Posterior capsule opacification. Exp. Eye Res. 

88, 257–269 (2009). 

3. Apple, D. J. et al. Posterior capsule opacification. Surv. Ophthalmol. 37, 73–116 (1992). 

4. Nibourg, L. M. et al. Prevention of posterior capsular opacification. Exp. Eye Res. 136, 

100–115 (2015). 

5. Khambhiphant, B., Liumsirijarern, C. & Saehout, P. The effect of Nd:YAG laser 

treatment of posterior capsule opacification on anterior chamber depth and refraction in 

pseudophakic eyes. Clin. Ophthalmol. 9, 557–61 (2015). 

6. Pandey, S. K., Apple, D. J. & Werner, L. Posterior capsule opacification : A review of the 

aetiopathogenesis. Indian J. Ophthalmol. 52, 99–112 (2004). 

7. Wormstone, I. M. Posterior capsule opacification: a cell biological perspective. Exp. Eye 

Res. 74, 337–347 (2002). 

8. Nishi, O., Nishi, K. & Wickstro, K. Preventing lens epithelial cell migration using 

intraocular lenses with sharp rectangular edges. J. Cataract Refract. Surg. 26, 1543–1549 

(200AD). 

9. Nishi, O., Nishi, K. & Akura, J. Effect of round-edged acrylic intraocular lenses on 

preventing posterior capsule opacification. J. Cataract Refract. Surg. 27, 608–613 (2001). 

 

 

 



 77 

10. Wei, Y., Chen, Y., Liu, P., Gao, Q. & Sun, Y. Surface modification of hydrophobic 

PMMA intraocular lens by the immobilization of hydroxyethyl methacrylate for 

improving application in ophthalmology. Plasma Chem. Plasma Prcoessing 31, 811–825 

(2011). 

11. Xu, L. & Siedlecki, C. A. Effects of surface wettability and contact time on protein 

adhesion to biomaterial surfaces. Biomaterials 28, 3273–3283 (2007). 

12. Anderson, J. M., Rodriguez, A. & Chang, D. T. Foreign body reaction to biomaterials. 

Semin. Immunol. 20, 86–100 (2008). 

13. Mantovani, A., Cassatella, M. A., Costantini, C. & Jaillon, S. Neutrophils in the activation 

and regulation of innate and adaptive immunity. Nat. Rev. Immunol. 11, 519–531 (2011). 

14. Brinkmann, V. Neutrophil extracellular traps kill bacteria. Science. 303, 1532–1535 

(2004). 

15. Brinkmann, V., Laube, B., Abu Abed, U., Goosmann, C. & Zychlinsky, A. Neutrophil 

extracellular traps: how to generate and visualize them. J. Vis. Exp. 36, (2010). 

16. Fuchs, T. A. et al. Novel cell death program leads to neutrophil extracellular traps. J. Cell 

Biol. 176, 231–241 (2007). 

17. Chrysanthopoulou, A. et al. Neutrophil extracellular traps promote differentiation and 

function of fibroblasts. J. Pathol. 233, 294–307 (2014). 

18. Donis-Maturano, L. et al. Prolonged exposure to neutrophil extracellular traps can induce 

mitochondrial damage in macrophages and dendritic cells. Springerplus 4, 161 (2015). 

19. Grainger, D. W. All charged up about implanted biomaterials. Nat. Biotechnol. 31, 507–

509 (2013). 

 



 78 

20. Jacqueline A. Jones, David T. Chang, Howard Meyerson, Erica Colton, I. K. K. & 

TakehisaMatsuda, J. M. A. Proteomic analysis and quantification of cytokines and 

chemokines from biomaterial surface-adherent macrophagesand FBGCs. Clin. Exp. 

Rheumatol. 33, 97–103 (2015). 

21. Oshika, T., Nagata, T. & Ishii, Y. Adhesion of lens capsule to intraocular lenses of 

polymethylmethacrylate , silicone , and acrylic foldable materials : an experimental study. 

Br. J. Ophthalmol. 82, 549–553 (1998). 

22. Yan, Q., Perdue, N. & Sage, E. H. Differential responses of human lens epithelial cells to 

intraocular lenses in vitro: hydrophobic acrylic versus PMMA or silicone discs. Graefe’s 

Arch. Clin. Exp. Ophthalmol. 243, 1253–1262 (2005). 

23. Colvard, D. M. Achieving excellence in cataract surgery: a step by step approach. (2009). 

24. Mukherjee, R., Chaudhury, K., Das, S., Sengupta, S. & Biswas, P. Posterior capsular 

opacification and intraocular lens surface micro-roughness characteristics : an atomic 

force microscopy study. Micron 43, 937–947 (2012). 

25. Vroman, L., Adams, A. L. & Diseases, M. Findings with the recording ellipsometer 

suggesting rapid exchange of specific plasma proteins at liquid/ solid interfaces. Surf. Sci. 

16, 438–446 (1969). 

26. Jenney, C. R. & Anderson, J. M. Adsorbed serum proteins responsible for surface 

dependent human macrophage behavior. J. Biomed. Mater. Res. 49, 435–447 (2000). 

27. Keselowsky, B. G. & Collard, D. M. Integrin binding specificity regulates biomaterial 

surface chemistry effects on cell differentiation. Proc. Natl. Acad. Sci. 102, 5953–5957 

(2005). 

 



 79 

28. Jenney, C. R. & Anderson, J. M. Adsorbed IgG : a potent adhesive substrate for human 

macrophages in World Biomaterials Congress (2000). 

29. Brodbeck, W. G., Colton, E. & Anderson, J. M. Effects of adsorbed heat labile serum 

proteins and ® brinogen on adhesion and apoptosis of monocytes / macrophages on 

biomaterials. J. Mater. Sci. Mater. Med. 14, 671–675 (2003). 

30. Anderson, J. M. Biological responses to materials. Annu. Rev. Mater. Res. 31, 81–110 

(2001). 

31. Labrousse, A. M. et al. Frustrated phagocytosis on micro-patterned immune complexes to 

characterize lysosome movements in live macrophages. Front. Immunol. 2, (2011). 

32. Anderson, J. M. & Miller, K. M. Biomaterial biocompatibility and the macrophage. 

Biomater. Silver Jubil. Compend. 5, 21–26 (2006). 

33. Shen, M., Garcia, I., Maier, R. V & Horbett, T. A. Effects of adsorbed proteins and 

surface chemistry on foreign body giant cell formation, tumor necrosis factor alpha release 

and procoagulant activity of monocytes. J. Biomed. Mater. Res. A 70, 533–541 (2004). 

34. Pintwala, R., Postnikoff, C., Molladavoodi, S. & Gorbet, M. Coculture with intraocular 

lens material-activated macrophages induces an inflammatory phenotype in lens epithelial 

cells. J Biomater Appl 29, 1119–1132 (2015). 

35. Kaplan, M. J. & Radic, M. Neutrophil extracellular traps: double-edged swords of innate 

immunity. J. Immunol. 189, 2689–2695 (2012). 

36. Kolaczkowska, E. & Kubes, P. Neutrophil recruitment and function in health and 

inflammation. Nat. Rev. Immunol. 13, 159–175 (2013). 

 

 



 80 

37. Galli, S., Borregaard, N. & Wynn, T. Phenotypic and functional plasticity of cells of 

innate immunity: macrophages, mast cells and neutrophils. Nat. Immunol. 12, 1035–1044 

(2011). 

38. Dovi, J. V, He, L. & Dipietro, L. a. Accelerated wound closure in neutrophil-depleted 

mice. J. Leukoc. Biol. 73, 448–455 (2003). 

39. Pillay, J. et al. Brief report In vivo labeling with 2H2O reveals a human neutrophil 

lifespan of 5.4 days. Blood 116, 625–627 (2010). 

40. Martin, P. & Leibovich, S. J. Inflammatory cells during wound repair: the good, the bad 

and the ugly. Trends Cell Biol. 15, 599–607 (2005). 

41. Lammermann, T. In the eye of the neutrophil swarm--navigation signals that bring 

neutrophils together in inflamed and infected tissues. J. Leukoc. Biol. 100, 55–63 (2016). 

42. Jhunjhunwala, S. Neutrophils at the biological-material interface. ACS Biomater. Sci. Eng. 

4, 1128–1136 (2018). 

43. Zarbock, A., Polanowska-Grabowska, R. K. & Ley, K. Platelet-neutrophil-interactions: 

linking hemostasis and inflammation. Blood Rev. 21, 99–111 (2007). 

44. Selders, G. S., Fetz, A. E., Radic, M. Z. & Bowlin, G. L. An overview of the role of 

neutrophils in innate immunity, inflammation and host-biomaterial integration. Regen. 

Biomater. 4, 55–68 (2017). 

45. Gonçalves, D. M., Chiasson, S. & Girard, D. Activation of human neutrophils by titanium 

dioxide (TiO2) nanoparticles. Toxicol. Vitr. 24, 1002–1008 (2010). 

46. Babin, K., Antoine, F., Goncalves, D. M. & Girard, D. TiO2, CeO2 and ZnO nanoparticles 

and modulation of the degranulation process in human neutrophils. Toxicol. Lett. 221, 57–

63 (2013). 



 81 

47. Hannah Caitlin Cohen, Tyler Jacob Lieberthal,  and W. J. K. Poly(ethylene glycol)-

containing hydrogels promote the release of primary granules from human blood-derived 

polymorphonuclear leukocytes. J. Biomed. Mater. Res. 102, 4252–4261 (5406). 

48. Jhunjhunwala, S. et al. Neutrophil responses to sterile implant materials. PLoS One 10, 1–

16 (2015). 

49. Wendy F. Liu, Minglin Ma, Kaitlin M. Bratlie, Tram T. Dang, and Robert Langer. Real-

time in vivo detection of biomaterial-induced reactive oxygen species. Biomaterials 32, 

1796–1801 (2011). 

50. Hermosilla, C., Caro, T. M., Silva, L. M. R., Ruiz, A. & Taubert, A. The intriguing host 

innate immune response: novel anti-parasitic defence by neutrophil extracellular traps. 

Parasitology 141, 1489–1498 (2014). 

51. Yipp, B. G. & Kubes, P. NETosis: How vital is it? Blood 122, 2784–2794 (2013). 

52. Pilsczek, F. H. et al. A novel mechanism of rapid nuclear neutrophil extracellular trap 

formation in response to Staphylococcus aureus. J. Immunol. 185, 7413–7425 (2010). 

53. Yang, H. et al. New insights into neutrophil extracellular traps: mechanisms of formation 

and role in inflammation. Front. Immunol. 7, 1–8 (2016). 

54. Clark, S. R. et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria 

in septic blood. Nat. Med. 13, 463–469 (2007). 

55. Halverson, T. W. R., Wilton, M., Poon, K. K. H., Petri, B. & Lewenza, S. DNA is an 

antimicrobial component of neutrophil extracellular traps. PLoS Pathog. (2015).  

56. Neeli, I., Khan, S. N. & Radic, M. Histone deimination as a response to inflammatory 

stimuli in neutrophils. J. Immunol. 180, 1895–1902 (2008). 

 



 82 

57. Wong, S. L. et al. Diabetes primes neutrophils to undergo NETosis, which impairs wound 

healing. Nat. Med. 21, 815–819 (2015). 

58. Li, P. et al. PAD4 is essential for antibacterial innate immunity mediated by neutrophil 

extracellular traps. J. Exp. Med. 207, 1853–1862 (2010). 

59. Papayannopoulos, V., Metzler, K. D., Hakkim, A. & Zychlinsky, A. Neutrophil elastase 

and myeloperoxidase regulate the formation of neutrophil extracellular traps. J. Cell Biol. 

191, 677–691 (2010). 

60. Belaaouaj, A. Degradation of outer membrane protein A in Escherichia coli killing by 

neutrophil elastase. Science. 289, 1185–1187 (2000). 

61. Belaaouaj, A. Neutrophil elastase-mediated killing of bacteria: lessons from targeted 

mutagenesis. Microbes Infect. 4, 1259–1264 (2002). 

62. Fuchs, T. A. et al. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. 

107, 15880–15885 (2010). 

63. Massberg, S. et al. Reciprocal coupling of coagulation and innate immunity via neutrophil 

serine proteases. Nat. Med. 16, 887–896 (2010). 

64. Cools-Lartigue, J. & Spicer, J. Neutrophil extracellular traps sequester circulating tumor 

cells and promote metastasis. J. Clin. Invest. 123, 3446–3458 (2013). 

65. Demers, M. et al. Cancers predispose neutrophils to release extracellular DNA traps that 

contribute to cancer-associated thrombosis. Proc. Natl. Acad. Sci. 109, 13076–13081 

(2012). 

66. Villanueva, E. et al. Netting neutrophils induce endothelial damage, infiltrate tissues and 

expose immunostimulatory molecules in systemic lupus erythematosus. J. Immunol. 187, 

538–552 (2011). 



 83 

67. Saffarzadeh, M. et al. Neutrophil extracellular traps directly induce epithelial and 

endothelial cell death: a predominant role of histones. PLoS One 7, (2012). 

68. Robert F. Diegelmann, M. C. E. Wound healing: A review of acute, fibrotic and delayed 

healing. Front. Biosci. 9, 283–289 (2004). 

69. Scapini, P., Lapinet-vera, J. A. & Cassatella, M. A. The neutrophil as a cellular source of 

chemokines. Immunol. Rev. 177, 195–203 (200AD). 

70. Wantha, S. et al. Neutrophil-derived cathelicidin promotes adhesion of classical 

monocytes. Circ. Res. 112, 792–801 (2013). 

71. Soehnlein, O. et al. Neutrophil secretion products pave the way for inflammatory 

monocytes. Ann. Intern. Med. 112, 1461–1471 (2008). 

72. Soehnlein, O. et al. Neutrophil primary granule proteins HBP and HNP1-3 boost bacterial 

phagocytosis by human and murine macrophages. J. Clin. Invest. 118, 3491–3502 (2008). 

73. Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J. & Hill, A. M. M-1/M-2 Macrophages 

and the Th1/Th2 Paradigm. J. Immunol. 164, 6166–6173 (2000). 

74. Smith, C., Weagel, E., Liu, P. G., Robinson, R. & Kim O’Neil. Macrophage polarization 

and its role in cancer. J. Clin. Cell. Immunol. 06, 4–11 (2015). 

75. Murray, P. J. & Wynn, T. A. Protective and pathogenic functions of macrophage subsets. 

Nat. Rev. Immunol. 11, 723–737 (2011). 

76. Mantovani, A. et al. The chemokine system in diverse forms of macrophage activation 

and polarization. Trends Immunol. 25, 677–686 (2004). 

77. Zhao, Q. et al. Foreign‐body giant cells and polyurethane biostability: In vivo correlation 

of cell adhesion and surface cracking. J. Biomed. Mater. Res. 25, 177–183 (1991). 

 



 84 

78. Farrera, C. & Fadeel, B. Macrophage clearance of neutrophil extracellular traps is a silent 

process. J. Immunol. 191, 2647–2656 (2013). 

79. Cavaillon, J. Cytokines and macrophages. Biomed & Pharmacother 48, 445–453 (1994). 

80. Nakazawa, D. et al. The responses of macrophages in interaction with neutrophils that 

undergo NETosis. J. Autoimmun. 67, 19–28 (2016). 

81. Kappelhof, J. P., Vrensen, G. F. J. M., de Jong, P. T. V. M., Pameyer, J. & Willekens, B. 

L. J. C. The ring of Soemmerring in man: an ultrastructural study. Graefes Arch. Clin. 

Exp. Ophthalmol. 225, 77–83 (1987). 

82. Millán, M. S., Alba-Bueno, F. & Vega, F. New trends in intraocular lens imaging. Proc. 

SPIE 8011, (2011). 

83. Nagamoto, T., Eguchi, G. & Beebe, D. C. Alpha-smooth muscle Actin expression in 

cultured lens epithelial cells. Invest. Ophthalmol. Vis. Sci. 41, 393–1129 (2000). 

84. Kalluri, R. & Weinberg, R. a. The basics of epithelial-mesenchymal transition. J. Clin. 

Invest. 119, 1420–1428 (2009). 

85. Rungger-Brändle, E., Conti, A., Leuenberger, P. M. & Rungger, D. Expression of 

αsmooth muscle actin in lens epithelia from human donors and cataract patients. Exp. Eye 

Res. 81, 539–550 (2005). 

86. Jampel, H. D., Roche, N., Stark, W. J. & Roberts, A. B. Transforming growth factor-β in 

human aqueous humor. Curr. Eye Res. 9, 963–969 (1990). 

87. Saika, S. et al. TGFbeta-Smad signalling in postoperative human lens epithelial cells. Br. 

J. Ophthalmol. 86, 1428–33 (2002). 

88. Gordon-thomson, C., Iongh, R. U. De, Hales, A. M., Chamberlain, C. G. & Mcavoy, J. W. 

Differential cataractogenic potency of TGF-/3. Invest. Ophthalmol. 39, 139099–14 (2002). 



 85 

89. Wormstone, I. M., Tamiya, S., Anderson, I. & Duncan, G. TGF-B2- induced matrix 

modification and cell transdifferentiation in the human lens capsular bag. Invest. 

Ophthalmol. Vis. Sci. 43, 2301–2308 (2002). 

90. Wormstone, I. M. & Eldred, J. A. Experimental models for posterior capsule opacification 

research. Exp. Eye Res. 142, 2–12 (2016). 

91. Rowe, N., Biswas, S. & Lloyd, I. Primary IOL implantation in children: a risk analysis of 

foldable acrylic v PMMA lenses. Br. J. Ophthalmol. 88, 481–485 (2004). 

92. Zamani, M. & Abazar, B. Hydrophilic acrylic versus PMMA intraocular lens implantation 

in pediatric cataract surgery. J. Ophthalmalic Vis. Res. 4, 201–207 (2009). 

93. Humphryl, R. C., Ball, S. P., Brammall, J. E., Conn, S. J. & Rich, W. J. C. C. I. Lens 

epithelial cells adhere less to HEMA than to PMMA intraocular lenses. Eye 5, 66–69 

(1991). 

94. Auffarth, G. U., Golescu, A., Becker, K. A. & Vo, H. E. Quantification of posterior 

capsule opacification with round and sharp edge intraocular ienses. Am. Acad. 

Ophthmalogy 7, 772–780 (2003). 

95. Liu, Y., Wong, T. T. & Mehta, J. S. Intraocular lens as a drug delivery reservoir. Curr. 

Opin. Ophthalmol. 24, 53–59 (2013). 

96. Duncan, G. et al. Calcium mobilisation modulates growth of lens cells. Cell Calcium 19, 

83–89 (1996). 

97. Duncan, G. Wormstone, I.M, Liu, C.S.C, Marcantonio, J.M, Davies, P. . Thapsigargin-

coated intraocular lenses inhibit human lens cell growth. Nat. Med. 3, 1026–1028 (1997). 

 

 



 86 

98. Morarescu, D., West-mays, J. A. & Sheardown, H. D. Effect of delivery of MMP 

inhibitors from PDMS as a model IOL material on PCO markers. Biomaterials 31, 2399–

2407 (2010). 

99. Dwivedi, D. J. et al. Matrix metalloproteinase inhibitors suppress transforming growth 

factor-B-induced subcapsular cataract formation. Am. J. Pathol. 168, 69–79 (2006). 

100. Findl, O. et al. Long-term effect of sharp optic edges of a polymethyl methacrylate 

intraocular lens on posterior capsule opacification: a randomized trial. Ophthalmology 

112, 2004–2008 (2005). 

101. Alió, J. L. et al. Comparative performance of intraocular lenses in eyes with cataract and 

uveitis. J. Cataract Refract. Surg. 28, 2096–2108 (2002). 

102. Latz, C. & Rieck, P. Inhibition of lens epithelial cell proliferation by substituted PMMA 

intraocular lenses. Graefe’s Arch. Clin. Exp. Ophthalmol. 238, 696–700 (2000). 

103. Clarke, A. E. Modification of poly(methyl methacrylate) surfaces with azobenzene groups 

to develop a photoresponsive surface. (Queen’s University, 2017). 

104. Patel, S., Thakar, R. G., Wong, J., McLeod, S. D. & Li, S. Control of cell adhesion on 

poly(methyl methacrylate). Biomaterials 27, 2890–2897 (2006). 

105. Fixe, F. Functionalization of poly(methyl methacrylate) (PMMA) as a substrate for DNA 

microarrays. Nucleic Acids Res. 32 (2004). 

106. Collins, S. J., Gallo, R. C. & Gallagher, R. E. Continuous growth and differentiation of 

human myeloid leukaemic cells in suspension culture. Nature 270, 347–349 (1977). 

107. Birnie, G. D. The HL60 cell line: a model system for studying human myeloid cell 

differentiation. Br. J. Cancer. Suppl. 9, 41–5 (1988). 

 



 87 

108. Kazzaz, N. M., Sule, G. & Knight, J. S. Intercellular interactions as regulators of netosis. 

Front. Immunol. 7, 1–11 (2016). 

109. Najmeh, S., Cools-Lartigue, J., Giannias, B., Spicer, J. & Ferri, L. E. Simplified human 

neutrophil extracellular traps (NETs) isolation and handling. J. Vis. Exp. 98, 1–6 (2015). 

110. Tsuchiya, S., Yamaguchi, Y. & Kobayashi, Y. Establishment and characterization of a 

human acute monocytic leukemia cell line ( Thp-1 ). Int. J. Cancer 26, 171–176 (1980). 

111. Andley, U. P., Rhim, J. S., Chylack  LT, J. & Fleming, T. P. Propagation and 

immortalization of human lens epithelial cells in culture. Invest Ophthalmol Vis Sci 35, 

3094–3102 (1994). 

112. Asaga, H., Nakashima, K., Senshu, T. & Ishigami, A. Immunocytochemical localization 

of peptidylarginine deiminase in human eosinophils and neutrophils. J. Leukoc. Biol. 70, 

46–51 (2001). 

113. Wang, Y. et al. Histone hypercitrullination mediates chromatin decondensation and 

neutrophil extracellular trap formation. J. Cell Biol. 184, 205–213 (2009). 

114. Wang, Y. et al. Human PAD4 regulates histone arginine methylation levels via 

demethylimination. Science. 306, 279–283 (2004). 

115. Miyauchi, K. et al. Serum deoxyribonuclease I determined by a radioimmunoassay and an 

enzymatic assay in malignant diseases. Clin. Chim. Acta 184, 115–119 (1989). 

116. Hakkim, A. et al. Impairment of neutrophil extracellular trap degradation is associated 

with lupus nephritis. Proc. Natl. Acad. Sci. 107, 9813–9818 (2010). 

117. Aldo, P. B., Craveiro, V., Guller, S. & Mor, G. Effect of culture conditions on the 

phenotype of THP-1 moncyte cell line. Am J Repro Immunol 70, 80–86 (2013). 

 



 88 

118. Gasser,  a & Möst, J. Generation of multinucleated giant cells in vitro by culture of human 

monocytes with Mycobacterium bovis BCG in combination with cytokine-containing 

supernatants. Infect. Immun. 67, 395–402 (1999). 

119. Daigneault, M., Preston, J. A., Marriott, H. M., Whyte, M. K. B. & Dockrell, D. H. The 

identification of markers of macrophage differentiation in PMA-stimulated THP-1 cells 

and monocyte-derived macrophages. PLoS One 5, (2010). 

120. Kahlenberg, J. M., Carmona-Rivera, C., Smith, C. K. & Kaplan, M. J. Neutrophil 

extracellular trap-associated protein activation of the NLRP3 inflammasome is enhanced 

in Lupus macrophages. J. Immunol. 190, 1217–1226 (2013). 

121. Saika, S., Miyamoto, T., Ishida, I., Ohnishi, Y. & Ooshima, A. Lens epithelial cell death 

after cataract surgery. J. Cataract Refract. Surg. 28, 1452–1456 (2002). 

122. Mansfield, K. J., Cerra, A. & Chamberlain, C. G. FGF-2 counteracts loss of TGFbeta 

affected cells from rat lens explants: implications for PCO (after cataract). Mol. Vis. 10, 

521–32 (2004). 

123. Takemoto, Y., Matsuda, T., Kishimoto, T., Maekawa, M. & Akutsu, T. Molecular 

understanding of cellular adhesion on artificial surfaces. Trans. Am. Soc. Artif. Intern. 

Organs 35, 354–356 (1989). 

124. Goddard, J. M. & Hotchkiss, J. H. Polymer surface modification for the attachment of 

bioactive compounds. Prog. Polym. Sci. 32, 698–725 (2007). 

125. Faucheux, N., Schweiss, R., Lützow, K., Werner, C. & Groth, T. Self-assembled 

monolayers with different terminating groups as model substrates for cell adhesion 

studies. Biomaterials 25, 2721–2730 (2004). 

 



 89 

126. Low, S. P., Williams, K. A., Canham, L. T. & Voelcker, N. H. Evaluation of mammalian 

cell adhesion on surface-modified porous silicon. Biomaterials 27, 4538–4546 (2006). 

127. Cheng, Z. & Teoh, S. H. Surface modification of ultra thin poly (ε-caprolactone) films 

using acrylic acid and collagen. Biomaterials 25, 1991–2001 (2004). 

128. Garcia, C. M., Kwon, G. P. & Beebe, D. C. α-Smooth muscle actin is constitutively 

expressed in the lens epithelial cells of several species. Exp. Eye Res. 83, 999–1001 

(2006). 

129. Li, J., Chen, J. & Kirsner, R. Pathophysiology of acute wound healing. Clin. Dermatol. 

25, 9–18 (2007). 

130. Weigel, P. H., Fuller, G. M. & LeBoeuf, R. D. A model for the role of hyaluronic acid and 

fibrin in the early events during the inflammatory response and wound healing. J. Theor. 

Biol. 119, 219–234 (1986). 

131. Lisovsky, A., Chamberlain, M. D., Wells, L. A. & Sefton, M. V. Cell interactions with 

vascular regenerative MAA-based materials in the context of wound healing. Adv. 

Healthc. Mater. 4, 2375–2387 (2015). 

 

 

 

 

 

 

 

 



 90 

Appendix A. IL-10 ELISA graph 

The supernatant from 300 000 THP1 cells/ cm2 incubated with or without NETs and no 

PMA, 50 nM PMA and 100 nM PMA was used to determine the amount of IL-10 present using 

an ELISA.  No detectable levels of IL-10 were seen in any of the conditions, as all of the 

absorbance values fell below the standard curve.       

 

Figure A-1.  The concentration of IL-10 secreted from 300 000 THP1 cells/ cm2 when incubated 
on either TCPS with 0 nM, 50 nM, or 100 nM PMA or on neutrophil extracellular traps (NETs) 
with 0 nM, 50 nM, or 100 nM PMA.  Measured at 450 nm and concentration determined by the 
IL-10 standard curve. (n=3, n.s= not significant). 
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