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ABSTRACT 
 

Despite being the most prevalent presentation of Age-Related Macular Degeneration 

(AMD), dry AMD (dAMD) lacks a therapeutic treatment. Retinal pigment epithelium (RPE) 

dysfunction preceding the onset of dAMD has inspired interest in regenerative medicine 

approaches seeking to replenish the RPE and preserve visual acuity. Cell delivery to the subretinal 

space however has been met with challenges surrounding ease of access and invasive surgical 

implantation. Two-dimensional scaffolds have made use of natural and polymeric materials to 

act as carriers for RPE cells and various progenitor lines. These substrates mitigate issues 

surrounding the handling of delicate cell sheets harvested for transplant. As well, they are often 

successful in preserving RPE phenotype, supporting growth, and can be fine tuned to possess 

morphologies comparable to native extracellular matrix (ECM). Despite aiming to act as 

replacement Bruch’s membrane on which RPE resides, two-dimensional substrates are often 

notably bulky and require traumatic surgery for implantation.  

As a result, the use of injectable methods of cell delivery has gained appeal. Bolus 

injections, despite improved methods of administration, are correlated with issues of inadequate 

cell localization. In response, three-dimensional hydrogel carriers for retinal applications aim to 

encapsulate cells, allowing for better cell distribution as these materials spread throughout the 

subretinal space. Increased viscosity of hydrogels as compared to saline injections, is 

hypothesized to improve cell loss and reduce aggregation. Of particular interest are in situ gelling 

systems, which undergo physical changes upon injection. Gelation upon delivery works to further 

assist in maintaining the cells within their target site.  

Purity and reproducibility concerns associated with the use of natural materials in the 

development of hydrogel cell carriers, have inspired the use of synthetic thermoresponsive poly-

N-isopropylacrylamide (pNIPAAm). pNIPAAm undergoes a liquid to gel transition at a lower 

critical solution temperature (LCST) of 32°C. Copolymerization with various hydrophobic and 

hydrophilic groups can be used to adjust gel properties such as increasing or decreasing LCST, 

allowing for degradation, and improving water retention.  

In the work described herein, two NIPAAm-based thermoresponsive hydrogels intended 

for use as subretinal cell carriers are proposed. Poly-NIPAAm-co-NAS-co-PEGMEMA1070-co-DBA 

(pNNPD) and Poly-NIPAAm-co-NAS-co-PEGMEMA510-co-DBA-co-TRIS (pNNP5DT) possess LCSTs 

below physiological. However, intramolecular hydrophobic and hydrophilic polymer-polymer 

interactions appear to modulate complete phase transition which occurs above LCST for both 

materials. The Tgel, defining the complete transition from the viscous phase to the elastic phase, 

lies below physiological for pNNP5DT but above physiological for pNNPD. pNNPD however is able 

to better retain optical transparency and water content at 37°C as compared to pNNP5DT, 

making it preferential for back of the eye administration. Modification with adhesion peptides 

YIGSR and RGDS was explored to improve biocompatibility and ECM mimicry. When cultured with 
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immortalized ARPE-19 cells, pNNP5DT-RGDS gels were associated with robust cell lifting as 

compared to pNNPD. However, cells treated with pNNPD materials showed higher viability 

(>80%) than those cultured with pNNP5DT (<70%) after 24 and 48 h. The results suggested that 

RGDS may be better suited for RPE delivery as compared to YIGSR, likely due to the role RGDS 

plays in RPE cell migration.  A material which is able to leverage the benefits of both pNNPD and 

pNNP5DT may offer more benefits to cell delivery than either material alone. These results 

provide valuable insight for further optimization of these formulations and their associated 

bioconjugation, as well as for comparable pNIPAAm biomaterials.  
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MODIFIED FEED RATIO (1-PNNPD-YIGSR7). CELL VIABILITY OF ARPE-19 (PASSAGE 7) CELLS AFTER 
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DENSITY OF 50 000 CELLS PER WELL; ABSORBANCE MEASURED AT 570 NM USING THERMO SCIENTIFIC 

MULTISKAN GO AND THERMO SCIENTIFIC SKANIT SOFTWARE WITH BLANK SUBTRACTION) SHOW LOW 
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NO SIGNIFICANT DIFFERENCE BETWEEN 1-PNNPD MATERIALS. ΣX̅ IS REFLECTIVE OF AN N OF 4  .................. 65 
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Chapter 1: INTRODUCTION 

1.1 ANATOMY OF THE EYE 

“Who would believe that so small a space could contain the images of all the universe?” 

– Leonardo Da Vinci [1]. The human eye depicted in Figure 1.1, is a remarkable system capable 

of moderating intensity of external light, focussing this stimulus through a lens to form an image, 

and sending this image to the visual cortex through phototransduction via the optic nerve [2]. 

This delicate organ is protected by accessory structures including the eyebrows, eyelids and 

eyelashes, the conjunctiva, the lacrimal gland and nasolacrimal duct, as well as six extrinsic eye 

muscles. These features serve to protect the eye from external particulate, provide lubrication, 

and allow for motion.  

Residing within the snug orbit of the skull, the globe of the eye is organized into three 

chambers. The anterior chamber (between the cornea and the iris) and the posterior chamber 

(between the iris and the lens), are filled with aqueous humour. Contrarily, the vitreous chamber 

is surrounded almost entirely by the retina and is filled with the more gelatinous vitreous 

humour. Both the aqueous and vitreous humour help maintain intraocular pressure allowing the 

eyeball to hold its shape while preserving the integrity and placement of its structures. Similarly, 

the eye wall is composed of three layers: an outer fibrous tunic, an intermediate vascular tunic, 

and an inner nervous tunic [1].  

The fibrous tunic is made up of the sclera and the cornea, with the sclera acting in part as 

protective support as well as an attachment point for the extrinsic muscles. The sclera is 

composed of collagenous tissue and elastic fibers. The cornea is avascular, allowing for the 

permeation of oxygen from the external air. Transparency due to its high concentrations of 

proteoglycans and low water content, as well as reduced large collagen fibers as compared to 

the sclera, allows light passage into the eye. Next, the vascular tunic contains blood vessels 

derived from the short ciliary arteries of the ophthalmic artery, originating from the carotid. Short 

ciliary arteries penetrate the sclera to form the choroid, a 0.1 to 0.2 mm membrane. The vascular 

tunic of the anterior segment possesses the iris and ciliary body. The ciliary body functions to 

change the shape of the lens and produce aqueous humour, as such its associated muscles are 

often considered the intrinsic muscles of the eye. Contraction of the intrinsic muscles pulls on 

suspensory ligaments connected to the lens. This changes the shape of the lens allowing it to 

focus in response to stimuli. Similarly, the contractile processes of the iris regulate the amount 

of light entering the eye [1].  

Finally, the nervous tunic or the retina is composed of a polarized monolayer of 

pigmented cuboidal epithelium and a neural layer housing approximately 120 million rods and 7 

million cones along with their associated neural networks. Lying behind the ciliary body, the 

retina contains two unique features. First, the macula, a 4 mm yellow spot localized near the 
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centre of the posterior retina, and the optic disc. Within the macula a pit referred to as the fovea 

centralis (fovea) contains a high density of tightly packed cone cells. This area of the retina 

therefore has the highest visual acuity, important in central vision. The optic disc however, lacks 

photoreceptor cells in favour of the central retinal artery and vein, along with the neurons of the 

retina which unite here to exit the eye via the optic nerve. Because of this, the optic disc is 

incapable of responding to light and is nicknamed the blind spot [1]. These intricate structures 

work collectively to compile visual stimulus into an electrical signal which can be interpreted by 

the brain. With age, the functionality of these structures is subject to change, altering the way in 

which the world is pictured. 

 

 
Figure 1.1. Front view of eye displaying lacrimal apparatus (top left). Sagittal section of the eye (center). 
Image created using BioRender.com. 
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1.2 AGE-RELATED MACULAR DEGENERATION 

Age-related macular degeneration (AMD) is a leading cause of vision loss worldwide, 

predominantly affects those over 50 years of age. Characterized by the break down of the 

macula, AMD limits the ability to see fine details in the central line of sight [3]. To a patient, 

symptomatic AMD may begin as a blur in the direct visual axis. As portrayed in Figure 1.2, this 

can gradually worsen to distortion and a blank patch variable in size [4]. Visual loss can be 

monitored by means of an Amsler grid or through preferential hyperacuity perimetry (PHP), tests 

which are able to track presence of distortions and missing fields in sight [5-7]. Due to the 

redundancy of the human visual system, patients having two eyes may experience different 

symptoms of AMD in one eye as compared to the other. For this reason, AMD can persist without 

diagnosis in early stages as one eye will compensate for irregularities in the afflicted macula [8]. 

AMD exists on a spectrum and is multifactorial in nature. Slow progression from early and 

intermediate forms of AMD can lead to advanced forms defined by geographic atrophy 

(advanced dry AMD) or choroidal neovascularization (wet AMD). Vision loss in later stages of 

AMD is caused by photoreceptor damage in cases of geographic atrophy and/or hemorrhaging 

due to abnormal angiogenesis in the nervous tunic [9]. 

AMD has been associated with several hereditary components involved in stress and 

immune response, lipid transport, extracellular matrix (ECM) remodelling, DNA repair, 

angiogenesis and programmed cell death [10, 11]. Mutations in the age-related maculopathy 

susceptibility protein 2 (ARMS2) and complement factor H (CFH) genes are two of the major 

contributors to AMD [12]. The most common loci variants are nonsynonymous alanine to serine 

mutation at codon 69 in ARMS2 (ARMS2 A69S) and tyrosine to histidine mutation at codon 402 

in CFH (CFH Y402H)  [13]. However, genome wide analysis has defined at least 34 genetic loci 

having 52 variants with AMD onset [14]. Recently, an additional 12 novel loci were identified, 

through meta-analysis of genome-wide association studies, which are thought to be involved in 

AMD pathogenesis [11]. Individuals who are homozygous for both CFH Y402H and ARMS2 A69S 

are of the highest risk, being 50 times more likely than controls to develop AMD [15]. In addition, 

CFH mutations have been affiliated with development of geographic atrophy where ARMS2 has 

been more closely tied to neovascularization [16].  
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Figure 1.2. Simulation of AMD for a patient experiencing geographic atrophy. The image to the left depicts 
a fall landscape at Killarney Provincial Park in Ontario, Canada. In the image to the right, AMD is 
represented with distortion of figures (often described as wavy and/or blurry regions) in the central axis, 
along with dark blank areas (scotomas) caused by geographic atrophy. AMD presenting with choroidal 
neovascularization, leads to hemorrhaging which can result in more severe loss of sight. Image created 
using a Nikon D3100 and Adobe Photoshop. 

 

Alongside genetic predisposition, advancing age has been hypothesized to increase the 

risk of developing AMD by 1.2 times every five years [17]. Age is the most prominent factor 

contributing to pathogenesis; however, research has tied AMD to other events. For example, 

cataract surgery has also been correlated, with those undergoing surgery being 3 times more 

likely to develop AMD than those who have not [18]. Along with cataracts, AMD has shown to be 

comorbid with myopia, glaucoma, and systemically with coronary heart disease, atherosclerosis, 

hypertension, hypercholesterolemia, coronary heart disease, chronic obstructive pulmonary 

disease, emphysema, and arthritis [19]. Patients with AMD are also at increased risk of 

developing anxiety and depression [20, 21]. Angiotensin-converting enzyme inhibitors, 

prescribed to lower blood pressure in diagnoses such as hypertension and diabetes, have been 

associated with an increased risk of developing AMD by 3.26 times [22]. Similarly, patients 

diagnosed with diabetes have been found to be 1.6 times more likely to develop AMD [18]. Many 

of these risk factors and comorbidities are unavoidable or hereditary. Modifiable areas which can 

minimize likelihood of developing AMD are diet and minimal tobacco use [10], with lifelong 

smokers being twice as likely to develop AMD as non-smokers [22]. 

1.2.1 Dry AMD 

Dry AMD (dAMD) is often characterized as early stage or nonexudative AMD, however 

late-stage AMD with geographic atrophy is also encompassed by this diagnosis. Clinicians use the 

four-point Age-Related Eye Disease Study (AREDS) classification to diagnose AMD from ocular 

fundus photographs. AREDS classification categorizes patients as having either no AMD or normal 

aging, early AMD (having drusen >63 μm and ≤125 μm with no pigment changes), intermediate 
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AMD (drusen >125 μm, any pigment changes, geographic atrophy lacking fovea involvement), or 

advanced dry or wet AMD (geographic atrophy involving the fovea and/or neovascularization) 

[23, 24]. Geographic atrophy describes the localized degeneration of the photoreceptors, the 

retinal pigment epithelium (RPE), and choriocapillaris (the capillary layer of the choroid) in dAMD. 

Mitochondrial dysfunction of the RPE coincides with AMD onset and so RPE functionality has 

gained widespread acceptance as a key factor in nucleation of pathogenesis [25-27].  

The RPE is mounted on the Bruch’s membrane (BrM) and forms the blood-retinal barrier 

(BRB) between the choroid and the retina. As such, the RPE acts as a filter, regulating diffusion of 

oxygen and nutrients to the photoreceptor cells while simultaneously removing waste products 

through phagocytosis and directing waste back into the choriocapillaris [4]. It is the RPE which 

maintains both the photoreceptors and the BrM. Recent study has suggested that impaired 

mechanisms of autophagy and mitophagy in RPE contribute to accumulation of waste within 

retinal layers [26]. In addition, RPE is pigmented by granules called melanosomes which absorb 

light to protect the retina from UV radiation [28]. Hyperpigmentation in early dAMD has 

therefore been tied to RPE dysfunction, where hypopigmentation in late dAMD can be 

considered to be a cause of RPE loss and atrophy. 

If the RPE is not maintained, photoreceptors are at risk of damage due to non-specific 

diffusion from the choroid, high exposure to UV rays, and waste accumulation. This often leads 

to mitochondrial defects and cell death [29]. In addition, rods and cones possess the highest 

oxygen consumption per gram of tissue than any cell type [30]. This increased oxygen uptake 

paired with the increase of light exposure due to aging has made the retina a susceptible site for 

reactive oxygen species (ROS) which accumulate in the RPE layer further contributing to atrophy 

[31, 32]. Lipofuscin, a fluorescent amalgamation of oxidized proteins, lipids, and sugars, is a by-

product of the visual system which naturally accumulates with age. In dAMD, an abnormal 

concentration of lipofuscin is correlated with disease state. Lipofuscin’s N-retinylidiene-N-

retinylethanoamine (A2E) fluorophore has been shown to further disorder mitochondrial 

function, activate the complement cascade, inhibit lysosome transport, inhibit phagocytosis, and 

cause oxidative damage  leading to compromised cell membranes and apoptosis when exposed 

to RPE in vitro [33]. At critical concentrations A2E prevents the degradation of phagolysosomes 

containing photoreceptor waste products in RPE [34]. By in large, A2E’s influence on lysosome 

transport and phagocytosis has supported the belief that lipofuscin accumulation also leads to 

presence of drusen in AMD.  

Drusen are aggregates composed of inflammatory debris as well as oxidized proteins and 

lipids. These remains derive from cells of the choroid, RPE, photoreceptors, and from within 

vasculature as the blood-retina barrier allows cholesterol passage from serum. Appearing as 

yellow deposits, drusen can be described as “hard” possessing distinct borders or “soft” with 

undefined margins. Although drusen accumulation is typical with age, over accumulation 

localized between BrM and the RPE inhibits oxygen and nutrient transfer affecting maintenance 
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of photoreceptors [35]. Drusen larger than 63 µm is indicative of early stage dAMD. As drusen 

increase in number, agglomerates may lead to detachment of the RPE and slow progression into 

geographic atrophy [36]. Drusen has been shown to possess activators of the complement 

system, contributing to increased complement activation correlated with chronic inflammation 

in AMD pathogenesis [37, 38]. Interestingly, drusen has also been shown to possess β-amyloid 

and amyloid fibrils sharing similarities with plaques present in atherosclerosis, elastosis, and 

Alzheimer’s disease [39-42]. Despite the interconnectedness of chronic inflammation, RPE 

dysregulation, lipofuscin, and drusen build-up, no single target has been identified as the 

predominant initiator of dAMD; the most common presentation of AMD amongst patients. 

1.2.2 Wet AMD 

Wet AMD (wAMD) deviates from dAMD as it is characterized by choroidal 

neovascularization, or the growth of abnormal blood vessels which cross the BrM from the 

choroid and enter the macula. Loss of vision is heightened as these young leaky vessels cause 

hemorrhaging which obstructs sight and causes separation or misalignment of the BrM, the RPE, 

and the photoreceptors. For these reasons, wAMD is sometimes referred to as exudative or 

neovascular AMD [43, 44]. Figure 1.3, depicts ocular fundus presentations of both dAMD and 

wAMD forms as compared to a healthy macula. In order to ensure vasculature formation is 

controlled in the choroid, concentrations of pro-angiogenic and anti-angiogenic factors are highly 

balanced. When dysregulated, an increase in pro-angiogenic factors such as vascular endothelial 

growth factor (VEGF) and decrease in anti-angiogenic factors such as pigment epithelium derived 

factor (PEDF), proliferation of endothelial cells results in new vessel formation [43].  

VEGF glycoproteins, are a platelet derived pro-angiogenic and pro-lymphangiogenic super 

family of factors. In mammals the VEGF family consists of five members: VEGF-A (often simply 

referred to as VEGF), VEGF-B, VEGF-C, VEGF-D, and placenta growth factor (PlGF). VEGF-A in 

particular has been shown to be heavily involved in initiating the proliferation and migration of 

endothelial cells in blood vessel formation [45]. During embryogenesis VEGF-A is critical. In 

heterozygous knockout studies using mouse models, whereby embryos lacked a single VEGF 

allele, production of immature blood vessels resulted in premature death [46, 47]. VEGF-A 

functions through binding to receptor kinases VEGFR-1 and VEGFR-2. VEGFR-1 (Flt-1) binds with 

high affinity but induces low tyrosine kinase activity as compared to VEGFR-2 [48]. The exact role 

of VEGFR-1 continues to be an area of study, however it has been shown to be upregulated during 

hypoxia [49]. Related, research has suggested that VEGFR-1 may act more like a decoy in 

mitogenesis, working to sequester VEGF-A from VEGFR-2 and lower proliferation of endothelial 

cells [50]. This work is further supported by studies involving homozygous Flt-1 knockout mice, 

whereby lack of both Flt-1 alleles resulted in embryonic death due to endothelial overgrowth and 

disorganized blood vessel formation [51].  
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Interestingly, a soluble form of VEGFR-1 known as sFlt-1, has been described as an 

endogenous VEGF inhibitor with work associating wAMD with its downregulation [52, 53]. This 

leads to an increase of VEGF-A in the retina related to abhorrent angiogenesis [53]. Although 

binding affinity of VEGF-A to VEGFR-2 receptors is 10 times lower than VEGF-1, VEGFR-2 is widely 

accepted as a key receptor in endothelial proliferation and angiogenesis [48, 54]. Genes 

associated with VEGF-A have confirmed involvement in AMD pathogenesis [12]. VEGF-A and its 

receptors play a significant role in choroidal neovascularization and are popular targets for wAMD 

treatment. 
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Figure 1.3. Illustration of possible presentations of dAMD (drusen accumulation in the subretinal space 
along with photoreceptor and RPE cell death associated with geographic atrophy) and wAMD (drusen 
accumulation, some photoreceptor atrophy, and abnormal angiogenesis from the choriocapillaris) as 
compared to a healthy macula. Ocular fundus images depict what clinicians may see during diagnosis. It is 
important to note that AMD exists on a spectrum, presentations of these symptoms vary from patient to 
patient as well as between eyes. Image created using BioRender.com. 
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1.2.3 Treatments in AMD 

The secretion of VEGF-A has been shown to be upregulated in RPE under oxidative stress 

[55]. The abnormal angiogenesis which follows, produces young vessels inclined to leakage. 

Pressure associated with this hemorrhaging can also result in the separation of retinal layers 

leading to disordered and damaged photoreceptors. This can further develop into fibrotic 

scarring [56]. Hence, the key to prevention of progression in wAMD is early detection and 

inhibition of blood vessel formation. In the early 2000s, wAMD vessels were occluded by means 

of photodynamic therapy which involved the intravenous administration of QLT/Novartis’ 

photosensitizer Visudyne (verteporfin). With a tendency to accumulate in the choroid, Visudyne 

in the presence of oxygen and non-thermal light, produces ROS which effectively cauterizes 

vessels. However, the high risk of collateral damage to healthy tissues has made this intervention 

less common [57]. Today, wAMD is primarily treated by reducing concentrations of VEGF-A. 

Interest in angiogenic factors began over 80 years ago, when the existence of factors 

responsible for blood vessel formation was hypothesized in tumour growth [58]. It was later 

determined that tumours are dependent on a new supply of blood vessels which feed the mass 

directly [59]. This inspired research to define therapeutic targets for preventing angiogenesis. In 

2004, US Food and Drug Administration (FDA) approval of Genentech/Roche’s monoclonal anti-

VEGF-A antibody, Avastin (bevacizumab), was supported by increased survival rates when co-

administered with chemotherapeutics in metastatic colorectal cancer [60]. In December of that 

same year, Eyetech (now Valeant)/Pfizer’s Macugen (pegaptanib), a pegylated aptamer capable 

of blocking the VEGF-A isoform VEGF165, became the first FDA approved anti-VEGF treatment for 

ocular conditions [57, 61, 62]. 

Today, anti-VEGF therapeutics are current market leaders in wAMD treatment 

specifically: Regeneron/Bayer’s Eylea (aflibercept – anti-VEGF-A and anti-VEGF-B) and 

Genentech/Roche/Novartis’ Lucentis (ranibizumab – anti-VEGF-A). Despite being the first to 

obtain FDA approval in the US, Macugen has become an obsolete treatment for wAMD with 

lower efficacy than Eylea and Lucentis. Interestingly, Avastin is sometimes prescribed as a first 

line of defense in wAMD. Despite not being approved as an ophthalmic drug, Avastin is often 

used off label to treat wAMD due to its low cost and comparable efficacy. However, its 

prescription must follow patient informed consent and its use continues to vary amongst the 

seven major markets (United States, France, Germany, Italy, Spain, United Kingdom, and Japan). 

Because anti-VEGF therapeutics are delivered via intravitreal injection on a monthly/bimonthly 

timescale, patient compliance is one limiting factor in treatment success [57]. There is therefore 

a demand for treatments in AMD which require less frequent intervention and reap long term 

rewards. 

In the retina, the complement cascade works alongside various retinal innate immune 

cells: microglia, perivascular macrophages, and a small number of dendritic cells to maintain 

homeostasis. Low-grade activation of the complement cascade, the para-inflammatory response, 
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is important for retinal remodelling and neuroprotection. However, in AMD this response is 

dysregulated, leading to chronic inflammation, accumulation of drusen in dAMD, and 

upregulation of VEGF-A leading to wAMD [63-68]. Given the role of complement in disease 

progression, anti-complement drugs have been developed as potential therapeutics. Amongst 

the most notable are Zimura (Ophthotech) and APL-2 (Apellis) which are currently in clinical trials 

[57, 69].  

Still, there are currently no approved treatments for early to advanced forms of dAMD. 

As this diagnosis represents a majority of all AMD patients, there lies a large unmet need in the 

clinic. As dAMD also largely represents early symptoms of AMD, its progression can lead to vision 

loss through geographic atrophy and/or through neovascularization. Preventing progression in 

early stages can inhibit worsening symptoms and protect photoreceptors from further damage. 

The National Institutes of Health (NIH) has conducted Age-Related Eye Disease Studies which 

suggest that the risk of progression into late stage AMD from intermediate dAMD could be 

reduced by 25% through vitamin E, vitamin C, zinc, beta carotene, lutein/zeaxanthin, and omega-

3 fatty acids (docosahexaenoic acid and eicosapentaenoic acid) supplementation [56, 70]. These 

vitamin and mineral recommendations remain the only clinical interventions for dAMD. Given 

complications with the RPE in early dAMD, as described above, cell-based therapies which may 

minimize repetitive treatment regimens and improve or restore visual acuity have been sought 

out.  

1.3 THERMORESPONSIVE HYDROGEL BIOMATERIALS 

Hydrogels are hydrophilic polymeric networks capable of swelling with water to a 

significant extent. The resulting three-dimensional structure is able to retain its shape due to 

physical or chemical crosslinking. Chemical crosslinks are driven by ionic or irreversible covalent 

bonds where physical crosslinks are a product of intermolecular forces resulting in 

conformational changes [71, 72]. The potential to tune water content as well as their porous 

structure resembling that of ECM make hydrogels suitable candidates for a variety of 

biomaterials applications [73]. Hydrogels also offer the potential for in situ gelation by means of 

chemical crosslinking, photopolymerization, or response to environmental stimuli such as pH or 

temperature [74]. Thermoresponsive hydrogels are of particular interest as an injectable. The 

ability to promote gelation through temperature alone offers an elegant system which can 

change properties from ambient to physiological temperature. This solution to gel (sol-gel) 

transition may occur at a lower critical solution temperature (LCST), whereby hydrogels move 

from a soluble to insoluble state above a defined temperature. Alternatively, thermoresponsive 

systems may have a sol-gel transition below an upper critical solution temperature (UCST) [75]. 

Various polymeric systems have been studied for their ability to respond to thermal 

stimuli. These systems include, but are not limited to, derivatives of natural polymers such as 

polysaccharides (chitosan, xyloglucan, and cellulose) and proteins (gelatin). In addition, synthetic 
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materials such as poly-N-isopropylacrylamide (pNIPAAm), poly(ethylene oxidel)-b-

poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO), polyethylene glycol (PEG) 

copolymers, poly(organophosphazenes), and 2-(dimethylamino) ethyl methacrylate (DMAEMA) 

[74, 76-78]. By far the most studied of synthetic thermoresponsive hydrogels, pNIPAAm-based 

polymers have a well-established history in biomedical research applications. 

1.3.1 pNIPAAm-based thermoresponsive hydrogels 

The acrylamide monomer was first synthesized in 1956 [79], later patented in its 

polymerized form as a rat repellant in 1957 [80]. pNIPAAm, depicted in Figure 1.4, went on to be 

extensively studied and in 1968 Heskins and Guillet provided a detailed report of macroscopic 

phase separation of pNIPAAm upon heating. This work indicated that water molecules will orient 

in a more ordered fashion around non-polar N-isopropyl groups while also having the ability to 

participate in hydrogen bonding with polar amide groups of the pNIPAAm chain. The interactions 

which dominate are dependent on the temperature of the solution as described by study of an 

endotherm at the LCST of pNIPAAm using Differential Scanning Calorimetry (DSC). DSC 

measurements of pNIPAAm correlate with the amount of energy required to break hydrogen 

water-polymer bonds [81]. Later research focused on characterizing the behaviour of pNIPAAm 

at its LCST as a coil to globule conformational change driven by the hydrophobic effect [82-84]. 

Below its LCST, polar groups of pNIPAAm are exposed and can of interact with surrounding water 

molecules, polymer chains are coiled and flexible. As pNIPAAm is heated, chains undergo a 

collapse and subsequent aggregation driven by an increase in entropy (ΔS) that dominates the 

exothermic enthalpy (ΔH) of the system [85-90]. Increase in intramolecular polymer-polymer 

interactions aim to limit surface area of non-polar groups exposed to water [91].  

Homopolymers of pNIPAAm have an LCST of 32°C, are non-degradable, and respond to 

changes in pH [74, 92], making pNIPAAm an excellent candidate for thermoresponsive culture 

substrates (TRCS) intended for tissue engineering [93, 94]. pNIPAAm TRCS are formed through 

grafting (p)NIPAAm to culture substrates such as polystyrene via spin coating, free radical 

polymerization, atom transfer radical polymerization (ATRP), reversible addition fragmentation 

chain transfer (RAFT), electron beam polymerization, or plasma polymerization [95]. Cells 

cultured on TRCS are able to form monolayers atop globular hydrophobic pNIPAAm at 37°C. Once 

removed from incubation however, the temperature drop below 32°C induces a change in state 

in the pNIPAAm. Coiled hydrophilic pNIPAAm swells with culture media, simultaneously releasing 

the cell sheet [96]. TRCS have a high impact in tissue engineering, allowing for cell sheet harvest 

with preserved and intact ECM suited for transplant [97]. These systems have been used to 

harvest RPE sheets in vitro [98, 99].  

Synthetically, the LCST of pNIPAAm can be adjusted through copolymerization with 

various hydrophobic or hydrophilic groups [85]. In biomaterials this is leveraged, whereby 

NIPAAm is often polymerized with hydrophilic monomers to increase LCST near physiological 
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temperature, creating potential for in situ injectable applications [100]. Incorporating monomers 

which will alter LCST over time can also act as a degradation mechanism for pNIPAAm-based 

biomaterials. Incorporation of enzymatically or hydrolytically labile groups, which increase LCST 

upon cleavage, allow for the formation of materials which initially possess LCSTs below 

physiological upon injection and above physiological over time [101-105]. These materials 

dissolute with increased LCST offering clearance potential from target sites. Given these 

opportunities for tunability, pNIPAAm-based materials have been heavily studied for drug 

delivery and tissue engineering [106]. 

 

 

 
Figure 1.4. Molecular structure of pNIPAAm. 

1.4 CELL DELIVERY TO THE BACK OF THE EYE 

Access to the back of the eye remains a primary barrier in retinal cell transplantation. 

Nevertheless, regenerative therapies for retinal diseases remain a major focus in ophthalmic 

research, with an expansive array of autologous and allogeneic cell lines being tested. Cell lines 

of interest are often dependent on the disease application. In early stages of AMD, RPE 

dysfunction is closely tied to disease onset. Here an aim to protect photoreceptors and prevent 

further atrophy, may be fulfilled by replenishing the outer RPE alone. In later stages of AMD, 

damage to the Ruysch’s complex (RPE, BrM, choriocapillaris) and neural inner retina may also 

require transplant of photoreceptor, pluripotent, or multipotent lines to restore vision [107]. As 

summarized in Figure 1.5, implantation of cell sheets, full and partial retinal transplants, cell 

suspensions, as well as two- and three-dimensional scaffolds have been explored within the 

subretinal space.    

Retinal transplant was first described in 1959, when a fetal rat retina was transplanted 

into the anterior chamber of its parent [108]. This later inspired work focused on transplantation 
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of full thickness retinal tissue which pioneered delivery of free cell suspensions and cell 

aggregates [109-115]. Transplant of neural retinal lines as well as improved surgical intervention 

for full retina transplant [116-124], is attributed to the work of Silverman & Hughes who 

developed methods of isolating photoreceptor sheets from adult and postnatal retinas [125]. 

However, limited sourcing of complete retinal cell sheets has rendered these harvesting and 

transplant methods as more model-like than clinically accessible [126].  

As such, translocation of autologous RPE sheets has also been explored for patients with 

choroidal neovascularization. In order for translocation to be successful though, the Ruysch’s 

complex must be intact thereby excluding cases of AMD with geographic atrophy [127-129]. A 

small subset of RPE cells can be activated into stem-like mesenchymal progenitors [130]. These 

RPE stem cells have very recently been explored for monolayer transplant in non-human 

primates, showing appropriate differentiation into RPE and maintenance of photoreceptors 

[131]. Induced pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs) have also been 

proposed as viable sources for RPE and neural retina regeneration [132-134]. iPSCs have been 

successfully differentiated into functional retinal cell lines with promising results both in vitro and 

in vivo [134-138]. With ESC sourcing remaining an ethical concern, self-sourced iPSCs have the 

potential to circumvent access to progenitor lines as well as reduce risk of immune rejection 

associated with donor tissue.  

Research using photoreceptor progenitors suggests that committed cell types may have 

higher success after transplantation compared to pluripotent cells. This is marked by appropriate 

differentiation into rod progenitors, synapse formation, and improved vision in vivo in mouse 

models [139]. A major concern with stem cell delivery is off-target differentiation or teratoma 

formation. In order to prevent this from occurring, researchers must ensure that delivered cells 

are fully differentiated prior to transplant or will only differentiate into desired cell types [115]. 

In this way, multipotent progenitor delivery holds great potential compared to pluripotent lines. 

Retinal progenitor delivery has also proven to be effective in restoring vision in rat models [140]. 

Here, retinal progenitor cells are not only celebrated for their ability to replace functional 

elements, but also for their capacity to introduce trophic factors which contribute to cell 

differentiation and survival [140-142]. Mesenchymal stem cells, adipose-derived stem cells, and 

dental pulp stem cells have also been studied for their ability to provide neurotrophic growth 

factors to retinal ganglion [143]. Delivery of cell-free encapsulated ciliary neurotrophic factor 

(CNTF) has shown protective benefits in Phase I clinical trials and is currently being explored in 

Phase II as a therapy for geographic atrophy, retinitis pigmentosa, and macular telangiectasia 

type 2 [144-146]. 

Clinical trials involving delivery of iPSCs, ESCs, stem cell derived lines, and various other 

progenitors are underway [107, 147, 148]. Ocata Therapeutics has conducted a 4 year follow up 

of human ESC derived RPE (hESC-RPE) subretinal suspension delivery in dAMD and Stargardt 

disease. Of 18 subjects, 13 displayed increased pigmentation surrounding atrophic sites [149]. In 
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Japan, the RIKEN Center for Developmental Biology and the Center for iPS Cell Research and 

Application has described a case of iPSC-RPE sheet delivery in a 77-year-old patient with 

advanced wAMD and choroidal vasculopathy. The transplanted sheet remained intact and 

symptoms did not develop or worsen one year following transplantation [150]. The London 

Project to Cure Blindness (LPCB) used a similar method of transplantation as the RIKEN Center, 

involving excision of the choroidal neovascular membrane seen in wAMD subjects prior to 

insertion of an RPE sheet. Where the RIKEN Center did not explore a synthetic cell carrier, LPCB 

used a 6 mm by 3 mm polyester sheet for hESC-RPE cell delivery. Following one year of study, the 

two subjects tested were found to have improved visual acuity marked by letter gain, 

biomicroscopy, and optical coherence tomography (OCT) [151]. However, authors of the LPCB 

study note that even with a custom device to transplant the described cell sheet, surgical 

methods of subretinal implantation continue to be highly invasive limiting this type of therapy to 

advanced cases of AMD. 

Janssen has explored a novel ab externo approach for less invasive subretinal injection of 

human umbilical derived cells. Stem cells were isolated from the stroma of donated umbilical 

tissue through enzymatic digestion prior to further selection ensuring absence of spontaneous 

differentiation. This CNTO-2476 (Palucorcel) line is believe to be of benefit for delivery of cells 

which can replenish the neural retina and RPE, as well as in delivery of neurotrophic factors such 

as thrombospondins, brain derived neurotrophic factor (BDNF), and soluble vascular endothelial 

growth factor receptor 1 (sVEGFR-1) [152]. Palucorcel’s novelty is tied to its method of delivery 

which intends to improve cell distribution within the subretinal space. This method uses an 

iTRACK™ 275 microcatheter and endoscope to allow for near parallel subretinal cannulation 

through a 3 mm opening created by sclerotomy (9-12 mm from the corneal limbus) followed by 

choroidotomy. In Phase I/IIa clinical trials, Palucorcel delivered using this approach in patients 

with geographic atrophy improved visual acuity. However, this method was correlated with an 

increase in retinal detachments and perforations [153, 154].  

As a response, Janssen underwent a Phase IIb trial using a suprachoroidal surgical 

approach. In this study, 21 participants with geographic atrophy received 3.0 × 105 cells in 50 μL 

via Palucorcel. As opposed to ab externo delivery, in Phase IIb access to the subretinal retinal 

space began through cannulation to the suprachoroidal space through sclerotomy, followed by 

microneedle advancement through the choroid, BrM, and RPE into the subretinal site of interest. 

Delivery was better visualized through direct microscopy as opposed to endoscopy. Despite no 

occurrences of retinal detachments or perforations, and adverse events such as conjunctival 

hemorrhage, vitreous floaters, and retinal hemorrhage being mainly mild resolving in one month, 

improved visual acuity was not reported in this follow up. In addition, reduction in area of 

geographic atrophy was not found [152, 155]. However, Janssen’s Phase IIb Palucorcel study 

represents a landmark in improving surgical approaches in subretinal cell delivery. Beyond which 

cell types to employ and improved surgical interventions however, an immediate barrier to 
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subretinal delivery continues to be how cells are presented to the subretinal space. To improve 

clinical handling and integration with native tissue post transplant, cell carriers are 

recommended.  

 
 

Figure 1.5. Summary of cell regenerative therapies for retinal disease. Image created using 
BioRender.com. 

1.4.1 2D cell carriers for subretinal delivery 

Cell carriers seek to improve delivery of cell suspensions or complete cell sheets. In 

particular, cell sheets lacking a substrate are delicate making transplantation difficult for 

clinicians. Two-dimensional substrates for subretinal delivery aim to replace and mimic BrM. 

Research has explored the use of porcine amniotic membrane (AM) [156-159]. Studies, 

conducted by la Cour and colleagues, looked at AM implantation into porcine models that had 

surgically induced choroidal neovascularization. Initially, with the intent of exploring histology 

changes in a porcine model of neovascularization compared to fluorescein angiography and 

fundus photography, AM was found to integrate well with tissue and support RPE migration 

[156]. The group went on to look at how injury influenced RPE regeneration and concluded that 

trophic factors in AM increased proliferation following debridement of the RPE layer [157]. AM 

was then shown to reduce neovascularization when placed directly over the site of hemorrhage 
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and could maintain RPE pigmentation. However, if placed incorrectly atypical angiogenesis into 

the basal surface of AM was reported [158]. Further study with larger sample sizes would be of 

interest in determining the potential of AM in the back of the eye.   

Donated BrM has also been explored as a substitute. To improve RPE phagocytosis [160], 

proliferation, and reduce incidence of apoptosis [161]. BrM with an exposed inner collagen layer 

coated with the ECM proteins fibronectin, vitronectin, and laminin showed improved 

proliferation and survival of human adult and fetal RPE. Interestingly, analysis of 45 human donor 

maculas has revealed that drusen deposition favours regions of the BrM lacking underlying 

vascular lumen [162]. This is complemented by the work of Skottman et al. (2017), whereby co-

culture of hESC-RPE and microvascular endothelial cells on either side of polyethylene 

terephthalate (PET) membranes, improved RPE barrier properties as measured by transepithelial 

electrical resistance [163]. Further, researchers have also attempted to determine which 

bioactives are necessary for RPE survival on aged BrM and BrM associated with dAMD. This was 

done by performing size exclusion filtration on conditioned medium derived from bovine corneal 

endothelial cells. It was found that components of the 3 kDa and 10-50 kDa filtrate contributed 

to fetal human RPE adhesion and, in the case of 10-50 kDa media, RPE survival. Mass 

spectrometry revealed 175 ECM associated proteins unique to the 10-50 kDa filtrate, where 29 

proteins were found to be unique to the 3 kDa filtrate. Transforming growth factor (TGF)β-2 was 

determined to play a particularly important role [164]. Unfortunately, use of BrM and AM is 

limited by difficulty in sourcing, fear of immune rejection, and potential disease transmission in 

xeno- and allogeneic tissues [107].   

 Various other natural materials such as denuded retinal ECM [165], silk fibroin [166-169], 

acetylated bacterial cellulose [170, 171], fibrin [172], spider silk [173], gelatin [174], and soy 

protein [175] have also been investigated for subretinal cell delivery. Many of these materials are 

celebrated for their biocompatibility, safe degradation products, and ability to mimic ECM. Batch-

to-batch variability of natural products as well as increased likelihood of allergy, has opened up 

interest in synthetic polymers for tissue engineering. Synthetic polymers rely more heavily on 

modification, with ECM proteins and/or growth factors, to mimic BrM than their natural 

counterparts. However, ease of reproducibility and improved sterility have made synthetic 

polymers a promising choice for cell delivery to the subretinal space [107]. 

Noting difficulty maintaining RPE phenotype and minimizing the inflammatory response, 

White et al. (2017) explored use of poly(ethylene glycol) diacrylate (PEGDA) with molecular 

weights ranging from 3.4 to 20 kDa. Scaffolds with molecular weights of 20 kDa and 5 kDa, 

possessing Young’s modulus of 60 and 1200 kPa respectively, were modified with the adhesion 

peptide sequence Arginine-Glycine-Aspartate-Serine (RGDS). The authors reported uniform 

spreading of ARPE-19 cells cultured in DMEM/F12 (15% FBS) on high modulus scaffolds as 

compared to low modulus. Fluorescent imaging of all surfaces revealed cell aggregation and 

clumping on the low modulus substrates. Increase in metabolic activity, using a PrestoBlue 
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mitochondrial reduction assay on days 7 and 14 of culture, was found on high modulus scaffolds 

as compared to low modulus and tissue culture plate controls. However, inflammatory markers 

IL-6 and MCP-1 were upregulated on both high and low modulus substrates, with IL-8 and IL-6 

expression being significantly higher in high modulus substrates compared to the low modulus 

substrates. In addition, the RPE marker CRALBP was downregulated on high and low modulus 

substrates compared to tissue culture plate controls while the de-differentiation marker SMAD3 

showed a non-significant increase [176]. This study confirms that modulus plays a notable role in 

RPE attachment and viability, however scaffolds tested were much thicker than native BrM. In 

vivo analysis of the high modulus material is recommended to determine extent of inflammation 

as well as ability to maintain RPE phenotype post implantation. Inflammation is an important 

component in healing upon insertion of implants intended for cell delivery. However, excessive 

inflammation can lead to host rejection of the scaffold. 

Comparing the fibrillar mesh morphology of the inner collagenous layer of native BrM, a 

strong likeness to electrospun materials can be noted. Warnke et al. (2013), highlighted this in 

their work with 85:15 mol% poly(lactic-co-glycolic acid) (PLGA) materials as well as materials 

fabricated from bovine Type I collagen. Collagen scaffolds were further chemically crosslinked 

after electrospinning, through application of a solution of 1:5 mol% N-

hydroxysulfosuccinimide:1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide in 95% ethanol. Fiber 

diameter of the PLGA and collagen materials were reported as approximately 331 nm and 299 

nm respectively, where BrM was measured to have fibers around 60 nm. No comparison was 

made between the moduli of electrospun materials versus BrM. Material thickness was 

measured to be 14 µm where native BrM was reported to be near 2-4 µm. The authors reported 

comparable hexagonal morphology and RPE65 and ZO-1 expression on all substrates after 11 

days, with electrospun materials allowing for microvilli formation comparable to that observed 

on BrM controls. Microvilli were limited on controls lacking fibrillar topology (glass cover slips 

and PLGA films) confirming that topology may be important in RPE transplantation [177]. 

Polylactic acid (PLA) and PLGA substrates have also been developed to support the growth of 

retinal progenitor [178] and retinal ganglion cells [179-181]. 

A recent study by Krishna et al. (2020), noted the importance of fiber diameter on cell 

function in electrospun poly(ɛ-caprolactone) (PCL) membranes. PCL membranes with nanofiber 

diameters of 500 and 1300 nm and comparable moduli (7.5 and 11.1 kPa respectively) were 

formed. Cell studies using ARPE-19 and human corneal epithelial cells (HCE-T) revealed a variable 

response which could be correlated with fiber diameter. On 500 nm PCL scaffolds, ARPE-19 cells 

secreted VEGF-A and displayed an increase in expression of pluripotent markers Oct ¾, Sox2, and 

Nanog as determined through qualitative polymerase chain reaction (qPCR). On the other hand, 

HCE-T displayed increased expression of markers of differentiation (as measured by mRNA 

expression of CK3 and CK12) and proliferation (as measured through fluorescence-activated cell 

sorting analysis of propidium iodide staining as well as increased Ki67-positivity, a marker of 
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active phases of the cell cycle). HCE-T cells also displayed a decrease in pro-apoptotic factor Bax 

and complimentary increase in anti-apoptotic factor BCL2 on 500 nm scaffolds. In contrast, 1300 

nm mats were met with opposite trends, with an increase in proliferative markers and decrease 

in apoptosis in ARPE-19 cultures. ARPE-19 cells also displayed greater phagocytic activity as 

indicated by engulfment of fluorescein isothiocyanate (FITC) labelled latex beads. As well, 

pluripotent markers were upregulated in HCE-T culture on 1300 nm scaffolds. Although the 

findings described were not always significant, a notable trend was observed and corroborated 

across assays. Authors were thorough and included various experiments to confirm expression 

of markers of interest [182].  

Furthermore, along with displaying moduli conducive to attachment and spreading, 

permeable scaffolds delivering RPE are desired for adequate oxygen, nutrient, and waste 

transport. Lu et al. (2012), explored a submicron parylene-C substrate with a 0.6 µm thick frame 

and 0.3 µm semipermeable “pores” forming a mesh micropattern which could be easily handled. 

The thickness of the semipermeable region was determined through comparison of FITC labelled 

dextran diffusion across parylene-C of varying thickness. From this, diffusion coefficients were 

determined which later could be used to extrapolate a theoretical size exclusion limit for the 

membranes. The results were compared to previously reported diffusion flux studies using 

donated human BrM of various ages. In these earlier studies, size exclusion limits of 200 kDa 

[183] and 500 kDa [184] were reported, leading Lu et al. to conclude the theoretical 1008 kDa 

exclusion limit of their 0.3 µm material was sufficient for nutrient transport [185].  

Perfusion studies using ARPE-19 and H9-RPE (in DMEM/F12 with 10% FBS and serum-free 

X-VIVO 10 media respectively) were conducted to explore viability of cells receiving nutrients 

supplied from the opposite side of the parylene-C mesh on which they were seeded. This 

confirmed 0.3 µm thickness to be sufficient for nutrient transport supporting growth. These 

materials were coated with Matrigel to support adhesion. Further cell work using H9-RPE, 

showed adhesion and spreading after one day, confluence after one week, and some 

pigmentation after 4 weeks of culture on the 0.3 µm parlylene-C mesh. ZO-1 staining of tight 

junctions displayed hexagonal morphology and SEM images revealed RPE polarization [185]. 

However, it is unclear how many samples were included in each described cell study and 

statistical analysis was not performed. Parylene-C materials have since been shown to improve 

vision through delivery of intact monolayers in animal models [186-188]. Regenerative Patch 

Technologies (RPT) is currently exploring a parylene substrate for hESC-RPE cell delivery in dAMD. 

Preliminary data from the phase I/IIa clinical trial is indicative of slowed progression of visual loss 

and implant retention [189].  

Permeability has also been controlled through pore size and distribution of 96:4 mol% 

poly(L-lactide-co-D-lactide) (PLDLA) films [190]. In this work, authors note the effect of humidity 

on pore size tunability, with 50, 65, and 80% humidity conditions yielding average pore diameters 

of 2.8, 3.8, and 5.0 µm respectively. These films had a characteristic honeycomb structure as 
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imaged with atomic force microscopy (AFM) and scanning electron microscopy (SEM). All films 

had thicknesses greater than native BrM at around 20 µm. Electrical resistance measurements as 

well as FITC labelled dextran flux studies were used to explore permeability, with 5.0 µm pores 

having a significant increase in permeability compared to the 2.8 and 3.8 µm films. In order to 

improve adhesion of hESC-RPE, scaffolds were dip-coated in type IV collagen. Dip-coating was 

reported to have no effect on permeability and after 3 weeks of culture all three scaffolds showed 

indications of cell adhesion, proliferation, polarization, pigmentation, and expression of RPE 

marker CRALBP as well as tight junction marker ZO-1. However, despite having synthesized 

elegant looking materials, this study severely lacked adequate cell controls and a reported 

sample size.  

1.4.2 3D cell carriers for subretinal delivery 

Unfortunately, 2D elastomeric matrices in the subretinal space continue to be limited by 

bulkiness and traumatic surgical intervention. Minimally invasive cell suspension delivery 

mitigates this. However, bolus saline injection of cells typically results in cell aggregation, cell 

death, limited control over cell fate, and poor localization to regions of interest [191]. To improve 

cell distribution following injection, hydrogel systems have garnered appeal. Hydrogels can be 

modified to encapsulate and hold delivered cell lines within target sites, allow for controlled 

release of biologics, and promote differentiation. 

Shoichet and colleagues have contributed much to subretinal tissue engineering using a 

unique shear thinning hyaluronic acid and methylcellulose (HA/MC) gel [192]. HA/MC gels of 

varying HA and MC concentrations have been shown to support retinal progenitor stem cell 

proliferation in vitro as well as in vivo in mouse models. Subretinal injections using these gels 

resulted in improved distribution of delivered cells when compared to controls [193].  

In Shoichet’s further work, 1/1 w/w% HA/MC gels improved neural stem and rod cell 

survival linked to HA’s interaction with cell surface adhesion receptor CD44. In this study, 

functional visual recovery in genetically blind TKO mice was highlighted [194]. Functional repair 

was again demonstrated using the 0.5/0.5 w/w% HA/MC material, when used to co-transplant 

RPE and photoreceptor lines into mice with degenerative RPE and photoreceptors induced by 

sodium iodate (NaIO3) injection. Here, co-transplantation was key to visual recovery [195]. 

Shoichet’s HA/MC systems have also gone on to be modified with Src homology 3 (SH3)-binding 

peptides to allow for controlled release of insulin-like growth factor 1 (IGF-1), resulting in 

increased viability in hESC-RPE culture [196]. Of note, the group has described a hyaluronan-furan 

and bis-maleimide polyethylene glycol material which later gave rise to a hyaluronan-

methylfuran material capable of gelling in response to pH. At pH 7.4 the hyaluronan-methylfuran 

material is capable of encapsulating various cancer cell lines, displaying great potential for 

applications in tissue engineering [197, 198].  
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Alginate, a polysaccharide seaweed derivative, is an interesting system due to its 

crosslinking tunability via ions with a 2+ or greater charge. These crosslinks degrade through 

exposure to sodium, potassium, phosphate, and magnesium, allowing alginate gels to be cleared 

over time [199, 200]. RPE cells have been shown to proliferate well in 1.2% calcium crosslinked 

alginate hydrogels and show normal pigmentation [201, 202]. Further, hiPSC- and hESC-derived 

embryoid bodies (EBs) were encapsulated in 0.5 and 1 w/v% RGD-alginate hydrogels composed 

of Glycine-Arginine-Glycine-Aspartate-Serine-Proline (GRGDSP) coupled high guluronic acid, high 

molecular weight alginate crosslinked with 0.1 M calcium chloride in media. In preliminary work, 

alginate lacking Arginine-Glycine-Aspartate (RGD) led to reduced retinal structures and abnormal 

cystic features which promoted interest in RGD incorporation. Growth was compared to 

Hystem™ (thiolated-HA) and Hystem-C™ (1:1 thiolated HA: thiolated-gelatin) systems, as well as 

no gel suspension culture controls. EBs were initially grown from hESC/hiPSCs on Matrigel in 

mTeSR1 media, before being encapsulated in respective gels or suspended in supplemented 

DMEM/F12 following 12 days of culture. EBs were analyzed at days 30 and 45 [203].  

Results revealed both Hystem™ systems to have no significant impact on EB 

differentiation. However, 0.5% RGD-alginate gels showed the most promise, having increased 

occurrence of optic vesicles and pigmented RPE. These gels were found to have a higher 

frequency of RPE as confirmed through increased expression of RPE markers CRALBP using flow 

cytometry as well as TYR and RPE65 using qualitative real time PCR. 0.5% RGD-alginate gels also 

increased expression of retinal ganglion marker MATH5 as compared to controls. 1% RGD-

alginate gels positively influenced presence of RPE and optic vesicles but did not have a significant 

impact on other measures of retinal differentiation [203]. Alginate gels modified with 

antioxidants such as curcumin and taurine, have also been implored for their ability to protect 

the RPE from oxidative stress. In these studies, both curcumin- and taurine-modified alginate 

displayed good biocompatibility, cell adhesion, as well as increased expression of type I collagen 

(indicative of ECM production) and RPE markers CRALBP and RPE65 when cultured with primary 

RPE cells harvested from rabbits [204, 205]. 

In situ crosslinking Hystem™, used as a control material in the RGD-alginate study 

described above, has also been explored for its ability to deliver retinal progenitors to the 

subretinal space. Here, Hystem™ systems delivering retinal progenitors improved distribution in 

the subretinal space of retinal degenerative Rho -/- mice 3 weeks following injection, showing 

signs of photoreceptor differentiation through expression of recoverin. In vitro culture of retinal 

progenitors in Hystem™ gels with varying HA concentrations and crosslinking densities, formed 

neurospheres displaying maintenance of stemness after 15 days through expression of 

pluripotency markers Pax6 and nestin in most cells [206]. 

Chitosan hydrochloride and oxidized dextran have been combined into gels using Schiff-

base linkages. The produced material (CS-Odex) is described as self healing and compatible with 

retinal progenitors capable of activating Akt and Erk pathways associated with cell growth and 
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proliferation. CS-Odex was also found to improve progenitor differentiation into photoreceptors, 

indicating a potential to aid in visual recovery [207]. Similarly, gelatin-hydroxyphenyl propionic 

acid (Gtn-HPA) has also been explored for retinal progenitor cell delivery [208]. Gtn-HPA is 

described as an in situ crosslinking hydrogel which undergoes time dependent crosslinking 

through addition of hydrogen peroxide and horseradish peroxidase. Gtn-HPA is capable of 

enzymatic degradation over a period of 1-2 weeks via host or supplemented enzymes. In order 

to explore Gtn-HPA’s potential as a scaffold in neural retina delivery, Park et al. combined a 2X 

working solution of Gtn-HPA in PBS with human retinal progenitor cells prior to addition of the 

crosslinking catalysts. The gel cell mixture was then seeded onto glass coverslips coated with 

fibronectin and was allowed to gel for 5 minutes at 37 °C prior to addition of media. Cells seeded 

on fibronectin cover slips at equal concentrations were used as controls. Over 7 days, cell viability 

remained above 80% for both Gtn-HPA loaded gels comparable to controls, despite anticipated 

oxidative stress induced by hydrogen peroxide. Encapsulated cells tested positive for Ki-67, 

however this mitotic marker was expressed at higher amounts in control cells forming a 

monolayer [208].  

Further, in vivo cell delivery in Long Evan rats, was explored using pig retinal progenitors 

positively expressing green fluorescent protein (GFP). Transscleral injections (4 µL) of cell loaded 

Gtn-HPA and saline cell suspension controls, were prepared to deliver 40 000 cells to the 

subretinal space. Successful injection was visualized by bleb formation using a dissecting 

microscope. Inflammatory response one week post injection in Gtn-HPA groups was lower than 

saline controls, as marked by low expression of the leukocyte marker CD45 in surrounding retinal 

layers. As well, subretinal localization of progenitors was improved in Gtn-HPA treated rats as 

compared to controls. However, persistent retinal detachment was noted with Gtn-HPA 

treatments. The authors suggest speeding up Gtn-HPA degradation may assist in retinal 

reattachment and healing in future work [208]. The above studies explore a myriad of primarily 

natural hydrogels for their ability to support cell growth and be retained within the subretinal 

space. Hydrogels combine the favourable properties of saline injection and 2D cell carriers for 

back of the eye delivery. Leveraging the porosity and ease of transplantation yielded by 

suspension injection with the tunability and mechanical properties of 2D substrates. The in situ 

gelation systems described by Park and the group of Dr. Shoichet, provide a particularly 

interesting demonstration of the potential for improving cellular entrapment upon injection 

along with the ease of handling attributed to saline. 

1.4.2.1 NIPAAm-based subretinal cell delivery  

Thermoresponsive NIPAAm-based synthetic hydrogels have been proposed in our group 

as a method of cell delivery to the subretinal space [209-214]. Hydrogels which are able to 

undergo a sol-gel transition upon injection, may also simultaneously trap and immobilize cells for 

which they are acting as a carrier. In doing so, loss of cells, aggregation, and efflux into off target 

sites, such as the vitreous, can be mitigated. In 2010, Fitzpatrick et al. showed that type I bovine 
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collagen conjugated with pNIPAAm displayed an LCST of 32°C as determined using DSC. Amine 

end groups on pNIPAAm were reacted with the carboxylic acids of aspartic acid and glutamic acid 

in type I collagen using EDC/NHS chemistry to form comb-like grafts. The resulting material 

showed good viability and entrapment of ARPE-19 cells [209].  

Mazumder et al. (2012), went on to describe a 90:10 mol% pNIPAAm-co-acrylic acid N-

hydroxysuccinimide (NAS) material (PNN-10), prepared through free-radical polymerization. The 

polymer was post modified with HA (PNN-HA), RGDS (PNN-RGDS), as well as both HA and RGDS 

(PNN-HA.RGDS). Co-polymerization with NAS was predicted to offer sites for bioconjugation 

throughout the polymer chain, improving formulations which could only support end-

functionalization. Having RGDS distributed along the polymer backbone would better mimic ECM 

and thus improve entrapment of cells [210]. The authors note that several other groups had 

reported NAS addition to NIPAAm based polymers [104, 215] as well as some NIPAAm-HA 

materials [216, 217]. However, HA and RGDS combined for this application had not been 

reported. 

DSC of PNN-10 confirmed its LCST to be below physiological at 27°C. PNN-10 that had 

been modified with RGDS or HA, showed an increased LCST of 31°C. PNN-10 modified with both 

RGDS and HA had an LCST of 32°C. All polymers were tested at 15 w/v% in PBS and underwent a 

heat ramp from 0 to 70°C at a rate of 2°C/min in hermetic pans. Preliminary cell culture using 

ARPE-19 cells was conducte and no significant difference in viability was found between materials 

as compared to tissue culture plate controls. Viability remained high (above 90%) in all 

treatments [210]. 

Subcutaneous injection of 15 w/v% PNN-10, PNN-HA, PNN-RGDS, and PNN-HA.RGDS in 

PBS, between the shoulder blades of SKH1-E nude mice, revealed that these materials underwent 

a robust sol-gel transition upon delivery. All materials excluding PNN-10, spread into a thin layer 

by day 3 following injection. This shows promise for potential use in the subretinal space, where 

gel spreading could assist with cell distribution and RPE monolayer formation. Additionally, 

neutrophils, monocytes, lymphocytes, and fibroblasts were evident in histological samples of the 

dermis of the injection site at day 3. There was no evident infiltration of immune cells in no 

injection controls. This mild foreign body response was not evident in dermis of day 7, 20, and 40 

mice. The liver and spleen were also sectioned 40 days after injection. Results revealed no 

inflammation, necrosis, neoplasia, or hypertrophy in the livers of all samples. Both the liver and 

spleen of all samples lacked vacuolated phagocytes indicative of polymer accumulation. Spleens 

did not show sign of splenomegaly or necrosis [210].  

This work demonstrates that PNN-HA.RGDS has the potential to be used as an injectable 

in the subretinal space [210]. However, this material lacked adequate degradation properties. In 

response, Fitzpatrick et al. (2012) synthesized NIPAAm, NAS, acrylic acid (AA), and acryloyloxy 

dimethyl-γ-butyrolactone (DBA) copolymers (pNNAD), with varying amounts of AA. Introduction 

of DBA was previously shown to increase LCST above physiological through hydrolysis and 
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subsequent ring opening of the lactone functional group allowing for dissolution of the gel over 

time [218, 219]. This hydrolysis is slow and therefore ideal for delivery of drugs and biologics. 

Again, the pNNAD polymers displayed good viability comparable to controls after 96 hours. 

Subcutaneous injection was conducted using C3H mice for analysis at days 1, 3, and 7 following 

injection and SKH1-E mice for day 40. Histology of the liver and spleen was devoid of signs of 

necrosis and inflammation at day 40. Dermis near the site of injection displayed lymphocytes 

indicative of mild inflammation which subsided by day 7 and was not present in day 40 samples. 

The authors also explored dexamethasone release from pNNAD gels dissolved at 20 w/v% in a 

0.1 mg/mL solution of dexamethasone in PBS. Results were characteristic of sustained low level 

burst release. Unfortunately, these pNNAD polymers had LCSTs close to room temperature [211, 

213]. As such, formulations optimized to have LCSTs closer to physiological may further improve 

handling of these materials in application. 

In response to pNNAD, a copolymer comprised of NIPAAM, AA, polyethylene glycol 

methyl ether methacrylate (PEGMEMA, MW = 1100 g/mol), and DBA (pNAPD) was synthesized. 

pNAPD possessed an increased LCST and remained optically transparent upon gelation as 

compared to pNNAD, making it suitable for subretinal injection [212-214]. Intravitreal injection 

of pNAPD, dissolved at 5 w/v% in 1X PBS, into the eyes of Sprague Dawley rats, showed no change 

in the morphology of retinal tissue, immune cell infiltration, or visual performance as compared 

to saline injection at 0-, 7-, and 14-days following application [214]. These results suggest pNAPD 

may be well suited for drug and/or cell delivery applications to the posterior segment of the eye.  

1.5 PEPTIDE MODIFICATION FOR ENHANCED CELL DELIVERY 
Peptides encompass a myriad of biomolecules which play important roles in vivo. In tissue 

engineering, short synthetic or recombinant derived sequences have gained particular traction. 

Namely, adhesion peptides, sequences of amino acid residues involved in the migration and 

adherence of cells to ECM have shown particular promise. Application of these agents can be 

used to improve integration of cells on synthetic scaffolds. This work has allowed materials to 

extend beyond being solely bio-inert upon implantation, by leveraging biomimetic surfaces which 

can play an active role in tissue integration. Though materials have been designed which are able 

to promote RPE adhesion without the use of components found in ECM [220, 221], modifying 

carriers with adhesion proteins continues to be widely used in cell delivery research to form 

viable and functionally useful substrates. The use of peptide sequences allows for better control 

of the orientation and density of these agents, a feature not well regulated when grafting full 

length ECM proteins to materials [222].  

Many adhesion sequences have been defined and reviewed for biomaterials research 

including, but not limited to, IKVAV, REDV, DGEA, PHSRN, RGD(S) and YIGSR [223-225]. RGD is 

the most widely studied as well as smallest functional adhesion sequence. Innate to ECM proteins 

such as fibronectin, vitronectin, fibrinogen, as well as laminin and collagen (although other 
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adhesion peptides dominate within the latter two) RGD is able to bind multiple cell-surface 

integrins [226-228]. The RGDS tetrapeptide present in fibronectin binds cell surface integrins with 

high affinity and has been tied to inhibition of thrombosis [222, 229, 230]. Similarly, YIGSR 

(Tyrosine-Isoleucine-Glycine-Serine-Arginine) is a popular adhesion sequence associated with the 

basement membrane protein laminin [231, 232]. Found in the β1 chain of laminin, YIGSR has 

been studied for its anti-angiogenic properties and potential to prevent metastasis [233]. 

Broadly, both RGDS and YIGSR have been readily employed on synthetic materials to improve 

cell integration in tissue engineering. 

1.6 THESIS OBJECTIVES 

The aim of this thesis is to explore the synthesis, thermoresponsive nature, and in vitro 

application of a degradable NIPAAm-based hydrogel with the intent of evaluating its potential as 

a cell delivery agent in treating posterior segment disease, particularly dAMD. Early and dry forms 

of AMD go without approved treatment, leaving an unmet need for therapeutic agents which 

can prevent long term progression of disease. Given that dysfunction with the RPE layer 

correlates with early stages of AMD, RPE transplantation has been proposed as a potential 

treatment. As noted above, current modalities often rely on bolus injection of cells leading to 

aggregation and cell death or bulky scaffold transplantation. Whole and partial retinal tissue 

delivery is dependent on material sourcing and invasive surgical implantation, limiting 

accessibility of treatment. Improved surgical techniques for cell delivery continue to be 

problematic, having issues with retinal tearing and inadequate localization. As such, it is believed 

that a soft hydrogel capable of in situ gelation could assist in cell delivery and distribution 

throughout the subretinal space. The work described herein, serves as a preliminary study of two 

materials intended to meet this aim.  

Chapter 2 discusses the development and characterization of two pNIPAAm-based 

hydrogel systems modified with adhesion peptides RGDS and YIGSR. Polymer properties are 

defined using proton nuclear magnetic resonance spectroscopy (NMR) and gel permeation 

chromatography (GPC). LCST characterization of unmodified materials is explored primarily 

through differential scanning calorimetry and polymer rheology. Degradation profiles in PBS, 

have hypothesized pH stability as a potential limiting factor in the modification of the described 

formulations. Preliminary in vitro cytotoxicity assays using model ARPE-19 cells, showcase 

suitable biocompatibility with some indication of cell movement into certain materials. Further 

study and materials optimization is required. 

Finally, chapter 3 discusses key findings of the described work, highlighting contributions 

amongst the current literature. Figure 1.6 serves as a visual representation of the intended 

application of the materials explored herein. 

 
 



MASc Thesis                          Nicole Amaral                      Chemical Engineering McMaster University 

25 
 

Figure 1.6. Visual depiction of RPE delivery to the subretinal space by means of a 3D thermoresponsive 
hydrogel carrier. Image created using BioRender.com. 
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Chapter 2: RGDS AND YIGSR MODIFIED THERMORESPONSIVE 

HYDROGEL CELL SCAFFOLDS 

2.1 ABSTRACT 
In the current work, two N-isopropylacrylamide (NIPAAm)-based thermoresponsive 

hydrogels are described with the potential to be used as injectables for subretinal cell delivery. 

Poly-NIPAAm-co-NAS-co-PEGMEMA1070-co-DBA (pNNPD) and Poly-NIPAAm-co-NAS-co-

PEGMEMA510-co-DBA-co-TRIS (pNNP5DT) were individually evaluated for temperature 

responsive character as well for their effect on two-dimensional ARPE-19 cultures following 

modification with extracellular matrix adhesion peptides, RGDS and YIGSR. Both pNNPD and 

pNNP5DT presented with LCSTs below physiological at 24 and 27°C respectively. Oscillation 

temperature ramps reveal that the Tgel (G’ > G’’) of pNNPD was approximately 40°C lying outside 

physiological, where pNNP5DT presented at 35°C. However, pNNP5DT did not retain water 

content as effectively as pNNPD following gelation. Material modification with YIGSR and/or 

RGDS indicated that grafting of peptides is not reserved to incorporated NAS. pNNPD is 

associated with higher viability as compared to pNNP5DT when exposed to cultures of ARPE-19 

cells. Fluorescent calcein and ethidium-homodimer 1 imaging revealed materials with higher 

grafting of RGDS to be associated with potential cell lifting. pNNP5DT-RGDS modified materials 

displayed notable blank patches and raised agglomerates after 48 h of culture (37°C, 5% CO2), 

this is hypothesized to be correlated with RPE affinity for RGDS during migration.  

2.2 INTRODUCTION 
Age related macular degeneration (AMD) remains a world leading cause of irreversible 

central vision loss, predominately affecting those over 50 years of age [234, 235]. AMD is 

multifactorial and is often categorized on a spectrum beginning with the presence of large 

extracellular debris (drusen) between the retinal pigment epithelium (RPE) and Bruch’s 

membrane (BrM). Further progression of AMD can lead to choroidal neovascularization [236]. It 

is projected that by 2040, the worldwide prevalence of AMD will reach 288 million, currently 

accounting for approximately 8.7% of blindness internationally [3]. The socioeconomic and public 

health concerns arising from increased prevalence of AMD have promoted a vast body of 

research surrounding improved treatment [69].  

At present, AMD remains untreatable in approximately 90% of patients [57]. Early-stage 

dry AMD (dAMD) is more common but is generally untreatable, with vitamin supplementation 

remaining the only clinical recommendation for slowing disease progression [56, 70]. In cases of 

late-stage wet AMD (wAMD), growth of blood vessels into the retina can lead to subretinal 

scarring, hemorrhaging, and severe vision loss. To manage wAMD, agents that block vascular 

endothelial growth factor (VEGF-A) are prescribed to prevent angiogenesis [4, 9]. There is 
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widespread agreement that RPE degeneration lies at the core of AMD pathogenesis. RPE cells are 

responsible for maintaining the blood-retinal microenvironment by clearing debris through 

phagocytosis, producing growth factors that maintain the photoreceptors, and orchestrating 

cellular responses to stimuli [25, 26]. As dysfunctional RPE tends to occur prior to photoreceptor 

damage, it is believed that replenishing the RPE may have protective benefits in cases of dAMD 

[4, 25-27].  

RPE delivery has long been considered a point of therapeutic interest due to the role of 

these cells in maintaining photoreceptors and the blood-retinal microenvironment. However, cell 

delivery through bolus injections have proven inefficient as leakage, aggregation, and cell death 

offer limited control over cell fate [191]. Cell scaffolds intended to replace the Bruch’s membrane 

and ensure proper integration have previously been described [107, 115]. Two-dimensional solid 

sheet scaffolds are often too bulky for application in the layers of the retina. In order to develop 

a treatment that is conducive with clinical practice, scaffolds must be minimally invasive upon 

insertion. Subretinal delivery of gel scaffolds has mitigated rigidity issues associated with 2D 

carriers [192-208], gel systems offer the potential for cell encapsulation with ease of delivery.  

The Sheardown lab has previously developed a N-isopropylacrylamide (NIPAAm)-based 

thermo-responsive hydrogel (pNNPD) which is liquid at room temperature and a gel above 32°C, 

allowing for in situ gelation upon injection [211, 212]. It is hypothesized that modification of this 

NIPAAm-based polymer with adhesion peptides from extracellular matrix proteins fibronectin 

and laminin will produce a clear hydrogel scaffold that can deliver RPE cells in the subretinal 

space. Further investigation of thermoresponsive gels within our lab has also given rise to a 

formulation based on the components of pNNPD (pNNP5DT). Further, investigation into the 

potential of this material to deliver RPE cells is of interest.  

The development of hydrogel scaffolds for RPE injection may improve clinical outcomes, 

preventing AMD progression from early stages. It is also expected that such a vehicle for cell 

delivery can be optimized for stem cell regenerative therapies. A hydrogel which can successfully 

be applied within the delicate layers of the retina may also present as a suitable method for stem 

cell delivery for various other pathologies in similarly highly structured tissues. In this chapter, 

pNNPD and pNNP5DT will be examined as potential systems for RPE cell delivery. This work 

serves as proof of concept on the capacity of these thermoresponsive hydrogel systems for cell 

delivery. 

2.3 MATERIALS 

N-isopropylacrylamide (NIPAAm; 97%), acrylic acid N-hydroxysuccinimide (NAS; 99%), 

polyethylene glycol methyl ether methacrylate (PEGMEMA; MW = 950 g/mol as well as 500 

g/mol), benzoyl peroxide (BPO; >98%), (R)-α-Acryloyloxy-β,β-dimethyl-γ-butyrolactone (DBA; 

95%), N,N-Dimethylformamide (DMF; 99.8%), Lithium Bromide (LiBr; ≥99%), 98% thiazolyl blue 

tetrazolium bromide (MTT), Triton™ X-100, Dimethyl sulfoxide (DMSO; Hybri-Max™, sterile-
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filtered, BioReagent, suitable for hybridoma, ≥99.7%) were purchased from Sigma.  

Methacryloxypropyltris(trimethylsiloxy)silane (TRIS) was purchased from Gelest. Reagent grade 

1,4-dioxane, anhydrous ethyl ether, toluene, n-hexane, and tetrahydrofuran (THF) were 

purchased from Caledon. Deuterated water (D2O; 99.9%) and deuterated dimethyl sulfoxide 

(DMSO-d6; 99.9%) were purchased from Cambridge Isotope Laboratories, Inc. and Sigma 

respectively. H-Arginine-Glycine-Asparagine-Serine-OH (hydroxy terminated RGDS; 433.42 

g/mol) was purchased from abcam and H-Tyrosine-Isoleucine-Glycine-Serine-Arginine-NH2 

(amine terminated YIGSR; 593.68 g/mol) was purchased from BACHEM.  

10X phosphate buffered saline (PBS; diluted to 1X, pH 7.2-7.4) was purchased from 

BioShop. Sterile 1X PBS (pH 7.2-7.4) was purchased from McMaster Health Science facilities and 

used for cell studies as received. An immortalized line of human retinal pigment epithelial cells 

(ARPE-19) was purchased from ATCC® (CRL-2302™). Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F12) was purchased from Gibco™. Complete media was composed of 

DMEM/F12 supplemented with 10% fetal bovine serum (FBS; Gibco™), in which cells were 

cultured under CO2 (37°C, 5% CO2) unless otherwise specified. Ethanol (95%) was purchased from 

Commercial Alcohols by Greenfield Global and was diluted to 70% to be used for disinfection 

during cell culture. Invitrogen™ LIVE/DEAD™ Viability/Cytotoxicity Kit was purchased from 

ThermoFisher.  

2.4 METHODS 

2.4.1 N-isopropylacrylamide Recrystallization 

Prior to polymerization, NIPAAm was purified via recrystallization. 20 g of NIPAAm was 

weighed in a fume hood and transferred to a 100 mL beaker. 20 mL of toluene was added and 

the mixture was manually stirred using a scoopula. The mixture was placed in a water bath 

preheated to 35-40°C and stirred for 1-2 hours, ensuring the NIPAAm was properly dissolved. The 

beaker was then secured in a large ice bath and 10 mL of n-hexane was pipetted into the mixture 

prior to incubation in the ice bath for 4 hours. Using a Buchner funnel equipped with a filter and 

filter paper (no vacuum), the NIPAAm crystals were filtered out of solution, rinsing with n-hexane 

to ensure adequate transfer. Impurities were removed using 50 mL rinses of n-hexane, repeated 

until the yellow tint was removed from crystals. The purified NIPAAm was dried in the fumehood 

overnight. Once dry, recrystallized NIPAAm was transferred into a pre-weighed, opaque, plastic 

container, covered with parafilm, and stored in the freezer to be used as needed. 

2.4.2 pNNPD Synthesis via Free Radical Polymerization 

The base polymer described is composed of an 80:4:4:12 molar ratio of 

NIPAAm:NAS:PEGMEMA1070:DBA [212, 213]. This polymer was synthesized using free radical 

polymerization using BPO as a thermal initiator. The molecular weight of PEGMEMA was 
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confirmed by proton nuclear magnetic resonance spectroscopy (1H NMR; Bruker Avance 600 Hz) 

in DMSO-d6. Masses of monomers to be added were calculated as shown in Appendix A4.  1.67 

g (0.0148 mol) of recrystallized NIPAAm, 0.125 g (0.000740 mol) NAS, 0.792 g (0.000740 mol) 

PEGMEMA1070, 0.409 g (0.00222 mol) DBA, and 0.0448 g BPO (1 mol% relative to the total moles 

of all other monomers) were combined in a 100 mL round bottom flask with 30 mL of a 9:1 

mixture of 1,4 dioxane:MilliQ water. This flask was then sealed using a rubber septum and 

covered with parafilm before oxygen purge with nitrogen gas (25 minutes). The flask was then 

clamped into an oil bath preheated to 70°C and the reaction was allowed to proceed for 24 hours. 

Following this period, the flask was removed from heat and allowed to cool to room temperature, 

polymerization was terminated by removing the septum and exposing to oxygen. The mixture 

was rotovapped at 50°C to remove excess solvent. Once the solution reached a viscosity similar 

to honey, the product was purified by precipitating twice in 500 mL of chilled anhydrous ethyl 

ether. To separate precipitate from solvent, the sample was filtered by means of a Buchner funnel 

and flask using Fisherbrand P8 filter paper under vacuum. The product was re-dissolved in THF 

prior to the second precipitation. Once complete the powdered polymer was transferred into a 

pre-weighed sample flask and was allowed to further air dry in the fumehood over 72 hours. The 

polymer was then covered in parafilm and foil to be stored at -15°C prior to modification. 

2.4.3 pNNP5DT Synthesis via Free Radical Polymerization 

The pNNP5DT formulation was composed of an 84.5:5:5:5:0.5 molar ratio of 

NIPAAm:NAS:PEGMEMA510:DBA:TRIS. The molecular weight of PEGMEMA510 was confirmed prior 

to synthesis by 1H NMR (Bruker Avance 600 Hz) in DMSO-d6. The mass of monomers to be added 

was calculated as shown in Appendix A4. 2.036 g (0.018 mol) of recrystallized NIPAAm, 0.180 g 

(0.00106 mol) NAS, 0.543 g (0.00106 mol) PEGMEMA510, 0.196 g (0.00106 mol) DBA, 0.045 g 

(0.000106 mol) TRIS, and 0.0516 g BPO (1 mol% relative to the total moles of all other monomers) 

were added to a 100 mL round bottom flask with 30 mL of a 9:1 mixture of 1,4 dioxane:MilliQ 

water. Synthesis by means of free radical polymerization was conducted as described above. 

Reaction schemes of pNNPD and pNNP5DT synthesis as well as overall structure are summarized 

in Figures 2.1 and 2.2. 
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Figure 2.1. Scheme of free radical synthesis of pNNPD. 
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Figure 2.2. Scheme of free radical synthesis of pNNP5DT. 
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2.4.4 Gel Permeation Chromatography (GPC) 

Gel permeation chromatography (GPC) was used to characterize the molecular weight of 

materials. A Polymer Laboratories PL-50 GPC equipped with three Phenomenex PhenogelTM 

columns (300 x 4.6 mm, 5 μm; pore sizes: 100, 500, 104 Å) was used at room temperature. 

Calibration was performed using linear polyethylene glycol standards (Polymer Laboratories).  

DMF with 50 mM LiBr was used as the eluent. All samples were filtered using a 0.2 μm Teflon 

filter prior to analysis.  

2.4.5 Polymer Post-modification with Extracellular Matrix Adhesion Peptides 

Bioconjugation of pNNPD with RGDS and YIGSR was conducted after 1H NMR (Bruker 

Avance 600 Hz) in DMSO-d6 of the stock polymers was used to determine the molar percent 

(mol%) of NAS incorporated during polymerization. Sample calculations are presented in 

Appendices A5 and A6. pNNPD was dissolved at 15 w/v%. Aliquots of peptides were prepared at 

concentrations of 10 mg/mL in 1X PBS (pH 7.4) and added at molar ratios of 1:2, 1:1, and 2:1 

RGDS:NAS; as well as, 1:1:2 RGDS:YIGSR:NAS. These sealed samples were then placed on a shaker 

at room temperature for 24 h. Samples were then dialyzed in 4 L of purified Milli-Q water with 

continuous stirring for 72 h using Spectra-Por® Float-A-Lyzer® tubing (molecular weight cut off 

20 kDa) to remove any unreacted reagents, water was replaced after 24 h. Following dialysis, 

samples were collected in glass sample vials, frozen, and freeze dried. 1H NMR in D2O was used 

to confirm modification as D2O does not interfere with peaks associated with RGDS and YIGSR, 

where peak shift associated with DMSO-d6 makes quantification difficult. Materials were 

covered with parafilm and foil, before being stored at -15°C until use. 

For pNNP5DT, molar ratios of 1:1 YIGSR to NAS, 1:2 RGDS to NAS, and 1:1 RGDS to NAS 

were prepared as described above. Alternatively, pNNP5DT materials were modified at 4°C for 

72 h with continuous mixing. Samples were again dialyzed, frozen, and freeze dried. 1H NMR in 

D2O was used to confirm degree of modification. Materials were covered with parafilm and foil, 

before being stored at -15°C until use. 

2.4.6 MTT Assay 

In order to measure potential cytotoxic effects of the hydrogel scaffolds, ARPE-19s 

(passage 8 pNNP5DT and passage 9 pNNPD) were exposed to scaffolds and analyzed using 98% 

thiazolyl blue tetrazolium bromide (MTT, Sigma-Aldrich). This colorimetric assay can be used to 

quantify metabolic activity, as NADPH-dependent oxidoreductase enzymes produced by viable 

cells reduce MTT to formazan crystals. Formazan crystals can be dissolved in DMSO and an 

absorbance scan at 590 nm can be used to quantify the relative magnitude of the metabolic 

activity.  

In a Corning® Solid Black, Clear Flat Bottom Polystyrene TC-treated 96-well plate, 20 000 

ARPE-19 cells were seeded per well. Cells were cultured in Gibco™ Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F12) at 37°C, 5% CO2. 24 hours after seeding, media was 
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carefully removed from wells, cells were rinsed with 200 µL of sterile 1x PBS aspirating thrice, 

and 200 µL of incomplete DMEM/F12 (media lacking FBS) was added to each well. Following 24 

hours of incubation at 37°C, cells were exposed to respective treatments for an additional 48 and 

24 hours. In the case of pNNPD, polymers were pre-dissolved at 20 w/v% (24 h prior, stored at 

4°C) and upon treatment 10 µL of polymer was added to respective wells.  pNNP5DT materials 

were dissolved as described above at 10 w/v% and 20 µL of material was exposed to the wells.  

Following the desired period of exposure, a 5 mg/mL solution of MTT in sterile 1x PBS was 

added to an equal volume of DMEM/F12. Positive controls were produced by removing media 

from untreated cells and applying 100 µL of 0.25% Triton™ X-100 purchased from Sigma, for 5 

minutes. 0.25% Triton™ X-100 was then removed and cells rinsed with 200 µL of sterile 1x PBS 

aspirating thrice. Next, media was gently removed from remaining wells and replaced with 100 

µL of the MTT solution and media mixture. Blanks containing neither cells nor treatment were 

also plated to account for background. The plate was returned to the incubator (37°C, 5% CO2) 

for 3 hours, after which the MTT mixture was carefully removed from each well as not to disrupt 

formazan crystals. Formazan was dissolved using 200 µL of DMSO (Hybri-Max™, sterile-filtered, 

BioReagent, suitable for hybridoma, ≥99.7% purchased from Sigma) in each well. The plate was 

then covered in foil and allowed to incubate at room temperature for 15 minutes prior to 

scanning. Absorbance measurements were taken using a TECAN Infinite® M200 PRO NanoQuant 

Plate Reader at 590 nm absorbance (bandwidth 9 nm, 25 flashes, and multiple reads per well – 

square-filled, 4 x 4). Percent viability (normalized to negative controls) versus treatment type was 

plotted with blank subtraction and standard error.  

2.4.7 LIVE/DEAD Assay 

In order to visualize any cytotoxic effects of the materials, ARPE-19s (passage 9) were co-

stained with calcein AM and ethidium homodimer-1. The Invitrogen™ LIVE/DEAD™ 

Viability/Cytotoxicity Kit (ThermoFisher) was used. Calcein AM is non-fluorescent and a cell 

permeant. In live cells intracellular esterase, particularly acetoxymethyl ester hydrolysis, 

enzymatically converts calcein AM into green fluorescent calcein. On the contrary, ethidium 

homodimer-1 is excluded from intact cell membranes. In dying cells with permeable membranes, 

ethidium homodimer-1 intercalates with nucleic acids producing a red fluorescence.  

Cell seeding and culture conditions followed a similar protocol to that described above, 

however in the case of pNNPD, 50 000 cells were seeded prior to treatment. LIVE/DEAD™ working 

solution was prepared by adding 20 µL of the supplied Invitrogen™ 2 mM ethidium homodimer-

1 stock solution as well as 5 µL of the 4 mM calcein AM stock to 10 mL of sterile 1x PBS (pH 7.4), 

vortexing to mix. For the positive controls, media was removed from untreated cells and exposed 

to 100 µL of 0.25% Triton™ X-100 purchased from Sigma, for 5 minutes. Triton™ X-100 was 

removed and the cells were subsequently washed with 200 µL of sterile 1x PBS aspirating thrice. 

In remaining negative controls and treated wells, media was gently removed and cells were 



MASc Thesis                          Nicole Amaral                      Chemical Engineering McMaster University 

34 
 

washed with 200 µL of sterile 1x PBS, aspirating thrice. 100 µL of 1x PBS was then added to each 

well along with 100 µL of the prepared LIVE/DEAD™ working solution, aspirating thrice to mix. 

The plate was then covered with foil and incubated for 45 minutes at room temperature prior to 

imaging. 

Cells were imaged using an Olympus IX51 Inverted Bright Field & Fluorescent microscope. 

Images were taken at 10X magnification of representative wells, using FITC (calcein) and Texas 

Red (ethidium homodimer-1) filters. A monochromatic grayscale QImaging Retiga 2000R camera 

was used for capture while processing used the Olympus cellSens Dimension™ software.  

2.4.8 ImageJ Counting Protocol 

pNNPD dead cell images, taken of each well using an Olympus IX51 Inverted Bright Field 

& Fluorescent microscope at 10X magnification, were processed using ImageJ. Images were 

converted to 8-bit from RGB (Red, Green, and Blue) prior to threshold adjustment to ensure all 

fluorescent artifacts from the original image were properly focussed. Scale and magnification 

indications were removed from the image prior to counting as not to be included as part of the 

automated count. The watershed tool was used to separate cell aggregates allowing for more 

representative counting. Measurements were set to account for area, minimum and maximum 

gray value, Feret’s diameter, and mean gray value. Particles were analyzed and the summary 

output was then organized using the sort and filter tool in Microsoft Excel. Repetitive low pixel 

areas were considered background fluorescence and were excluded from the count. A jump in 

these repeated values was found to occur around 40 pixels across images; as such values above 

40 pixels were taken to be more representative of cell area. Areas below 40 pixels were thereby 

excluded from the count; all images were processed using the same parameters. The number of 

artifacts remaining were summed and taken as a reflection of cell counts, which were recorded 

and plotted as an average. 

2.4.9 Polymer Rheology  

Polymer rheology was used to determine lower critical solution temperature (LCST) of 

materials using a Dynamic Hybrid Rheometer (DHR; TA Instruments DHR-2, New Castle, DE) with 

software TA instruments TRIOS version 4.4.1. Using a Peltier plate bottom geometry and parallel 

Peltier plate (20 mm, aluminum) top geometry, inertia, friction, gap temperature, and rotational 

mapping were calibrated prior to measurement. Oscillation temperature ramps from 15°C to 

45°C (1°C/min) at 0.1% oscillation strain, 10 rads/s frequency, and 1000 µm gap, were conducted 

to explore the effect of temperature on complex viscosity and modulus. Prior to start and after 

loading approximately 380 µL of dissolved polymer between plates, temperature was set to 15°C 

for 2 minutes. 
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2.4.10 Differential Scanning Calorimetry (DSC)  

Differential scanning calorimetry (DSC; TA Instruments Q200, New Castle, DE) was 

performed in order to determine the LCST of both pNNPD and pNNP5DT. Approximately 10 mg 

of pNNPD and pNNP5DT, pre-dissolved in 1X PBS at 20 and 15 w/v% respectively, were loaded 

into aluminum TZero hermetic pans and measured under nitrogen. Milli-Q water was used as a 

reference. Samples underwent a custom ramp of 5 to 45°C (1°C/min), remaining isothermal at 

45°C for 2 minutes, before a ramp down to 5°C (1°C/min). LCST was taken to be the midpoint 

between the temperature before and after the endothermal peak of the forward heat flow curve 

(this value was cross referenced with the exotherm midpoint appearing on the reverse curve). 

2.4.11 pH Stability Study 

Aliquots of pNNPD and pNNP5DT were dissolved in glass sample vials at 20 and 15 w/v% 

respectively in 1X PBS (pH 7.4), vials were covered with parafilm, wrapped in foil, and stored at 

4°C. After 24 hours, vials were vortexed to ensure uniform mixing and pH readings were taken in 

triplicate using a Fisherbrand™ accumet™ AB250 pH/ISE Benchtop Meter equipped with a 

Thermo Scientific™ Orion™ PerpHecT™ ROSS™ combination pH Micro Electrode. Vials were 

returned to 4°C. pH measurements were recorded daily for 7 days and again following 3 months. 

2.4.12 Statistical Analysis 

For cell studies, raw data were collected and analyzed using Microsoft Excel. To test for 

equal variance, Levene’s test of homogeneity of variance was conducted whereby a single-factor 

analysis of variance (ANOVA; significance level (α) of 0.05) was run on the absolute difference of 

each data point subtracted by the mean of the given data set. If the p-value produced was greater 

than α in the Levene’s test, a single-factor ANOVA assuming equal variances was conducted with 

an α of 0.05. If p < α, Tukey’s post-hoc test was conducted to compare all mean pairings.  

2.5 RESULTS AND DISCUSSION 

2.5.1 Synthesis and Modification of pNNPD and pNNP5DT  

Two pNIPAAm-based materials were prepared. The first is based upon an optically 

transparent formulation previously synthesized by Fitzpatrick and colleagues [212, 213]. Poly-

NIPAAm-co-NAS-co-PEGMEMA1070-co-DBA (pNNPD) leverages the thermosensitive behaviour of 

NIPAAm with the potential to elute over time through incorporation of DBA. DBA has been shown 

to increase LCST through butyrolactone ring opening resulting from hydrolysis [103, 218, 219]. 

This slow process allows pNIPAAm materials to dissolve and be cleared systemically without 

production of harmful degradation products [218]. Hydrophilic PEGMEMA was incorporated to 

increase LCST of pNIPAAm close to physiological and mitigate syneresis by retaining water 

following coil to globular phase transition. PEGMEMA also played a role in contributing to overall 

optical transparency. The molecular weight of PEGMEMA (Mw = 1070 g/mol) was confirmed by 
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1H NMR (Appendix A1). Finally, in order to provide a site for bioconjugation, NAS was 

incorporated. N-hydroxysuccinimide (NHS) esters are often used in biomaterials as potential sites 

for protein modification, due to the robust ability of NAS to form stable amide bonds under mild 

reaction conditions [237-239]. As such, post-modification of pNNPD with adhesion peptides in 

the presence of a slightly alkaline buffer solution can form stable conjugates with NAS through 

the primary amines within their sequence. Here, NHS is released as a leaving group [238]. The 

pNNPD polymer was synthesized by means of free radical polymerization using a BPO initiator as 

previously described [211-213].  

Poly-NIPAAm-co-NAS-co-PEGMEMA510-co-DBA-co-TRIS (pNNP5DT) differs from pNNPD 

through the addition of TRIS, which contributes to overall hydrophobicity and oxygen 

permeability [240-243],  as well as the incorporation of a lower molecular weight PEGMEMA (510 

g/mol) (Appendix A1). pNNP5DT was formulated in an attempt to improve the mechanical 

properties of pNNPD [212]. The molar feed ratios of each respective monomer in stock pNNPD 

and pNNP5DT are summarized in Table 2.1 with final compositions as determined using 1H NMR 

in DMSO-d6 (Appendices A2 and A5).  
 
Table 2.1. Summary of Stock Polymer Composition 

Polymer Molar Feed 
Ratio 

Composition a Mn 
b 

(g/mol) 
Mw 

b 

(g/mol) 
PDI b 

pNNPD 
(80: 4: 4: 12) 

(80.73: 3.7: 4.22: 11.35) 25 203 82 218 3.26 

pNNP5DT 
(84.5: 5: 5: 5: 0.5) 

(83.67: 4.73: 5.73: 5.28: 0.59) 30 327 101 993 3.36 

a Determined through integration analysis of 1H NMR in DMSO-d6; b Determined using GPC 

 

To form gels which better mimicked native ECM, pNNPD and pNNP5DT were grafted with 

adhesion peptides, RGDS and YIGSR. The use of adhesion peptides mitigates impurity issues 

associated with using full length natural proteins, offering concise sites specific for cell adhesion 

which can support anchorage during delivery [222]. Preliminary modification of a pNNPD 

formulation with YIGSR (Appendix A8) inspired attempts to improve peptide grafting efficiency 

through increasing the temperature of post-modification. As such, pNNPD dissolved at 15 w/v% 

in 1X PBS (pH 7.4), was modified through addition of 10 mg/mL aliquots of RGDS and YIGSR at 

desired molar equivalents relative to NAS. As opposed to allowing this reaction to proceed at 4°C 

for 24 h, materials were left to react on a shaker at room temperature (20°C) for this period. 

Under these conditions, grafting efficiency did appear to improve as compared to preliminary 

work. For pNNP5DT however, increased viscosity at room temperature required materials to be 

modified at 4°C. In order to improve grafting efficiency in these materials, a reaction time of 72 

h as opposed to 24 h was used. Unmodified pNNPD and pNNP5DT materials underwent the same 

reaction and dialysis conditions, without addition of adhesion peptide. 1H NMR analysis 
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(Appendices A3 and A7) yielded grafting efficiencies for each material. A limitation of this method 

is inherent peak broadening in D2O 1H NMR as compared to DMSO-d6, as such the extent of 

bioconjugation determined using this method serves as an estimate. Material modification 

results for both pNNPD and pNNP5DT are summarized in Table 2.2. 

 
Table 2.2. Summary of Polymer Modification 

Sample Name 
Adhesion 
Peptide 

Modification 

Feed Molar 
Ratio of NAS to 

Peptide(s) 

% NAS 
Modified 

Theoretical 

% NAS 
Modified 
Actual a 

pNNPD-RGDS31 RGDS 2:1 50 31 

pNNPD-RGDS37 RGDS 1:1 100 37 

pNNPD-RGDS117 RGDS 1:2 100 117* 

pNNPD-RGDS28/YIGSR18 RGDS/YIGSR 2:1:1 50/50 28/18 

pNNP5DT-YIGSR27 YIGSR 2:1 50 27 

pNNP5DT-RGDS33 RGDS 2:1 50 33* 

pNNP5DT-RGDS48 RGDS 1:1 100 48* 

a Determined through integration analysis of 1H NMR in D2O  

 

Materials marked by an asterisk exhibited unusual grafting. For pNNPD-RGDS117, 

pNNP5DT-RGDS33, and pNNP5DT-RGDS48, RGDS incorporation appears to exceed the amount of 

NAS modified. In the case of pNNPD-RGDS117 this is evident as the percentage of NAS modified 

exceeds the amount of NAS present within the stock polymer. Referring to Table 2.3, further 

analysis using PEGMEMA1070 as an internal standard reveals the molar amount of NAS remaining 

in pNNPD-RGDS117 to be 1.3 mol% as compared to the 3.7 mol% available in the stock. This 

suggests only 65% of NAS was lost to modification and competing hydrolysis in pNNPD-RGDS117. 

Although, due to peak broadening, the amount of peptide incorporated may be slightly 

overestimated we also see a reduction in the integration of DBA in pNNPD-RGDS117 as compared 

to other pNNPD materials which underwent the same bioconjugation step.  

Similarly, NAS integration analysis relative to the amount of NAS available in stock 

pNNP5DT suggests only 28% (pNNP5DT-RGDS33) and 25% (pNNP5DT-RGDS48) of NAS was lost due 

to modification and competing hydrolysis. These values are notably lower than the molar 

amounts of RGDS present in both pNNP5DT materials. Unfortunately, reductions of NAS peaks in 

YIGSR modified materials could not be easily quantified due to unclear overlap of multiple amino 

acid residues within the YIGSR sequence and the NAS peak of pNNPD and pNNP5DT.  
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Table 2.3. Summary of Polymer Composition following Modification 

Sample 
NAS a 

(mol%) 
PEGMEMA a 

(mol%) 
DBA a 
(mol%) 

TRIS a 
(mol%) 

Unmodified pNNPD 1.90 4.22 10.55 - 

pNNPD-RGDS31 1.79 4.22 10.55 - 

pNNPD-RGDS37 1.62 4.22 10.85 - 

pNNPD-RGDS117 1.31 4.22 10.01 - 

pNNPD-RGDS28/YIGSR18 overlap 4.22 10.29 - 

Unmodified pNNP5DT 3.17 5.73 5.23 0.53 

pNNP5DT-YIGSR27 overlap 5.73 5.19 0.51 

pNNP5DT-RGDS33 3.39 5.73 4.89 0.22 

pNNP5DT-RGDS48 3.56 5.73 5.07 0.09 

a Determined through integration analysis of 1H NMR in D2O. NIPAAm shift overlapped with peaks attributed 

to both PEGMEMA, YIGSR, and RGDS where applicable, as such it was not possible to get an accurate 

NIPAAm integration in D2O. Similarly, multiple residues composing YIGSR overlapped with NAS. 

Unmodified pNNPD and pNNP5DT underwent the same reaction conditions as the bioconjugation step of 

their respective modified materials without the addition of peptide. Differences in molar contributions here 

may be related to hydrolysis and D2O peak broadening in 1H NMR. 

 

Irregularities in pNNP5DT-RGDS materials were also evident due to sharp decreases in the 

contribution of TRIS, to 0.22 mol% in pNNP5DT-RGDS33 and 0.09 mol% in pNNP5DT-RGDS48 from 

0.59 mol% in stock pNNP5DT. DBA once again displayed slight decreases in molar contribution in 

pNNP5DT-RGDS33 and pNNP5DT-RGDS48 as compared to unmodified pNNP5DT. Changes in DBA 

contribution were not as dramatic as that of TRIS. YIGSR modified pNNP5DT displayed a slight 

decrease in DBA and no change in TRIS, relative to unmodified pNNP5DT. The above suggests 

potential off-target modification throughout the polymer backbones of both pNNPD and 

pNNP5DT.  
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pH measurements of pNNPD and pNNP5DT in Figure 2.3, at concentrations comparable 

to reaction conditions in 1X PBS of the bioconjugation step, show that pH is less than 7 at 24 h 

for both pNNPD and pNNP5DT, lying outside the slightly alkaline (pH 7.2 to 9) conditions desired 

for amide bond formation via NAS [238]. This reduction in pH can lead to acid hydrolysis of co-

monomers in both pNNPD and pNNP5DT, increasing sites available for bioconjugation as a result. 

In RGDS modified materials, the presence of aspartic acid (D) may further contribute to 

decreasing acidity during modification as compared to reactions containing only YIGSR.  

 

Figure 2.3. pH Stability of pNNPD (20 w/v%) and pNNP5DT (15 w/v%) during storage at 4°C. σx̅ reflective 
of an n of 3. 

 

It is hypothesized that various factors may play a role in increased RGDS grafting. Acid 

hydrolysis of TRIS has not been well defined in the literature. However, TRIS precursor γ-

methacryloxypropyltrimethoxysilane (MPS) has been shown to undergo hydrolysis in weakly 

acidic conditions of pH 4 [244]. Solutions of 2.5% MPS in 2.5% acetic acid and 95% ethanol by 

volume have been shown to hydrolyze silane ester groups (–Si–O–CH3) to silanol (–Si–OH) almost 

entirely after 24 hours, followed by oligomer (-Si-O-Si) formation [245]. Although the -Si-O-Si 

bonds in TRIS are more stable than the silane ester groups of MPS, hydrolysis of various silane 

coupling agents in weak acids has been well established [246, 247]. As such, it is anticipated that 

the weakly acidic pH of pNNP5DT dissolved in 1x PBS over 72 h of reaction, may have some effect 

on the bulky (trimethylsiloxy)silane terminus of TRIS. Sterically, it is hypothesized that this would 

be less likely than acid catalyzed ester hydrolysis [248]. Hydrolysis of the TRIS ester should 

theoretically produce 3-tris(trimethylsilyloxy)silylpropan-1-ol as a leaving group, leaving a 

carboxylic acid available for reaction with free RGDS. 

Further, acid hydrolysis mechanisms of γ-butyrolactone in aqueous low acid conditions 

have been modelled [249]. If any DBA ring-opening has occurred in both pNNPD and pNNP5DT 
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during peptide modification, a carboxylic acid would be made available once again for reaction 

with RGDS. Integration analysis of 1H NMR of both pNNPD and pNNP5DT suggest DBA may be 

undergoing some low level of slow hydrolysis. 

Finally, in the case of pNNPD-RGDS117 it is apparent that more RGDS is present than the 

combined reduction in both NAS and DBA peaks as compared to the stock material. As all 

materials underwent extensive dialysis, it is unlikely that this is due to the presence of unreacted 

RGDS. Several studies investigating the self-assembly of amphiphilic materials comprising RGD 

[250-253], suggest that RGDS grafted to the pNNPD or pNNP5DT may be capable of some form 

of self-assembly. Self-assembled peptide amphiphiles have previously been proposed as bioinert 

crosslinking agents in forming stable hydrogels [254]. Self-assembly has also been shown to be 

influenced by changing pH in the case of peptide amphiphiles having alternating positive and 

negative charged groups [255, 256]. In the case of RGDS, arginine (R; pKa = 12.5) and aspartic 

acid (D; pKa = 3.9) are anticipated to possess a positive and negative charged R group 

respectively, between pH 5 and 7 [257]. Where, YIGSR possesses one positively charged amino 

acid side chain (R). As such, interaction of grafted peptide sequences and unreacted peptide 

groups may be forming aggregates through additive intermolecular forces, which later contribute 

to the appearance of a higher overall grafting efficiency. This phenomenon may be more evident 

in pNNPD-RGDS117 where RGDS was added in excess and, therefore, has a higher potential for 

interactions between grafted and free RGDS.  

The above proposed factors serve as theoretical explanations of why pNNPD-RGDS117, 

pNNP5DT-RGDS33, and pNNP5DT-RGDS48 present with a higher amount of RGDS than the NAS 

originally available for modification in stock materials. These hypotheses are not extensive and 

further investigation is recommended. In future studies, post-modification of pNNPD, pNNP5DT, 

and similar materials must account for changes in pH in order to ensure off-target copolymers 

within the backbone are preserved. The potential of off-target grafting during modification had 

previously been overlooked in the development of pNNPD [212] and this work suggests that 

bioconjugation is not reserved to NAS within these complex systems. As such pH correction prior 

to reaction or use of a buffering solution with greater buffering capacity should be used in future 

studies with this material. 

2.5.2 Characterization of Thermoresponsivity 

LCST was determined using dynamic scanning calorimetry (DSC; TA Instruments Q200, 

New Castle, DE) of unmodified pNNPD and pNNP5DT at 20 and 15 w/v% respectively. At 20 w/v% 

pNNP5DT materials were highly viscous and difficult to pipette. As such, these materials were 

tested at a lower concentration in order to improve workability and handling. pNNP5DT materials 

were again diluted to improve handling for cell testing and as such crude DSC measurements 

were taken of these materials, results displayed comparable LCST to the pNNP5DT stock at 15 

w/v% (Appendix A9). Endotherm and exotherm formation on the heat and cool ramps were 
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identified for both pNNPD and pNNP5DT. The midpoint of temperatures on either side of the 

endotherm peak was taken to be LCST. Referring to Table 2.4, the LCST of pNNPD is comparable 

to that reported by Fitzpatrick and colleagues [212, 213]. The LCST of pNNP5DT is higher than 

pNNPD due to its larger molar concentration of NIPAAm. The values reported are in line with the 

onset of increased complex viscosity and modulus changes in Figure 2.4, measured by means of 

temperature ramp using a dynamic hybrid rheometer (DHR; TA Instruments DHR-2, New Castle, 

DE) of pNNPD and pNNP5DT.  
 
Table 2.4. Summary of Thermoresponsivity 

Polymer 
Concentration in 

1X PBS 
LCST a 

(°C) 

Tgel ± σx̅ b 

(°C) 

G’ at 37°C 
± σx̅ b 
(Pa) 

G’ at 37°C  
± σx̅ b 
(Pa) 

pNNPD 20 w/v% 24.06 39.94 ± 0.96 2.42 ± 0.27 5314 ± 307 

pNNP5DT 15 w/v% 27.29 35.04 ± 0.52 4.63 ± 0.11 4772 ± 1120 

a Determined by DSC; b Determined by temperature ramp using DHR (σx̅, represents an n of 3). 

 

 

 
Figure 2.4. Representative temperature ramps of pNNPD and pNNP5DT from 15°C to 45°C (1°C/min) with 
an oscillation strain of 0.1%, frequency of 10 rad/s, and 1000 µm gap. pNNP5DT presents with a higher 
initial complex viscosity at 20°C and stepwise biphasic gelation beyond its LCST and before Tgel. Whereas, 
pNNPD displays a gradual increase in viscosity beyond its LCST and before Tgel. Both materials display 
comparable moduli after complete gelation with pNNP5DT having a slightly higher complex viscosity at 
45°C of 2159 ± 425 Pa.s than pNNPD at 2011 ± 157 Pa.s (σx̅, represents an n of 3). 
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Rheology was employed to visualize changes in complex viscosity with increasing 

temperature. Tgel represents the end of the phase transition in these thermoresponsive 

materials, whereby modulus changes mark the complete transition from the viscous region into 

the elastic region. Temperature ramps of pNNPD and pNNP5DT were conducted at 20 w/v% and 

15 w/v% respectively. Strain sweeps conducted at 37°C were initially run to determine the Linear 

Viscoelastic Region (LVR) of both materials. An oscillation strain within the LVR of both materials 

(0.1%) was selected for further testing by means of oscillation temperature ramp from 15°C to 

45°C, in order to ensure any changes in modulus were not dependent on amplitude of 

deformation. The crossover of storage modulus (G’) above the loss modulus (G’’) was taken as 

the Tgel [258-261]. As summarized in Table 2.4, the Tgel of pNNPD and pNNP5DT were found to 

be approximately 40 and 35°C respectively, with the former lying outside physiological 

temperature. As shown in Figure 2.4, a viscosity increase with increasing temperature in pNNPD 

is shown to be gradual compared to the more step-wise increase observed in pNNP5DT. At 20°C, 

pNNP5DT is notably more viscous than pNNPD although both materials display comparable 

viscosities at temperatures above 25°C. G’ at 20°C is higher for pNNP5DT at 4.63 ± 0.11 Pa versus 

that of pNNPD at 2.42 ± 0.27 Pa. Similar to viscosity, modulus of both materials is comparable 

following gelation with pNNPD and pNNP5DT having G’ of 5314 ± 307 Pa and 4772 ± 1120 Pa at 

37°C respectively.   

It is believed the gelation of pNNPD and pNNP5DT is governed not only by the LCST 

resulting from the presence of the NIPAAm, but also through the interaction of hydrophilic and 

hydrophobic groups comprising these copolymer systems [261]. This is supported by endotherm 

formation appearing prior to complete phase transition in both pNNPD and pNNP5DT. As well, 

when the molar concentration of DBA in pNNP5DT systems is reduced, biphasic gelation is no 

longer observed and a single critical gelation event can be seen (Appendix A10). This suggests 

that the hydrophobic/hydrophilic balance is important in regulating pNNP5DT phase transition 

and associated physical interactions during polymer packing. Cloud point analysis was also 

attempted to corroborate differences in LCST and Tgel for these materials, however the results 

were inconclusive due to limited material availability (Appendix A11).    
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Figure 2.5 displays visual differences in polymers before and after heating at physiological 

temperature for 10 minutes. High turbidity in pNNP5DT materials as compared to pNNPD was 

noted. pNNP5DT also appeared to expel some water above its LCST compared to pNNPD which 

retains its water content. Syneresis occurring in pNNP5DT polymers may be explained by bulky 

hydrophobic TRIS as well as lower molecular weight PEGMEMA510, increasing overall hydrophobic 

character of the polymer backbone as compared to pNNPD. Longer chain PEGMEMA1070 in 

pNNPD may better assist in water retention following phase transition, reducing the amount of 

water expelled during aggregation of hydrophobic groups and maintaining optical transparency 

at 37°C. However, above 40°C pNNPD also loses transparency (not pictured). Materials which 

better retain water are more desirable for cellular entrapment upon injection, where water 

expulsion may simultaneously force delivered cells out of the carrier network.  

 

 
Figure 2.5. Photograph displaying visual differences between pNNPD and pNNP5DT at 20°C (left) and 
after heating for 10 minutes in a water bath at 37°C (middle). pNNP5DT appears more turbid and expels 
some of its water content above its Tgel (white arrow), where pNNPD retains water at 37°C. While cooling 
to 20°C following removal from the water bath (right), result of syneresis is evident in pNNP5DT which 
shows a more turbid material localized to the bottom of the vial (white arrow). This is indicative of increased 
polymer density following water expulsion above the Tgel of pNNP5DT. pNNPD remains homogenous gel 
after heating to 37°C and throughout cooling.   

 

Compared to pNNPD, the high initial modulus as well as LCST and Tgel for pNNP5DT may 

be more suitable for use as an in situ gelling cell carrier. However, its physical changes during 

gelation are not ideal for application in the back of the eye. Namely, pNNP5DT expels some of its 

water content during polymer collapse producing polymer dense clumps where pNNPD retains 

its shape. As well, pNNP5DT displays high turbidity at physiological temperatures where pNNPD 

retains optical transparency below 40°C. Gelation of pNNPD above its LCST is gradual and does 

not enter the elastic region below physiological temperatures. It is unclear whether G’ > G’’ 

crossover is essential for application if modulus and viscosity at 37°C is suitable for delivery to 

the subretinal space [261]. Both pNNPD and pNNP5DT display comparable complex viscosities 

beyond 25°C which reflect high flowability; this is desired to achieve even distribution throughout 
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the subretinal space following injection. It is unclear whether more robust gelation, as shown by 

pNNP5DT, or gradual gelation, as seen with pNNPD, is best suited for entrapment of cells upon 

injection.  

2.5.3 Metabolic Effects of pNNPD and pNNP5DT on ARPE-19s 

Metabolic activity of retinal pigment epithelial cells was examined as a measure of cell 

viability following exposure to modified pNNPD and pNNP5DT polymers. DMEM/F12 lacking FBS 

and having no dissolved polymer was used as a negative control. PBS added at equal volumes as 

dissolved polymer treatments was used as a vehicle control. As summarized in Figure 2.6, pNNPD 

polymers displayed high viability across treatments (>80%) after 48 h. Single factor ANOVA (α = 

0.05) showed a significant difference among groups (p = 3.34E-13; Appendices A12.1 and A12.2). 

Tukey’s post-hoc analysis showed no significant difference between modified polymers and the 

negative control, although there was a significant decrease in viability of unmodified pNNPD as 

compared to the negative control. There was no significant difference in viability between cells 

treated with pNNPD materials with the exception of a significant increase in viability of pNNPD-

RGDS31 as compared to unmodified pNNPD. Decreases in viability as compared to the PBS vehicle 

control were found to be significant for all materials, yet there was no significant difference 

between the negative control and PBS. Due to minimal material availability, this MTT assay 

unfortunately lacked data for pNNPD-RGDS117, however, in a preliminary study conducted in 

complete DMEM/F12 supplemented with 10% FBS (as opposed to incomplete DMEM/F12 used 

here – Appendix A16), pNNPD-RGDS117 showed viability ≥69% at both 24 and 48 hours, which 

was found to be a significant decrease in viability when compared to all other groups using 

Tukey’s post-hoc analysis (α = 0.05). All other groups showed comparable viability and as such it 

was determined that FBS in complete DMEM/F12 may lead to an overestimation of viability due 

to pNNPD interaction with FBS which may have interfered with its interaction with cells. 
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Figure 2.6. Cell viability of ARPE-19 cells show high metabolic activity (> 80%) when exposed to 10 µL of 
20 w/v% pNNPD in incomplete DMEM/F12 for 48 h of culture (37°C, 5% CO2). σx̅ reflective of an n of 4. 

 

In the case of pNNP5DT, summarized in Figure 2.7, polymers displayed low viability across 

treatments (<70%) after 24 and 48 h. Single factor ANOVA (α = 0.05) showed a significant 

difference among groups (p24h = 9.24E-09, p48h = 3.93E-11; Appendices A12.3 and A12.4). Tukey’s 

post-hoc analysis showed that, at 24 h, there was no significant difference between polymers, 

however, all materials were found to significantly decrease viability as compared to controls. No 

difference was found between negative and PBS controls. Modification with RGDS was associated 

with a significant decrease in viability as compared to pNNP5DT-YIGSR27, however, there was no 

significant difference in viability between pNNP5DT-RGDS33 and pNNP5DT-RGDS48. At 48 h, 

decreases in viability were found to be significant across all groups relative to negative and PBS 

controls, with no difference in viability between the negative control and PBS vehicle control. No 

difference was noted between RGDS modified materials. As well, both pNNP5DT-RGDS33 and 

pNNP5DT-RGDS48 displayed a significant decrease in viability as compared to pNNP5DT-YIGSR27. 

pNNP5DT-RGDS48 showed a significant decrease in viability as compared to unmodified 

pNNP5DT, although there was no significant difference in viability between unmodified pNNP5DT 

and the other modified pNNP5DT materials. 

Considering the results of MTT analysis alone, pNNPD is not associated with drastic 

decreases in ARPE-19 metabolic viability as compared to pNNP5DT. It is unclear what may induce 

low metabolic activity in pNNP5DT materials. However, it is hypothesized that syneresis could 

contribute to cell asphyxiation, resulting in the formation of regions where thin layers of polymer 

coat confluent cells. These regions would likely have reduced the transfer of oxygen and 

nutrients. Alternatively, pNNPD which is able to retain water content at 37°C, is less polymer 
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dense than pNNP5DT and therefore more permeable. Results of the MTT analysis should be 

considered holistically with fluorescent LIVE/DEAD imaging. 

 

 
Figure 2.7. Cell viability of ARPE-19 cells show low metabolic activity (> 70%) when exposed to 20 µL of 
10 w/v% pNNP5DT in incomplete DMEM/F12 for 24 and 48 h of culture (37°C, 5% CO2). σx̅ reflective of 
an n of 4. 

2.5.4 Cytotoxicity of pNNPD and pNNP5DT on ARPE-19s 

In order to further understand the changes in viability demonstrated by the MTT analysis, 

visualization by means of LIVE/DEAD staining with calcein AM and ethidium homodimer-1 

(Invitrogen™) was conducted. The results are shown in Figure 2.8, which depicts representative 

images taken at 10X magnification of pNNPD treated ARPE-19 cultures. Images display 

comparable LIVE/DEAD staining across all pNNPD materials as compared to controls. Regions 

where cells appear raised and more spherical can be noted in materials modified with peptide. 

Distinct patchiness is evident in pNNPD-RGDS117. Single factor ANOVA (α = 0.05) displayed no 

significant difference between ImageJ dead cell counts of all treatment groups (p = 0.23, Figure 

2.9; Appendix A13).  
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Figure 2.8. Representative fluorescent images (10X magnification) of ARPE-19 cells stained with calcein 
(live cells - green) and ethidium homodimer (dead cells – red) following treatment with 10 µL of 20 w/v% 
pNNPD in sterile 1X PBS for 48 h (images taken from an n of 3). Polymer treatments show comparable 
staining as controls with some patch regions noted in pNNPD-RGDS117. 

 

 

 

Figure 2.9. Dead cell counts of ARPE-19 cells following treatment with 10 µL of 20 w/v% pNNPD in sterile 
1X PBS for 48 h, processed from fluorescent images using ImageJ. σx̅ reflective of an n of 3. 
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Alternatively, as shown in Figure 2.10, visualization of pNNP5DT treated cells elucidates 

notable patchiness and apparent cell lifting in RGDS modified pNNP5DT-RGDS33 and pNNP5DT-

RGDS48. This phenomenon was consistently visualized in independent repeated trials (Appendix 

A15). In Figure 2.11, images taken at 20X magnification of raised agglomerates found in wells 

treated with pNNP5DT-RGDS33 and pNNP5DT-RGDS48 reveal these regions to be primarily 

composed of lifted live cells. This suggests that cells leaving the surface of the tissue culture plate 

are not lysed prior to lifting. Dead cell counts using ImageJ were not collected for pNNP5DT 

treated materials as this apparent cell lifting was anticipated to interfere in providing an accurate 

representation of cytotoxicity. Attempts were made to compare relative fluorescence between 

pNNP5DT treatments using a fluorescence intensity scan (TECAN Infinite® M200 PRO NanoQuant 

Plate Reader) at an excitation of 485 nm and emission of 530 nm (live stain) as well as an 

excitation of 530 nm and emission of 645 nm (dead stain), as per the Invitrogen™ LIVE/DEAD™ 

Viability/Cytotoxicity Kit plate reader protocol. Again, cell lifting interfered with the accuracy of 

acquired measurements (data not shown). 

 

 

 
Figure 2.10. Representative fluorescent images (10X magnification) of ARPE-19 cells stained with calcein 
(live cells - green) and ethidium homodimer (dead cells – red) following treatment with 20 µL of 10 w/v% 
pNNP5DT in sterile 1X PBS for 24 and 48 h (images taken from an n of 4). 
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Figure 2.11. Fluorescent images (20X magnification) of raised agglomerates found in wells treated with 
either pNNP5DT-RGDS33 or pNNP5DT-RGDS48. Agglomerates appear to be composed primarily of live 
ARPE-19 cells. 

 

Cell lifting evident in cultures exposed to pNNP5DT-RGDS33 and pNNP5DT-RGDS48 may be 

explained by possible migration of ARPE-19 cells from the tissue culture plate into the overlying 

polymer. RPE cells have been shown to migrate in response to fibronectin gradients [262-264], 

and fibronectin homeostasis is well documented in retinal ECM formation as well as at the onset 

of retinal disease, including proliferative vitreoretinopathy, AMD, and diabetic retinopathy [265]. 

In vitro cultures of RPE R-50 on surfaces coated with fibronectin, laminin, type I collagen, type IV 

collagen, and bovine serum albumin as a control, displayed comparable levels of cell adhesion on 

fibronectin and laminin. However, brightfield imaging of morphology 60 minutes after seeding 

revealed RPE R-50 cells spread most effectively on fibronectin as compared to all other surface 

coatings [266]. Migration of aged and fetal human RPE cells has also been shown to be 

consistently better on human fibronectin resurfaced culture plates as compared to those with 

human laminin [267]. 

The role of fibronectin in migration is further demonstrated by the presence of the RGD 

specific α5β1 receptor in adult and fetal human RPE, with the α5-subunit primarily found on the 

apical membrane and the β1-subunit equally localized to the apical and basolateral membranes 

[268]. Furthermore, human fetal RPE were shown to secrete fibronectin to the apical surface at 

concentrations 450 times greater than that seen on the basal side. When exposed to an α5β1 

antagonist (JSM6427), human fetal RPE showed significantly inhibited ability to attach to 

fibronectin, but there was no change in their attachment to laminin, type I collagen, and type IV 

collagen. JSM6427 was also found to inhibit cell migration, induced by basic fibroblast growth 
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factor and platelet-derived growth factor-BB, as well as cell proliferation. These disruptions were 

attributed to F-actin and cytoskeleton abnormalities in proliferating cells treated with JSM6427, 

including the accumulation of F-actin circumferentially as well as the loss of interlocking tight 

junctions [268]. F-actin disruption in proliferative over quiescent cells by JSM6427, is 

complemented by the finding that RPE express ten times less α5 and β1 integrins when quiescent 

than when proliferative [269].  

In this work, the affinity of RPE for fibronectin during migration may explain increased 

lifting in materials modified with RGDS compared with those modified with YIGSR. Differences in 

lifting seen between pNNPD and pNNP5DT materials modified with RGDS, may result from 

syneresis during pNNP5DT gelation. The polymer expelling water content, produces regions 

which have a higher polymer density. As a result, potential cell adhesion and migration into 

modified pNNP5DT is higher relative to the highly flowable pNNPD at 37°C. pNNPD may require 

increased RGDS modification to encourage cell adhesion, as indicated by lifting being most 

notable in pNNPD-RGDS117. LIVE/DEAD staining also reveals a potential flaw in using the MTT 

assay with these materials. If cells are robustly moving into certain RGDS modified materials, cells 

may be removed from wells during washing and before formazan crystal formation which is 

expected to lower viability readings by virtue of decreased cell number as compared to controls. 

In order to confirm whether or not cells are in fact migrating into overlying material, future 

studies using confocal microscopy would be beneficial in visualizing cell response following 

exposure to pNNPD or pNNP5DT. As well, a deeper evaluation of the ability of cells to migrate 

through and out of these materials is recommended, a preliminary migration assay is described 

in Appendix A16 and serves as a basis for future study. 

2.6 SUMMARY   

Cell adhesion peptides RGDS and YIGSR, derived from the ECM proteins fibronectin and 

laminin, were used to modify NIPAAm-based thermoresponsive gels pNNPD and pNNP5DT with 

the goal of improving suitability of these gels as injectable cell carriers. Neat pNNP5DT displayed 

an LCST and Tgel that would make it suitable for use at physiological temperatures whereas 

pNNPD possessed a Tgel at 40°C. Both materials were shown to have comparable complex 

viscosities and modulus above 25°C, although pNNP5DT has a G’ that is twice that of pNNPD at 

20°C. Despite having a more favourable response to temperature for application as an in situ 

gelling cell carrier, forming an elastic gel around physiological, pNNP5DT did not retain its water 

content and optical transparency unlike pNNPD at 37°C. Metabolic activity of ARPE-19 cells 

cultured in DMEM/F12 was significantly reduced when cultured with pNNP5DT materials and was 

associated with lower cell viability than observed with all pNNPD materials. This is believed to be 

a product of syneresis in pNNP5DT which is hypothesized to interfere with nutrient transport. 

pNNPD materials maintained high viability of ARPE-19 cells (> 80%) across modifications. 

Fluorescent LIVE/DEAD imaging revealed that analysis of metabolic activity may have also been 
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impacted by potential cell lifting in RGDS modified materials. pNNP5DT-RGDS33, pNNP5DT-

RGDS48, and pNNPD-RGDS117 showed signs of cell lifting and migration into polymeric matrices. 

This is anticipated to be related to affinity of RPE for the fibronectin derived RGDS during 

migration. 

Overall, the results of the present study indicate that a formulation which combines the 

benefits of both pNNPD and pNNP5DT may have improved character for cell delivery to the 

subretinal space. As well, high molar concentrations of RGDS modification may be best suited for 

RPE delivery as compared to YIGSR. This work serves as foundation for further optimization using 

the monomers and bioconjugation agents described herein. This study also suggests that peptide 

modification may not be reserved to NAS. In systems possessing multiple co-monomers, groups 

which are susceptible to hydrolysis due to decreasing pH caused by competing NAS hydrolysis, 

may become subject to off-target grafting. Here, changes in 1H NMR of DBA and TRIS peaks are 

indicative of potential reaction. As well, amphiphilic peptides may be subject to self-assembly 

further contributing to the overall amount of peptide incorporated. Careful modulation of pH 

during reaction is therefore recommended to ensure modification is controlled to NAS sites to 

allow for reproducible levels of peptide to be present in the polymer matrices. These results 

provide insight into the future development of pNIPAAm-based thermoresponsive gels intended 

for use as in situ gelling injectable cell carriers and highlights important considerations for 

subretinal delivery of RPE cells. 
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Chapter 3: CONCLUSIONS 
 

Retinal cell delivery has been investigated for its ability to rescue vision and prevent 

further progression of degeneration in dAMD. The use of in situ gelling soft hydrogels offers the 

potential for minimally invasive cell transplant with improved cell distribution as compared to 

two-dimensional platforms and saline injections. The work herein describes the study of two 

pNIPAAm-based hydrogels as potential subretinal cell carriers.  

A comparison of the thermoresponsivity of pNNPD and pNNP5DT revealed that pNNP5DT 

possesses desirable thermoresponsive character by virtue of its LCST (27°C) and Tgel (35°C) both 

of which occur below physiological temperature. However, pNNP5DT did not conserve 

transparency and water retention at 37°C as was seen with pNNPD. pNNPD, having an LCST 

around 24°C, possessed a Tgel above physiological at 40°C. It is unclear whether or not complete 

formation of an elastic gel is a requirement for cell delivery. If modulus is favourable for cellular 

entrapment upon injection, a Tgel above physiological may be unimportant. However, the high 

initial viscosity of pNNP5DT at room temperature and robust viscosity changes leading to 

formation of an elastic gel below 37°C, may further aid in entrapping cells prior to injection as 

compared to pNNPD which has a G’ two times lower at 20°C and displays gradual gelation above 

its LCST.  

In terms of cell compatibility, pNNPD yields higher viability of ARPE-19 cells than 

pNNP5DT. Taken holistically with evidence of syneresis, decreases in cell viability are thought to 

be a result of areas of increased polymer density interfering with oxygen and nutrient 

permeability in cultures treated with pNNP5DT. Fluorescent imaging using calcein and ethidium-

homodimer 1 as LIVE/DEAD stains, revealed that pNNP5DT-RGDS modified materials show 

evidence of cell lifting. As well, lifting defined by spherical cell shape and some patchiness was 

noted in pNNPD-RGDS117. It is hypothesized that cell lifting in pNNP5DT may again be a product 

of regions of increased polymer density, allowing cells to more easily adhere to and move into 

overlying material, as compared to the highly flowable pNNPD at 37°C. This is corroborated by 

higher concentrations of RGDS being required in the pNNPD materials before cell lifting is 

observed.  

This work also elucidates potential off-target grafting of adhesion peptides in materials 

possessing complex copolymer formulations susceptible to acid-catalyzed hydrolysis. Decreasing 

pH of pNNPD and pNNP5DT was attributed to increased acrylic acid content produced as a result 

of NAS hydrolysis over time. Increased bioconjugation in pNNPD and pNNP5DT materials 

indicates interaction of peptides with other groups within the polymer backbone (namely DBA 

and TRIS) as well as possible additive intermolecular interactions between grafted and free 

adhesion sequences.  

Overall, a material which combines the optical transparency and water retention of 

pNNPD with slightly increased modulus as anticipated in the polymer dense regions of pNNP5DT, 
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may be better suited for cell delivery to the subretinal space. A preference for RGDS over YIGSR 

may also be important in RPE cell delivery specifically, as indicated by potential cell lifting being 

preferential with RGDS modified materials compared to YIGSR of similar grafting concentrations 

in pNNP5DT. This work highlights important considerations in the development of pNIPAAm-

based cell carriers for RPE cell delivery to the subretinal space and elucidates potential off-target 

grafting not previously considered. Further study is recommended in order to develop in situ 

gelling materials which can be applied in the treatment of degenerative retinal disorders. 
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APPENDIX A 

A1. 1H NMR OF PEGMEMA510 AND PEGMEMA1070 IN DMSO-D6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure A1. 1H NMR (Bruker Avance 600 Hz) of PEGMEMA510 (top) and PEGMEMA1070 (bottom) in DMSO-
d6. Integration of terminal -CH3 peak was calibrated to 3, using the associated integration of the PEGMEMA 
repeating unit the number of repeat units was derived and used to determine molecular weight (g/mol). 0.1  
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A2. 1H NMR OF STOCK PNNPD AND PNNP5DT IN DMSO-D6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A2. 1H NMR (Bruker Avance 600 Hz) of stock pNNPD in DMSO-d6. 0.2  
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Figure A3. 1H NMR (Bruker Avance 600 Hz) of stock pNNP5DT in DMSO-d6. 0.3  
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A3. 1H NMR OF RGDS/YIGSR MODIFIED PNNPD AND PNNP5DT IN D2O 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4. Molecular Structure of RGDS conjugated to either pNNPD or pNNP5DT (denoted R) through 
an amide bond. Carbon groups marked with a F indicate the site of 1H NMR (Bruker Avance 600 Hz; D2O) 
proton peaks used to quantify amount of RGDS grafted (-CH2; 3.23 ppm). 0.4  
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Figure A5. Molecular Structure of YIGSR conjugated to either pNNPD or pNNP5DT (denoted R) through 
an amide bond. Carbon groups marked with a G indicate the site of 1H NMR (Bruker Avance 600 Hz; D2O) 
proton peaks used to quantify amount of YIGSR grafted (C2 and C6 of tyrosine ring; 6.8 ppm). 0.5 
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Figure A6. 1H NMR in D2O of pNNPD materials following modification with adhesion peptides RGDS and 
YIGSR. PEGMEMA1070 was used as an internal standard to allow for approximate molar contributions of 
isolated co-monomers to be identified. As such, the integration for PEGMEMA1070 (terminal -CH3 peak at 
3.4 ppm) was calibrated to 12.66 (4.22 mol% * 3 protons). Peaks of interest are defined as follows NAS (-
CH2) peak around 2.9-3.1 ppm, DBA (-CH) peak at 5.4–5.8 ppm, TRIS (protons of nine terminal methyl 
groups) peak at 0.1 ppm, RGDS (denoted F, -CH2 on arginine residue) peak at 3.23 ppm, and YIGSR 
(denoted G, protons on C2 and C6 of tyrosine residue) peak at 6.8 ppm. Refer to Table A1 for associated 
integrations. 0.6 
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Figure A7. 1H NMR (Bruker Avance 600 Hz) in D2O of pNNP5DT materials following modification with 
adhesion peptides RGDS and YIGSR. PEGMEMA1070 was used as an internal standard to allow for 
approximate molar contributions of isolated co-monomers to be identified. As such, the integration for 
PEGMEMA1070 (terminal -CH3 peak at 3.4 ppm) was calibrated to 17.19 (5.73 mol% * 3 protons). Peaks of 
interest are defined as follows NAS (-CH2) peak at 2.9–3.1 ppm, DBA (-CH) peak at 5.4–5.8 ppm, TRIS 
(protons of nine terminal methyl groups) peak at 0.1 ppm, RGDS (denoted F, -CH2 on arginine residue) 
peak at 3.23 ppm, and YIGSR (denoted G, protons on C2 and C6 of tyrosine residue) peak at 6.8 ppm. 
Refer to Table A1 for associated integrations. 0.7 
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Table A1. Summary of 1H NMR Integrations following Modification* 0.1 

Sample NAS PEGMEMA DBA TRIS RGDS YIGSR 

pNNPD 7.6080 12.6600 10.5532 - - - 

pNNPD-RGDS31 7.1792 12.6600 10.5528 - 2.3164 - 

pNNPD-RGDS37 6.4607 12.6600 10.8467 - 2.7254 - 

pNNPD-RGDS117 5.2313 12.6600 10.0128 - 8.6811 - 

pNNPD-
RGDS28/YIGSR18 

overlap 12.6600 10.2903 - 2.0702 1.3196 

pNNP5DT 12.6630 17.1900 5.2317 14.3782 - - 

pNNP5DT-YIGSR27 overlap 17.1900 5.1918 13.8246  2.5623 

pNNP5DT-RGDS33 13.5462 17.1900 4.8978 5.8630 3.0940 - 

pNNP5DT-RGDS48 14.2278 17.1900 5.0682 2.4215 4.5688 - 

*1H NMR (Bruker Avance 600 Hz) D2O as solvent; NAS integration could not be well defined due to multiple 

YIGSR residues overlapping with peak; for stacked spectra refer to Figures A6 and A7. 

A4. SAMPLE CALCULATION MOLAR FEED RATIO POLYMER SYNTHESIS 

To determine the mass (g) to be added of each monomer to synthesize 3 g of pNNPD with 

a molar feed ratio of 80:4:4:12: 

 

Step 1 

NIPAAm = (0.8)(113.16 g/mol)(x)  

NAS = (0.04)(169.136 g/mol)(x)  

PEGMEMA 1070 = (0.04)(1070 g/mol)(x)  

DBA = (0.12)(184.19 g/mol)(x)   

 

Step 2 

 

(0.8)(113.16 g/mol)(x) +  (0.04)(169.136 g/mol)(x) + (0.04)(1070 g/mol)(x)

+  (0.12)(184.19 g/mol)(x) = 3 g 

162.19624x =  3 g 

x =  0.018496 

 

Step 3 

NIPAAm = (0.8)(113.16 g/mol)(0.018496) = 𝟏. 𝟔𝟕 𝐠 

NAS = (0.04)(169.136 g/mol)(0.018496) = 𝟎. 𝟏𝟐𝟓 𝐠 

PEGMEMA 1070 = (0.04)(1070 g/mol)(0.018496) = 𝟎. 𝟕𝟗𝟐 𝐠  

DBA = (0.12)(184.19 g/mol)(0.018496) = 𝟎. 𝟒𝟎𝟗 𝐠   
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A5. SAMPLE CALCULATION FOR DETERMINING MOLAR CONTRIBUTION USING 1H NMR  

To determine the molar contributions of each incorporated monomer, integration 

analysis using TopSpin 4.0.6 was conducted. Referring to Figure A2, DMSO-d6 peak was 

calibrated to 2.5 ppm. With NIPAAm -CH peak at 3.7–4.0 ppm (B; 1 proton), NAS CH2 peaks at 

2.9–3.1 ppm (D; 4 protons), PEGMEMA -CH3 terminal peak at 3.4 ppm (C; 3 protons), and DBA -

CH peak at 5.4–5.8 ppm (A; 1 proton). As such, the integration of NIPAAm was calibrated to 1. 

Integrations were then divided by the number of protons represented by the analyzed peak to 

determine monomer contributions:  

 

NIPAAm =
1

1
= 𝟏  

NAS =
0.1831

4
 =  𝟎. 𝟎𝟒𝟓𝟕𝟕𝟓  

PEGMEMA 1070 =
0.1569

3
  =  𝟎. 𝟎𝟓𝟐𝟑  

DBA =
0.1406

1
  =  𝟎. 𝟏𝟒𝟎𝟔  

    

These values were then weighted to 100 percent as follows: 

 

Step 1 

1 + 0.045775 + 0.0523 + 0.1406 =  1.238675 

 

Step 2 

NIPAAm contribution =  (
1

1.238675
) ∗ 100 =  80.73%  

 

NAS contribution =  (
0.045775

1.238675
) ∗ 100 =  3.7%  

 

PEGMEMA1070 contribution =  (
0.0523

1.238675
) ∗ 100 =  4.22%  

 

DBA contribution =  (
0.1406

1.238675
) ∗ 100 =  11.35%  
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A6. SAMPLE CALCULATION FOR POLYMER MODIFICATION PER MOLE OF NAS 

To modify polymers based upon the molar concentration of NAS, each monomer 

contribution was divided by the contribution of NAS as follows: 

 
NIPAAm contribution

NAS  contribution
=

80.73

3.7
= 𝟐𝟏. 𝟖  

 
NAS contribution

NAS  contribution
 =

3.7

3.7
= 𝟏  

 
PEGMEMA1070 contribution

NAS  contribution
=

4.22

3.7
= 𝟏. 𝟏  

 
DBA contribution

NAS  contribution
 =

11.35

3.7
= 𝟑. 𝟏  

 

The above quotients were then multiplied by the molecular weight of their associated 

monomer as follows: 

 

NIPAAm contribution =  21.8 ∗ 113.16 g/mol = 𝟐𝟒𝟔𝟔. 𝟖𝟖𝟖  𝐠/𝐦𝐨𝐥 

NAS contribution =  1 ∗ 169.136 g/mol = 𝟏𝟔𝟗. 𝟏𝟑𝟔 𝐠/𝐦𝐨𝐥 

PEGMEMA1070 contribution =  1.1 ∗ 1070 g/mol = 𝟏𝟏𝟕𝟕  𝐠/𝐦𝐨𝐥 

DBA contribution =  3.1 ∗ 184.19 g/mol = 𝟓𝟕𝟎. 𝟗𝟖𝟗  𝐠/𝐦𝐨𝐥 

 

Molecular weight contributions were then summed to find the molecular weight of the 

polymer per one mole of NAS: 

 

2466.888 +  169.136 + 1177 + 570.989 = 𝟒𝟑𝟖𝟒. 𝟎𝟏𝟑 𝐠/𝐦𝐨𝐥 

 

Finally, to reveal the approximate number of moles of NAS available for modification, the 

desired mass of polymer was divided by the above molecular weight per on mole of NAS. This 

value was then used as needed to determine the required mass of adhesion peptide to be added 

to meet the desired molar feed ratio. In the case of pNNPD to be modified with a 1:1 molar feed 

ratio of NAS to RGDS: 

 

Step 1 
Mass of pNNPD to be modified

Molecular weight of pNNPD per one mole NAS
=

0.1 g

4384.013 g/mol
= 𝟎. 𝟎𝟎𝟎𝟎𝟐𝟐𝟖𝟏 𝐦𝐨𝐥  
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Step 2  

 

Moles of NAS available ∗ Desired amount of NAS modified ∗ Molecular weight of RGDS = 𝒙 

0.00002281 ∗ 1 ∗ 433.42 g/mol = 𝟎. 𝟎𝟎𝟗𝟖𝟗 𝐠 

 

A7. SAMPLE CALCULATION FOR DETERMINING %NAS MODIFIED 

In order to determine the grafting efficiency of adhesion peptides on NAS, integration 

analysis of 1H NMRs of modified polymers in D2O were conducted. The molar contribution of 

PEGMEMA was used as an internal standard. For pNNPD, the integration of PEGMEMA1070 would 

be set to 12.66 (4.22% * 3 protons), allowing the integrations taken from peaks associated with 

RGDS and YIGSR to be directly compared to the initial molar contribution of NAS in stock pNNPD 

(calculated above).  

 

For example, consider pNNPD-RGDS31. Using TopSpin 4.0.6 we take the integration of the 

-CH2 triplet of RGDS’s arginine residue around 3.23 ppm (F; 2 protons) and compare this pseudo 

molar percentage with the amount of NAS in the stock polymer: 

 

RGDS =
2.3164

2
= 𝟏. 𝟏𝟓𝟖𝟐 

% NAS Modified =
1.1582

3.7
∗ 100 = 𝟑𝟏% 
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A8. PRELIMINARY 1-PNNPD MODIFIED WITH YIGSR 

 

Figure A8. 1-pNNPD was synthesized by free radical polymerization with a molar feed ratio of 80:4:4:12. 
1-pNNPD underwent dialysis following precipitation and prior to freeze drying for 72 h changing water each 
day, this step was removed in the synthesis of pNNPD and pNNP5DT as it likely contributed to NAS 
hydrolysis. Integration analysis of 1H NMR (Bruker Avance 600 Hz) in DMSO-d6 revealed a final 
composition of 82.4: 2.4: 4.1: 11.1. Low NAS molar contribution is attributed to extensive dialysis. Still, 
materials were dissolved at 15 w/v% in 1X PBS and H-YIGSR-NH2 (10 mg/mL in 1X PBS) was added at a 
1:1 and 2:1 NAS to YIGSR molar ratio as previously described. 1-pNNPD materials were equipped with stir 
bars and left to react for 24 h at 4°C with constant stirring. Following this period materials were dialyzed 
again for 72 h to remove unreacted YIGSR before being freeze dried. 1H NMR integration analysis in D2O 
using PEGMEMA1070 as an internal standard revealed 11% NAS modified from theoretical 100% NAS 
modified feed ratio (1-pNNPD-YIGSR11) and 7% NAS modified from theoretical 50% NAS modified feed 
ratio (1-pNNPD-YIGSR7). Cell viability of ARPE-19 (passage 7) cells after treatment with 10 µL of 5 w/v% 
1-pNNPD for 24 and 48 h of culture (37°C, 5% CO2; seeding density of 50 000 cells per well; absorbance 
measured at 570 nm using Thermo Scientific Multiskan GO and Thermo Scientific SkanIt software with 
blank subtraction) show low metabolic activity (> 50%) across materials. Materials failed Levene’s test for 
homogeneity of variance and as such were analyzed by means of two-tailed two sample t-tests assuming 
unequal variances (α = 0.05; Appendices A8.1 and A8.2). All 1-pNNPD materials were found to be 
significantly different as compared to the negative control at both 24 and 48 h. There was no significant 
difference between 1-pNNPD materials. σx̅ is reflective of an n of 4. 0.8 
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A8.1. Levene’s Test 1-pNNPD MTT Assay 

24h 1-pNNPD MTT Assay Levene's Test 

       
SUMMARY      

Groups Count Sum Average Variance   
Negative Control 4 0.8327 0.208175 0.02253   
Unmodified 1-pNNPD 4 0.1361 0.034025 0.000231   
1-pNNPD-YIGSR11 4 0.2341 0.058525 0.000682   
1-pNNPD-YIGSR7 4 0.29335 0.073338 0.003687   
       
       
ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.07327 3 0.024423 3.600867 0.046076 3.490295 
Within Groups 0.081391 12 0.006783    

 
      

Total 0.154661 15     

 

48h 1-pNNPD MTT Assay Levene's Test 

       
SUMMARY      

Groups Count Sum Average Variance   
Negative Control 4 0.8327 0.208175 0.02253   
Unmodified 1-pNNPD 4 0.5206 0.13015 0.009313   
1-pNNPD-YIGSR11 4 0.55285 0.138213 0.010188   
1-pNNPD-YIGSR7 4 0.31845 0.079612 0.003856   
       
       
ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.033564 3 0.011188 0.975262 0.436554 3.490295 
Within Groups 0.137661 12 0.011472    
       
Total 0.171225 15         
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A8.2. Summary of Two-Sample t-Tests Assuming Unequal Variances  

Sample 
Set 

Comparison df t Stat 
Two-tailed 

p-value 
Significant 

(p < α) 

24 h Negative Control – Unmodified 1-pNNPD 3 9.334435 0.002603 yes 

 Negative Control – 1-pNNPD-YIGSR11 3 8.541981 0.003371 yes 

 Negative Control - 1-pNNPD-YIGSR7 3 8.339256 0.00113 yes 

 Unmodified 1-pNNPD - 1-pNNPD-YIGSR11 5 -2.0977 0.090016 no 

 Unmodified 1-pNNPD - 1-pNNPD-YIGSR7 4 -1.39148 0.236471 no 

 1-pNNPD-YIGSR11 - 1-pNNPD-YIGSR7 5 0.15286 0.884486 no 

48 h Negative Control – Unmodified 1-pNNPD 5 7.83079 0.000545 yes 

 Negative Control – 1-pNNPD-YIGSR11 5 8.192473 0.000441 yes 

 Negative Control - 1-pNNPD-YIGSR7 4 8.937193 0.000867 yes 

 Unmodified 1-pNNPD - 1-pNNPD-YIGSR11 6 0.641554 0.544876 no 

 Unmodified 1-pNNPD - 1-pNNPD-YIGSR7 5 0.460164 0.664717 no 

 1-pNNPD-YIGSR11 - 1-pNNPD-YIGSR7 5 -0.31962 0.762179 no 
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A9. DSC (TA INSTRUMENTS Q200) OF PNNP5DT MATERIALS INTENDED FOR CELL STUDIES 

 
Table A2. LCST of pNNP5DT Materials following use in Cell Studies 0.2 

Polymer 
Concentration  

in 1X PBS 
LCST  
(°C) 

pNNP5DT 10 w/v% 26.24 

pNNP5DT-YIGSR27 10 w/v% 25.03 

pNNP5DT-RGDS33 10 w/v% 26.40 

pNNP5DT-RGDS48 10 w/v% 26.00 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
Figure A9. Photograph displaying visual differences between pNNP5DT materials at 20°C (left) and after 
heating for 10 minutes in a water bath at 37°C (middle). pNNP5DT-RGDS materials appear less viscous at 
room temperature compared to unmodified pNNP5DT and pNNP5DT-YIGSR27, likely due to lower molar 
concentrations of bulky hydrophobic TRIS. All pNNP5DT materials display evidence of syneresis noted by 
dense polymer clumps found in vials following heating above Tgel (right). 0.9 
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A10. RHEOLOGY (TA INSTRUMENTS DHR-2) OF PNNP5DT AND PNNP5DT-LOW DBA 

 

Figure A10. Complex viscosity during temperature ramp of pNNP5DT and pNNP5DT-lowDBA from 15°C 
to 45°C (1°C/min) with an oscillation strain of 1%, frequency of 10 rad/s, and 1000 µm gap. pNNP5DT-
lowDBA was found to have a molar composition of 88.6: 4.13: 6.57: 0.22: 0.48. Higher NIPAAm 
incorporation and lower hydrophobic DBA appears to have an influence on gelation profile. Tgel for 
pNNP5DT-lowDBA marked by G’>G’’ crossover lies around 40.57°C as compared to pNNP5DT in this ramp 
at 35.8°C (comparable to triplicate Tgel measurements summarized in Table 2.4). pNNP5DT-lowDBA is 
not paired with notable gelation events occurring prior to Tgel as compared to pNNP5DT, indicating that 
DBA incorporation may play a role in monomer hydrophilic/hydrophobic balance during polymer packing 
occurring above LCST. DSC LCST measurements were not collected for pNNP5DT-lowDBA, it is 
hypothesized that endotherm formation in this material may overlap with where Tgel appears here. 0.10 
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A11. ATTEMPTED CLOUD POINT ANALYSIS OF PNNPD AND PNNP5DT 

Figure A11. Attempted turbidimetry using cloud point as a marker for phase transition. Absorbance 
measurements were taken using a TECAN Infinite® M200 PRO NanoQuant Plate Reader at 500 nm 
absorbance (bandwidth 9 nm, 25 flashes, and multiple reads per well – square-filled, 4 x 4) in a Corning® 
Solid Black, Clear Flat Bottom Polystyrene TC-treated 96-well plate. 100 µL of polymer was seeded per 
well. Temperature ramp from 25°C to 42°C (was confined to the range of the plate reader). Cloud point was 
taken as the temperature at which materials displayed 95% transmittance. Improper heat transfer across 
the plate was anticipated to yield cloud points at higher values than respective LCST and Tgel 
measurements determined via DSC and DHR analysis. Various attempts were made to improve protocol, 
such as increasing time spent at each temperature before reading. When time was increased to 10 minutes 
at each temperature before reading, evaporation led to variable cloud point measurements (data not 
shown). Ultraviolet-Visible Spectrophotometry using crystal cuvettes would allow for better heat transfer 
during temperature ramp and is recommended given material availability to determine cloud point. 0.11  
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A12. STATISTICAL ANALYSIS MTT ASSAYS 

A12.1. Levene’s Test pNNPD MTT Assay 

48h pNNPD MTT Assay Levene's Test 

       
SUMMARY       

Groups Count Sum Average Variance   
Negative Control 4 0.2847 0.071175 0.001416   
Positive Control 4 0.0654 0.01635 1.64E-05   
PBS 4 0.41245 0.103113 0.006336   

Unmodified pNNPD 4 0.4526 0.11315 0.015369   

pNNPD-RGDS31  4 0.3876 0.0969 0.007665   

pNNPD-RGDS37  4 0.1837 0.045925 0.000556   

pNNPD-RGDS28/YIGSR18 4 0.4178 0.10445 8.64E-05   

 
    

  

       
ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.031182 6 0.005197 1.156901 0.365655 2.572712 
Within Groups 0.094335 21 0.004492    

       
Total 0.125516 27         

 

A12.2. Single-Factor ANOVA and Tukey’s post-hoc Analysis pNNPD MTT Assay 

48h pNNPD MTT Assay ANOVA and Tukey's post-hoc 

       

SUMMARY       

Groups Count Sum Average Variance   

Negative Control 4 6.7409 1.685225 0.008171   

Positive Control 4 1.2046 0.30115 0.000373   

PBS 4 7.7019 1.925475 0.020512   

Unmodified pNNPD 4 5.372 1.343 0.032439   

pNNPD-RGDS31  4 6.4694 1.61735 0.020185   

pNNPD-RGDS37  4 5.6983 1.424575 0.003368   

pNNPD-RGDS28/YIGSR18 4 6.2816 1.5704 0.014633   
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ANOVA 

Source of Variation SS df MS F P-value F crit 

Between Groups 6.577736 6 1.096289 76.98611 3.34E-13 2.572712 

Within Groups 0.299042 21 0.01424    

       

Total 6.876778 27         

 

Qcrit 4.597 
n 4 
Pooled variance (MSw) 0.01424 
sqrt(MSw/n) 0.059666 

 

Comparison 
Absolute 

Difference 
Between Means 

Q 
Significant 
(Q > Qcrit) 

Negative Control - Positive Control 1.384075 23.19707 yes 

Negative Control - PBS 0.24025 4.026586 no 

Negative Control - Unmodified pNNPD 0.342225 5.735685 yes 

Negative Control - pNNPD-RGDS31 0.067875 1.137584 no 

Negative Control - pNNPD-RGDS37 0.26065 4.368489 no 

Negative Control - pNNPD-RGDS28/YIGSR18 0.114825 1.924465 no 

Positive Control - PBS 1.624325 27.22366 yes 

Positive Control - Unmodified pNNPD 1.04185 17.46139 yes 

Positive Control - pNNPD-RGDS31 1.3162 22.05949 yes 

Positive Control - pNNPD-RGDS37 0.5009 8.395075 yes 

Positive Control - pNNPD-RGDS28/YIGSR18 1.26925 21.27261 yes 

Positive Control - Unmodified 0.582475 9.762271 yes 

PBS - pNNPD-RGDS31 0.308125 5.16417 yes 

PBS - pNNPD-RGDS37 0.5009 8.395075 yes 

PBS - pNNPD-RGDS28/YIGSR18 0.355075 5.951051 yes 

Unmodified pNNPD - pNNPD-RGDS31 0.27435 4.598101 yes 

Unmodified pNNPD - pNNPD-RGDS37 0.081575 1.367196 no 

Unmodified pNNPD - pNNPD-RGDS28/YIGSR18 0.2274 3.81122 no 

pNNPD-RGDS31 - pNNPD-RGDS37 0.192775 3.230906 no 

pNNPD-RGDS31 - pNNPD-RGDS28/YIGSR18 0.04695 0.786881 no 

pNNPD-RGDS37 - pNNPD-RGDS28/YIGSR18 0.145825 2.444024 no 
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A12.3. Levene’s Test pNNP5DT MTT Assay 

24h pNNP5DT MTT Assay Levene's Test 
       
SUMMARY       

Groups Count Sum Average Variance   
Negative Control 4 0.7059 0.176475 0.002321   
PBS 4 0.5637 0.140925 0.009839   
Unmodified pNNP5DT 4 0.1322 0.03305 0.000613   
pNNP5DT-YIGSR27 4 0.5315 0.132875 0.005204   
pNNP5DT-RGDS33 4 0.204 0.051 0.000965   
pNNP5DT-RGDS48 4 0.4708 0.1177 0.008014   
       
       
ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.061398 5 0.01228 2.733382 0.05237 2.772853 
Within Groups 0.080864 18 0.004492    

       

Total 0.142263 23     

 

48h pNNP5DT MTT Assay Levene's Test 

       
SUMMARY       

Groups Count Sum Average Variance   
Negative Control 4 0.51285 0.128213 0.010684   
PBS 4 0.2834 0.07085 0.003214   
Unmodified pNNP5DT 4 0.18105 0.045263 0.002331   

pNNP5DT-YIGSR27 4 0.1207 0.030175 0.000138   

pNNP5DT-RGDS33 4 0.285 0.07125 0.00375   

pNNP5DT-RGDS48 4 0.38565 0.096413 0.004349   

 
    

  

       
ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.024819 5 0.004964 1.217351 0.341091 2.772853 
Within Groups 0.073395 18 0.004078    

 
      

Total 0.098214 23     
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A12.4. Single-Factor ANOVA and Tukey’s post-hoc Analysis pNNP5DT MTT Assay 

24h pNNP5DT MTT Assay ANOVA and Tukey's post-hoc 

       

SUMMARY       

Groups Count Sum Average Variance   

Negative Control 4 6.8233 1.705825 0.043846   

PBS 4 7.3594 1.83985 0.036318   

Unmodified pNNP5DT 4 3.63 0.9075 0.002069   

pNNP5DT-YIGSR27 4 4.7369 1.184225 0.028745   

pNNP5DT-RGDS33 4 3.246 0.8115 0.004433   

pNNP5DT-RGDS48 4 3.1898 0.79745 0.026485   

 
      

 
      

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 4.254771 5 0.850954 35.98225 9.24E-09 2.772853 

Within Groups 0.425687 18 0.023649    

 
      

Total 4.680458 23     

 

Qcrit 4.494 
n 4 
Pooled variance (MSw) 0.023649 
sqrt(MSw/n) 0.076892 
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Comparison 

Absolute 
Difference 

Between Means 
Q 

Significant 
(Q > Qcrit) 

Negative Control - PBS 0.134025 1.743038 no 

Negative Control - Unmodified 0.798325 10.38247 yes 

Negative Control - pNNP5DT-YIGSR27 0.5216 6.783575 yes 

Negative Control - pNNP5DT-RGDS33 0.894325 11.63098 yes 

Negative Control - pNNP5DT-RGDS48 0.908375 11.81371 yes 

PBS - Unmodified pNNP5DT 0.93235 12.12551 yes 

PBS - pNNP5DT-YIGSR27 0.655625 8.526613 yes 

PBS - pNNP5DT-RGDS33 1.02835 13.37402 yes 

PBS - pNNP5DT-RGDS48 1.0424 13.55675 yes 

Unmodified pNNP5DT - pNNP5DT-YIGSR27 0.276725 3.598897 no 

Unmodified pNNP5DT - pNNP5DT-RGDS33 0.096 1.248511 no 

Unmodified pNNP5DT - pNNP5DT-RGDS48 0.11005 1.431235 no 

pNNP5DT-YIGSR27 - pNNP5DT-RGDS33 0.372725 4.847408 yes 

pNNP5DT-YIGSR27 - pNNP5DT-RGDS48 0.386775 5.030132 yes 

pNNP5DT-RGDS33 - pNNP5DT-RGDS48 0.01405 0.182725 no 

 

48h pNNP5DT MTT Assay ANOVA and Tukey's post-hoc 

       

SUMMARY       

Groups Count Sum Average Variance   

Negative Control 4 6.6337 1.658425 0.032602   

PBS 4 7.2144 1.8036 0.009907   

Unmodified pNNP5DT 4 3.8405 0.960125 0.005063   

pNNP5DT-YIGSR27 4 4.7271 1.181775 0.001352   

pNNP5DT-RGDS33 4 2.9914 0.74785 0.010518   

pNNP5DT-RGDS48 4 2.7185 0.679625 0.016743 
  

       

       

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 4.411403 5 0.882281 69.48532 3.93407E-11 2.772853 

Within Groups 0.228553 18 0.012697    

 
      

Total 4.639955 23     

 

 



MASc Thesis                          Nicole Amaral                      Chemical Engineering McMaster University 

76 
 

Qcrit 4.494 
n 4 
Pooled variance (MSw) 0.012697 
sqrt(MSw/n) 0.056341 

 

Comparison 

Absolute 
Difference 

Between Means 
Q 

Significant 
(Q > Qcrit) 

Negative Control - PBS 0.145175 2.576708 no 

Negative Control - Unmodified 0.6983 12.39411 yes 

Negative Control - pNNP5DT-YIGSR27 0.47665 8.460046 yes 

Negative Control - pNNP5DT-RGDS33 0.910575 16.16177 yes 

Negative Control - pNNP5DT-RGDS48 0.9788 17.37269 yes 

PBS - Unmodified pNNP5DT 0.843475 14.97081 yes 

PBS - pNNP5DT-YIGSR27 0.621825 11.03675 yes 

PBS - pNNP5DT-RGDS33 1.05575 18.73848 yes 

PBS - pNNP5DT-RGDS48 1.123975 19.9494 yes 

Unmodified pNNP5DT - pNNP5DT-YIGSR27 0.22165 3.934059 no 

Unmodified pNNP5DT - pNNP5DT-RGDS33 0.212275 3.767663 no 

Unmodified pNNP5DT - pNNP5DT-RGDS48 0.2805 4.978586 yes 

pNNP5DT-YIGSR27 - pNNP5DT-RGDS33 0.433925 7.701722 yes 

pNNP5DT-YIGSR27 - pNNP5DT-RGDS48 0.50215 8.912646 yes 

pNNP5DT-RGDS33 - pNNP5DT-RGDS48 0.068225 1.210924 no 

 

A13. STATISTICAL ANALYSIS LIVE/DEAD ASSAY 

A13.1. Levene’s Test pNNPD ImageJ Dead Cell Count 

48h pNNPD ImageJ Dead Cell Count Levene's Test 

       
SUMMARY       

Groups Count Sum Average Variance   
Negative Control  3 87.33333 29.11111 369.1481   
PBS 3 47.33333 15.77778 178.9259   
Unmodified pNNPD 3 102.6667 34.22222 268.5926   

pNNPD-RGDS31  3 90 30 175   

pNNPD-RGDS37  3 14.66667 4.888889 5.481481   

pNNPD-RGDS117 3 26 8.666667 56.33333   

pNNPD-RGDS28/YIGSR18 3 34 11.33333 26.33333   
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ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 2489.608 6 414.9347 2.689853 0.059624 2.847726 
Within Groups 2159.63 14 154.2593    

       
Total 4649.238 20         

 

A13.2. Single-Factor ANOVA pNNPD ImageJ Dead Cell Count 

48h pNNPD ImageJ Dead Cell Count ANOVA 

       

SUMMARY       

Groups Count Sum Average Variance   

Negative Control  3 163 54.33333 1640.333   

PBS 3 181 60.33333 552.3333   

Unmodified pNNPD 3 233 77.66667 2025.333   

pNNPD-RGDS31  3 114 38 1525 
  

pNNPD-RGDS37  3 76 25.33333 41.33333   

pNNPD-RGDS117 3 63 21 169 
  

pNNPD-RGDS28/YIGSR18 3 78 26 219 
  

 
      

 
      

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 8221.143 6 1370.19 1.553923 0.232261 2.847726 

Within Groups 12344.67 14 881.7619    

       

Total 20565.81 20         

 



MASc Thesis                          Nicole Amaral                      Chemical Engineering McMaster University 

78 
 

A14. PNNPD MTT ASSAY IN DMEM/F12 SUPPLEMENTED WITH 10% FBS 

 
Figure A12. Cell viability of ARPE-19 (passage 7) cells after treatment with 10 µL of 20 w/v% pNNPD for 
24 and 48 h of culture (37°C, 5% CO2; seeding density of 50 000 cells per well; absorbance measured at 
570 nm using Thermo Scientific Multiskan GO and Thermo Scientific SkanIt software with blank subtraction) 
show high metabolic activity (> 90%) across materials at both 24 and 48 h, with the exception of pNNPD-
RGDS117 which displayed 76 ± 3.6% and 69 ± 2.5% viability at 24 and 48 h respectively. Single factor 
ANOVA (α = 0.05) displayed a significant difference among groups (p24h = 1.64E-3, p48h = 3.91E-4) leading 
to Tukey’s post-hoc analysis (Appendices A14.1 and A14.2). There was no significant difference between 
groups with the exception of pNNPD-RGDS117 which was found to have a significant decrease in viability 
as compared to all materials and the negative control. σx̅ is reflective of an n of 4. 0.12 
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A14.1. Levene’s Test pNNPD MTT Assay in Complete Media 

24h pNNPD MTT Assay Levene's Test (Complete Media) 
       
SUMMARY       

Groups Count Sum Average Variance   
Negative Control  4 0.4071 0.101775 0.002903   
Unmodified pNNPD 4 0.45385 0.113463 0.006845   
pNNPD-RGDS31  4 0.6099 0.152475 0.006843   
pNNPD-RGDS37  4 0.61105 0.152763 0.013978   
pNNPD-RGDS117 4 0.3857 0.096425 0.007196   
pNNPD-RGDS28/YIGSR18 4 0.62115 0.155288 0.011004   
       
       
ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.0154 5 0.00308 0.378924 0.856597 2.772853 
Within Groups 0.146307 18 0.008128    
       
Total 0.161707 23         

 

48h pNNPD MTT Assay Levene's Test (Complete Media) 

       
SUMMARY       

Groups Count Sum Average Variance   
Negative Control  4 0.4071 0.101775 0.002903   
Unmodified pNNPD 4 0.7875 0.196875 0.023515   
pNNPD-RGDS31  4 0.3629 0.090725 0.006197   

pNNPD-RGDS37  4 0.9607 0.240175 0.040983   

pNNPD-RGDS117 4 0.2058 0.05145 0.002498   

pNNPD-RGDS28/YIGSR18 4 0.3916 0.0979 0.000206   

 
    

  

       
ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.104601 5 0.02092 1.645047 0.198977 2.772853 
Within Groups 0.228908 18 0.012717    

       
Total 0.333509 23         
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A14.2. Single-Factor ANOVA and Tukey’s post-hoc Analysis pNNPD MTT Assay in DMEM/F12 

Supplemented with 10% FBS 

 

24h pNNPD MTT Assay ANOVA and Tukey's post-hoc (Complete Media) 

       

SUMMARY       

Groups Count Sum Average Variance   

Negative Control  4 9.4606 2.36515 0.016714   

Unmodified pNNPD 4 9.1168 2.2792 0.02401   

pNNPD-RGDS31  4 8.9018 2.22545 0.037841   

pNNPD-RGDS37  4 9.476 2.369 0.045093 
  

pNNPD-RGDS117 4 7.1847 1.796175 0.019593 
  

pNNPD-RGDS28/YIGSR18 4 9.3728 2.3432 0.043157 
  

 
      

 
      

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.964183 5 0.192837 6.20693 0.001638 2.772853 

Within Groups 0.559223 18 0.031068    

       

Total 1.523406 23         

 

Qcrit 4.494 
n 4 
Pooled variance (MSw) 0.031068 
sqrt(MSw/n) 0.088131 
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Comparison 

Absolute 
Difference 

Between Means 
Q 

Significant 
(Q > Qcrit) 

Negative Control - Unmodified pNNPD 0.08595 0.975258 no 

Negative Control - pNNPD-RGDS31  0.1397 1.585149 no 

Negative Control - pNNPD-RGDS37  0.00385 0.043685 no 

Negative Control - pNNP5DT-RGDS117 0.568975 6.456051 yes 

Negative Control - pNNPD-RGDS28/YIGSR18 0.02195 0.249062 no 

Unmodified pNNPD - pNNPD-RGDS31  0.05375 0.609891 no 

Unmodified pNNPD - pNNPD-RGDS37  0.0898 1.018943 no 

Unmodified pNNPD - pNNP5DT-RGDS117 0.483025 5.480792 yes 

Unmodified pNNPD - pNNPD-RGDS28/YIGSR18 0.064 0.726196 no 

pNNPD-RGDS31 - pNNPD-RGDS37  0.14355 1.628834 no 

pNNPD-RGDS31 - pNNP5DT-RGDS117 0.429275 4.870901 yes 

pNNPD-RGDS31 - pNNPD-RGDS28/YIGSR18 0.11775 1.336087 no 

pNNPD-RGDS37 - pNNP5DT-RGDS117 0.572825 6.499736 yes 

pNNPD-RGDS37 - pNNPD-RGDS28/YIGSR18 0.0258 0.292748 no 

pNNPD-RGDS117 - pNNPD-RGDS28/YIGSR18 0.547025 6.206988 yes 

 

 

48h pNNPD MTT Assay ANOVA and Tukey's post-hoc (Complete Media) 

       

SUMMARY       

Groups Count Sum Average Variance   

Negative Control  4 9.4606 2.36515 0.016714   

Unmodified pNNPD 4 8.8407 2.210175 0.075195   

pNNPD-RGDS31  4 9.1627 2.290675 0.017172   

pNNPD-RGDS37  4 9.0995 2.274875 0.117895   

pNNPD-RGDS117 4 6.5277 1.631925 0.006028   

pNNPD-RGDS28/YIGSR18 4 9.6793 2.419825 0.012986   

       

       

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 1.648918 5 0.329784 8.043875 0.000391 2.772853 

Within Groups 0.737966 18 0.040998    

       

Total 2.386884 23         
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Qcrit 4.494 
n 4 
Pooled variance (MSw) 0.040998 
sqrt(MSw/n) 0.10124 

 

Comparison 

Absolute 
Difference 

Between Means 
Q 

Significant 
(Q > Qcrit) 

Neg - Unmodified 0.154975 1.530769 no 

Neg - pNNPD-RGDS31  0.074475 0.735629 no 

Neg - pNNPD-RGDS37  0.090275 0.891694 no 

Neg - pNNP5DT-RGDS117 0.733225 7.242448 yes 

Neg - pNNPD-RGDS28/YIGSR18 0.054675 0.540054 no 

Unmodified - pNNPD-RGDS31  0.0805 0.795141 no 

Unmodified - pNNPD-RGDS37  0.0647 0.639076 no 

Unmodified - pNNP5DT-RGDS117 0.57825 5.711679 yes 

Unmodified - pNNPD-RGDS28/YIGSR18 0.20965 2.070823 no 

pNNPD-RGDS31 - pNNPD-RGDS37  0.0158 0.156065 no 

pNNPD-RGDS31 - pNNP5DT-RGDS117 0.65875 6.50682 yes 

pNNPD-RGDS31 - pNNPD-RGDS28/YIGSR18 0.12915 1.275682 no 

pNNPD-RGDS37 - pNNP5DT-RGDS117 0.64295 6.350755 yes 

pNNPD-RGDS37 - pNNPD-RGDS28/YIGSR18 0.14495 1.431747 no 

pNNPD-RGDS117 - pNNPD-RGDS28/YIGSR18 0.7879 7.782502 yes 
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A15. PNNP5DT LIVE/DEAD IMAGES OF INDEPENDENT REPLICATE TRIALS 

 

 
Figure A13. Representative merged fluorescent images of two independent studies whereby ARPE-19 
cells (passage 9) were stained with calcein (live cells - green) and ethidium homodimer (dead cells – red) 
following treatment with 10 µL of 20 w/v% pNNP5DT in sterile 1X PBS for 24 and 48 h. Images were taken 
from an n of 4 within each experiment (4X magnification) and reflect cytotoxicity trials independent from 
those featured in Chapter 2. Characteristic patchiness believed to be associated with cell lifting in 
pNNP5DT-RGDS33 and pNNP5DT-RGDS48 are observed repeatably. 0.13 
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A16. PRELIMINARY PNNPD MIGRATION STUDY 

 
 

Figure A14. Preliminary pNNPD migration study was designed whereby 150 µL of Corning® Matrigel® 
Matrix (VWR) was mixed in equal parts with DMEM/F12 lacking FBS supplementation (incomplete media) 
and seeded into transwell inserts (0.4 µm) fitted for a Falcon® 24-well Clear Flat Bottom Polystyrene TC-
treated plate. Matrigel filled inserts were allowed to gel overnight at 4°C. Following this period, 400 µL of 
DMEM/F12 supplemented with 10% FBS (complete media) was added to each well and cell inserts were 
placed into wells containing complete media. pNNPD materials dissolved at 20 w/v% in sterile 1X PBS were 
pipette into 0.5 mL sterile microcentrifuge tubes to which ARPE-19 (passage 9) resuspended in incomplete 
media was added in equal volumes (bringing pNNPD concentration to 10 w/v%). Cells were pre-counted 
using a hemocytometer. Microcentrifuge tubes containing both polymer and cells were gently vortexed to 
suspend cells throughout solution. 10 µL of each pNNPD material doped with cells was then seeded onto 
the Matrigel filled transwell inserts (for a total of 25 000 cells per well) and was incubated at 37°C (5% CO2) 
for approximately 22 h before 200 µL of incomplete media was added above gels. 24 h following initial 
pNNPD cell seeding, incomplete media was carefully removed from transwell inserts as not to disrupt 
underlying Matrigel matrices and to ensure removal of excess pNNPD. ARPE-19s which had penetrated 
Matrigel matrices were recovered through addition of 300 µL Corning® Cell Recovery Solution (VWR), 
aspirating thrice, and transferring to sterile 1.5 mL microcentrifuge tubes to incubate for 20 minutes at 4°C. 
Vials were then centrifuged at 5000 rpm for 3 minutes and supernatant containing cell recovery solution 
and dissolved Matrigel were decanted. Pellets were resuspended in 50 µL sterile 1X PBS and 50 µL 0.4% 
Trypan Blue (Gibco™) to allow for Trypan Blue exclusion cell counts of total cells migrated per well. Counts 
were plotted as percent of total cells migrated from original seeding density. Single factor ANOVA (α = 0.05) 
displayed no significant difference in migration across groups (p = 0.76; Appendix A16.1). This study 
served as a rough preliminary trial to explore methods of evaluating in vitro migration from polymers into 
materials resembling native ECM, as such this protocol requires significant optimization and larger sample 
size. σx̅ is reflective of an n of 2, an assumption of equal variances is taken. 0.14 
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A16.1. Single-Factor ANOVA pNNPD Preliminary Migration Assay 

24h pNNPD Preliminary Migration Assay ANOVA 

       

SUMMARY       

Groups Count Sum Average Variance   

Negative Control  2 9960 4980 11712800   

PBS 2 19600 9800 3920000   

Unmodified pNNPD 2 24400 12200 8000000   

pNNPD-RGDS31  2 29400 14700 1.88E+08 
  

pNNPD-RGDS37  2 17000 8500 33620000   

pNNPD-RGDS117 2 17400 8700 16820000 
  

pNNPD-RGDS28/YIGSR18 2 9960 4980 11712800 
  

 
      

 
      

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 1.12E+08 5 22360533 0.51158 0.760515 4.387374 

Within Groups 2.62E+08 6 43708800    

       

Total 3.74E+08 11         
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