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Lay$Abstract$

Cell encapsulation aims to treat various hormone- and enzyme-deficiency 

disorders such as diabetes mellitus by encapsulating cells within a protective membrane 

that permits the in-diffusion of oxygen and nutrients and the outward diffusion of waste 

and therapeutic proteins, such as insulin.  The membrane must also protect the 

encapsulated cells from the immune system. The primary goal of this project was to 

design polymeric materials for use in cell encapsulation.  A series of mutually reactive 

polymers were developed, and the resulting polymeric hydrogels were characterized for 

suitability in biomedical applications by exploring properties such as swelling, stiffness, 

porosity and cytocompatibility. The materials were found to have tunable physical 

properties, and good cytocompatibility, showing promise for future use in cell 

encapsulation.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!
iv!

Abstract$

Cell encapsulation aims to treat a variety of hormone- and enzyme-deficiency 

disorders by immobilizing therapeutic cells within a semi-permeable protective 

membrane.  The membrane allows for in-diffusion of oxygen and nutrients and out-

diffusion of waste and therapeutic proteins while simultaneously providing protection 

from immune cells and antibodies. Many cell therapies aim to provide long-term 

treatment for diseases, and designing materials that can match the longevity is critical.  

Synthetic polymers offer an attractive route to long-term encapsulation due to their 

tunable degradability and the ease of incorporating reactive moieties for covalent 

crosslinking. 

The primary goal of the work presented in this thesis was the development of non-

degradable covalently crosslinked hydrogels formed by mutually reactive polymers for 

use as cell immobilizing platforms.  Due to research showing that polycations incite 

immune responses in vivo this project aimed to avoid the use of polycations entirely.  The 

covalent crosslinking occurs in the presence of cells, making it essential to select 

reactions that do not require toxic catalysts or form offensive by-products.  Diels-Alder 

and thiol-ene Michael Addition click reactions were chosen due to their proven 

cytocompatibility and modular nature.   

In chapters 2 and 3, poly(methyl vinyl ether-alt-maleic anhydride) (PMMAn) was 

functionalized with furfurylamine (FFA) and N-2-(aminoethyl)maleimide (MAL) to form 

PMM-FFA and PMM-MAL, Diels-Alder reactive furan- and maleimide-bearing pendant 

polymers.  Aqueous solutions of the polymers form bulk gels at higher concentrations 

(>5% w/v) and the chemical and physical properties of the gels were investigated and 

found to be highly tunable, with promise for use in controlled drug delivery applications.  

Alginate-templated matrix beads were also prepared at significantly lower polymer 

loading percentages (0.5 – 1.5% w/v each) and at physiological pH, and properties such 

as swellability and permeability were explored. This work demonstrates the first use of 

Diels-Alder crosslinking to reinforce alginate beads, and the matrix beads were found to 

have good initial cell viability post-encapsulation with 3T3 cells.  

In chapter 4, PMMAn was functionalized with cysteamine vinyl sulfone (CVS) to 

form PMM-CVS, a vinyl sulfone-bearing pendant polymer, and aqueous solutions were 
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mixed with equimolar PEG-dithiol to form bulk hydrogels at concentrations between 2.5 

and 7.5% w/v PMM-CVS.  Thiol-ene crosslinking allowed for much more rapid gelation 

compared to the Diels-Alder system.  Physical and chemical properties of the gels were 

explored, and excellent cytocompatibility of the crosslinking reaction was demonstrated.  

The ability to rapidly post-functionalize the gels in a step-wise fashion offers a versatile 

route to post-modification with various molecules.  In chapter 5, PMMAn was 

functionalized with 2-pyridylthio cysteamine (SPy) to form PMM-SPy, a protected thiol.  

Alginate-templated matrix beads containing PMM-CVS and PMM-SPy were treated with 

TCEP to deprotect the thiol, allowing covalent crosslinking to occur in a controlled 

manner.  Physical and chemical properties of the beads were explored in detail and the 

system was found to be highly tunable.     
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Chapter(1(

(

Overview(of(Covalently(Crosslinked(Hydrogels(and(Their(Use(in(

Biomedical(Applications(

(

(

1.1. Hydrogels(in(Regenerative(Medicine(

Hydrogels are hydrophilic, water-swellable polymer networks that resist dissolution 

due to physical or covalent crosslinks between chains.  Their ability to swell and retain 

water makes them interesting candidates for wound dressings,1 drug delivery devices,2 

biosensors,3 as well as tissue engineering scaffolds.4,5,6,7,8 (

The aim of regenerative medicine is to replace or repair damaged tissues using stem 

cells.  These stem cells are commonly embedded in an extracellular matrix (ECM) that 

mimics the body’s natural ECM and provides mechanical and chemical cues for cell 

behaviour.9  Matrix stiffness is known to influence cellular factors such as focal-adhesion 

structures and cytoskeleton,10,11 as well as play a substantial role in, e.g., mesenchymal 

stem cell (MSC) differentiation.12 

Natural polymers such as gelatin,13 agarose,14 alginate15 and hyaluronic acid16 are 

often used as ECM mimics.  Matrigel, a mixture of membrane proteins derived from 

Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells, is another natural hydrogel that is 

widely used for tissue and cell transplants.17  However, there are drawbacks to natural 

materials such as batch-to-batch variability,18 poor long-term mechanical strength, and 

unpredictable degradability. 19  Hence, there is increased interest in using synthetic 

components or hydrogels designed to be anti-fouling, 20  with controlled rates of 

degradation,21 and tunable mechanical properties.22  They can also be designed to provide 

important cues for cell adhesion and cellular functions such as migration and 

differentiation.23, 24, 25 Some examples of synthetic polymers used to prepare hydrogels 

include polyethylene glycol (PEG), polyethylene oxide (PEO) poly vinyl alcohol (PVA), 

polyacrylamide, polyethylene glycol diacrylate (PEGDA), poly(hydroxyethyl 

methacrylate) (pHEMA), polyacrylamide (PAAm), and poly(N-isopropylacrylamide) 

(PNIPAM).26  
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pHEMA was one of the earliest synthetic polymers used for hydrogel formation, first 

described in 1960 by Wichterle and Lim.27  Since then it has found uses in various 

biomedical applications due to its non-toxic and anti-fouling nature, including as tissue 

scaffolds,28 bone substitute,29 and in drug delivery.30  Recently, Cao, Zhang, Ciu, Du, & 

Shi (2017) prepared an artificial cornea skirt, a porous, flexible device that enables 

cellular integration of the host tissue through fibroblast ingrowth, using pHEMA, 

trimethylpropane triacrylate, and butyl acrylate.  The artificial corneas were evaluated 

using human corneal fibroblasts, and it was found that the porosity of the gel increased 

the water content of the hydrogel and strengthened the cell adhesion to the gels.31     

PEG has long been one of the most popular polymers used for hydrogel formation 

and has Food and Drug Administration (FDA) approval for use in humans. Additional 

functional groups must be incorporated to provide points for covalent attachment.  PEG-

based hydrogels have found applications in many areas, including drug delivery,32 

targeted cancer treatment,33  and tissue engineering.34 McKinnon, Domaille, Cha, & 

Anseth (2014) demonstrated that C2C12 mouse myoblasts encapsulated in aldehyde-

hydrazine crosslinked PEG-based hydrogels developed physiologically relevant 

morphologies, due to the ability of the cells to remodel the hydrogel matrix.35  Recently, 

Zhang, Wang, Zhang, Lin, Ge, & Zou (2016) created a macroporous hydrogel composed 

of PEG and gelatin.  The hydrogel demonstrated good mechanical and structural 

properties while the macroporous scaffold enabled cell-cell interactions and tissue 

formation.36  However, there has been recognition that repeated exposure to PEG can 

lead to anti-body formation in humans.37 In rare cases, patients have shown severe 

anaphylactic reaction to PEG,38 perhaps attributable to prior sensitization through PEG-

based food-additives. 

 

1.2. Cell(Encapsulation(

Current treatments for most chronic and progressive diseases include regular 

administration of therapeutics which may include peptide-based hormones such as 

insulin.  Current research aims to provide long-term cell-based production of therapeutic 

agents within the patient, where needed with biofeedback control.39   
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Cell encapsulation, one of the most studied approaches, involves immobilization of 

xenogenic, allogenic or even autologous cells within a semi-permeable membrane.  First 

described in 1933 when Bisceglie studied the effect of encapsulation on the survival of 

tumour cells in the pig abdominal cavity,40 the first introduction to the idea of a bio-

artificial organ came in 1964 when Chang described the encapsulation of cells for 

immune-protection as an alternative to creating fully artificial organs.41  In 1980, Lim and 

Sun reported the first successful encapsulation of islets in an alginate capsule to function 

as an artificial pancreas.42  The capsules were implanted in diabetic rats and found to 

respond to blood glucose levels by secreting insulin.  

There is a wide variety of diseases that have been targeted for treatment by cell 

encapsulation, including haemophilia B,43 anemia,44 dwarfism,45 kidney failure,46 liver 

failure, 47  pituitary disorders, 48  central nervous system insufficiency 49  and diabetes 

mellitus.50  For diabetes, encapsulation has gained favour over islet infusions due to the 

possibility of an immune response triggered by un-encapsulated xenogeneic islets,51 

potential exposure to zoonosis,52 and the teratogenic and tumorigenic risk of transplanting 

undifferentiated pluripotent stem cells.53   

There are a number of criteria that must be met when designing systems for cell 

encapsulation. Devices must be porous, allowing small molecules such as oxygen and 

other nutrients to readily diffuse across the membrane while simultaneously allowing for 

out-diffusion of therapeutic proteins.  The membrane should be immuno-protective to 

prevent rejection of the cells upon implantation in the host, thereby eliminating the need 

for long-term chemical immune-suppression.54,55,56  

It is important that both the encapsulation procedure and the polymers be non-toxic to 

the encapsulated cells and the host.  Toxicity is cell specific and susceptibility varies 

widely.57  For example, hybridoma cells have been found to have improved growth and 

function when encapsulated in liquefied rather than solid alginate-agarose capsules, while 

BHK and C2C12 were shown to retain their viability and function in solid beads.58 

Cellular therapy is often targeted towards diseases where cells respond to external 

stimuli.  For example, type 1 diabetes mellitus is currently treated with multiple daily 

insulin injections to lower blood sugar levels, aiming to avoid both hypo and hyper 

glycemia, and the associated diabetic complications,59 including kidney or other organ 
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failure.60  Ideally, glucose levels should be regulated on a minute-by-minute basis, with 

cell-based bio-feedback.60! !Therefore it is important that encapsulation does not impair 

cell function.  For example, studies have shown that until capsule size reaches 1 mm in 

diameter, size does not interfere with release of insulin when challenged with glucose.61   

Finally, there must be an accessible nutrient supply at the transplant site for 

encapsulated cells to survive. Limited access to oxygen results in cell hypoxia and 

necrosis, usually exhibiting a diffusion gradient from periphery to core.62  Encapsulated 

cell death can result in the release of danger-associated molecular patterns (DAMPs) that 

are produced by cells undergoing necrosis.63  The immune system of the host has special 

receptors called pattern recognition receptors (PRRs) that recognize DAMPs64  and 

produce inflammatory cytokines in response, which can endanger encapsulated cells.64 

Encapsulation is typically approached either through macro- or microcapsules.  

Macrocapsules are large, semi-permeable devices that can be found in a variety of 

different morphologies, including flat sheets, hollow fibres and disks.65  These devices 

are usually implanted either under the skin or in the peritoneal cavity via minor surgery, 

allowing for easy retrieval of the device.  

There have been a number of clinical trials for macroencapsulated insulin-producing 

cells in recent years.  Sernova is in the process of conducting phase I/II clinical trials for 

human islets encapsulated inside their sub-cutaneous pre-vascularized Cell Pouch 

SystemTM.  Using a similar approach to Sernova, Shapiro et al. (2017) recently described 

the transplantation of β-like cells derived from human embryonic stem cells into a pre-

vascularized subcutaneous site in mice.66 Viacyte has conducted a number of phase I/II 

trials for their human embryonic pancreatic progenitor cells encapsulated in a 

macrodevice with an immunoisolating membrane called EncaptraTM.  Encaptra is a drug 

delivery device manufactured from implant-grade materials that have been selected due 

to its good biocompatibility and suitability for subcutaneous implantation (viacyte.com).  

However, macrocapsule devices do have some drawbacks, including a small surface to 

volume ratio, which can limit nutrient in-diffusion,67 thereby necessitating lower cell 

densities.68    

In contrast, microcapsules have large surface areas, allowing for rapid exchange of 

oxygen and nutrients across a semi-permeable membrane.  Microcapsules have shown 
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promise in recent animal trials.  Pham-Hua et al. (2017) recently reported restoration of 

normal glucose levels in mice upon implantation of islets encapsulated inside poly(N-

vinylpyrryolidone)/tannic acid capsules. 69   Good biocompatibility and stability of 

ultrapure, high G-content alginate capsules implanted in non-diabetic rats was reported 

by Bloch, Vanichkin, Gil-Ad, Vardi, & Weizman (2017). 70 Hillberg, Oudshoorn, Lam, & 

Kathirgamanathan (2015) found that islets encapsulated in alginate and implanted in non-

diabetic mice were biocompatible but had poor mechanical stability and easily ruptured.71  

The first clinical trial of microencapsulated islets in patients with type 1 diabetes was 

carried out by Calafiore et al. (2006).  Human islets encapsulated in alginate beads were 

transplanted into the peritoneal cavity of non-immunosuppressed patients.  Although 

none of the patients achieved insulin independence, an improvement in glucose levels 

and a reduction in insulin requirement was observed.72  In a follow-up study, patients 

with type 1 diabetes who received transplants of alginate-encapsulated allogenic islets 

were found to have stable blood glucose levels for up to 24 months post-transplant, at 

which point they began to steadily increase to pre-transplant levels.73  In a recent study, 

two doses of 5000 or 10,000 islets/kg each of alginate-encapsulated neonatal porcine 

islets were transplanted in the peritoneal cavity of eight patients with type 1 diabetes for a 

3-month time period.  Recipients were found to have a significant improvement in their 

glycated haemoglobin (HbA1c) levels, a protein within red blood cells that joins with 

glucose in the blood and gives an indication of average blood sugar levels.  A decrease in 

severe hypoglycaemia was also reported, although the reduction of insulin doses was 

minimal.74  

Sigilon Therapeutics, a start-up company based on research conducted at the 

Massachusetts Institute of Technology and Harvard Medical School, is currently in pre-

clinical studies for patients with diabetes, haemophilia, and lysosomal storage disorders.  

One of their approaches involves conjugation of non-immunogenic polymers onto the 

surface of alginate microspheres, creating a core-shell morphology.75  The alginate 

surface is first modified with polydopamine (PDA) films, followed by conjugation of 

zwitterionic polymers onto the PDA layer.  Coated beads were shown to have lower 

cellular overgrowth and fibrosis when implanted in immunocompetent mice compared 

with untreated alginate beads.  Their other approach involves chemical modification of 
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the alginate to mitigate foreign body responses. They recently demonstrated that 

triazolethiomorpholine dioxide (TMTD)-modified alginate microspheres mitigated 

fibrotic response in non-human primates and mice,76 and SC-β human embryonic stem 

cells encapsulated in TMTD-modified alginate beads maintained glycemic correction in 

diabetic mice for 174 days.77 

Despite the large amount of research into cell encapsulation, a clinically relevant 

product does not currently exist.  One of the key challenges that remains is the design of a 

system that can provide cells with a suitable microenvironment while simultaneously 

sustaining long-term capsule survival and function and protection from immune 

rejection.78 

 

1.3. Alginate((

Alginate is a naturally occurring anionic polymer, isolated from algae.  It is a linear 

polysaccharide composed of 1,4′-linked β-d-mannuronic acid (M) and α-l-guluronic acid 

(G) residues in varying sequences. The ratio of G and M blocks depends on the alginate 

source.  Alginate with higher G content is more rigid while M rich alginate is more soft 

and pliable.  This is because the G units participate in ionic crosslinking with divalent 

ions, such as Ca2+, and have a higher binding affinity than M units.79 

Alginate has been the most widely studied biomaterial for cell encapsulation.80  Its 

biocompatibility, low toxicity, ready ionic gelation and FDA approval make it an 

attractive choice of biomaterials.  However, the suitability of alginate for cell 

encapsulation depends strongly on the alginate composition.  Alginate systems have been 

found to have variability in induced inflammatory response post-transplantation. 81  

Interestingly, it has also been found that as diameter of the alginate microspheres 

increases, fibrosis due to cellular deposition decreases.82 

Encapsulation usually involves extrusion of an alginate-cell suspension into a gelling 

bath containing divalent cations such as Ca2+, Ba2+ and Sr2+.  Other divalent cations such 

as Pb2+, Cu2+, Co2+, Ni2+, Zn2+ and Mn2+ will also crosslink alginate, but their use is 

generally avoided due to their toxicity to cells.83  The binding affinity of alginate for 

cations has been determined to be as follows: Pb2+ > Cu2+ > Cd2+ > Ba2+ > Sr2+ > Ca2+ > 

Co2+, Ni2+ > Zn2+ > Mn2+.84  A higher binding affinity is associated with a stronger gel, 
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therefore gels crosslinked with Ba2+ will be more mechanically robust than alginate 

crosslinked with Ca2+.85     

 

!  
Figure 1.1. Molecular structure of alginate showing the G (guluronate) and M 

(mannuronate) residues.  

 

1.4. Reinforcing(Alginate(Beads(

Alginate gels are too porous on their own to provide adequate immune protection, 

allowing immune proteins to diffuse into the capsules.86  Molecular weight cut-off for 

immune system exclusion has been found to be around 160 kDa.87 While high porosity 

can be problematic, pore size that is too small may lead to malnutrition of cells, or 

accumulation of toxic waste inside the capsules due to limited in- and out-diffusion 

across the membrane.88  Beads are therefore often coated with cationic polymers to 

control capsule porosity.89,90,91  

The most commonly studied polycation is α-poly-L-lysine (PLL), 92 a synthetic, 

cationic polypeptide with well-understood toxicology. 93   However, there are some 

challenges associated with PLL coating of beads.  PLL has been found to interfere with 

the ability of pancreatic islets to respond to glucose, with the PLL coating thickness 

having a direct correlation with cell function.94 Positive charges on polycations such as 

PLL have also been shown to incite inflammatory responses upon implantation.95,96,97  To 

circumvent this issue, capsules are often coated with a final layer of alginate after PLL 

coating in order to mask the PLL from the immune system.  However, it has been 

demonstrated that some of the PLL is still exposed on the capsule surface.95  Finally, 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 
!

!
8 

some encapsulated cells are sensitive to PLL and experience toxicity during the coating 

procedure.98,99 Approaches to avoid these issues associated with PLL include coating the 

beads with synthetic polyanions,100 reduction in charge density of PLL by grafting of 

PEG,101,102,103 and replacement of PLL with lower charge density polycations.104,105,106 

In addition to controlling capsule permeability, coatings are also applied to alginate 

beads to improve mechanical stability and durability.  Covalent crosslinking is often used 

for mechanical stabilization of the capsules, allowing for potential use in long-term 

applications.  Synthetic polymers offer many advantages over natural polymers for 

controlling capsule porosity and improving capsule longevity.  They are more readily 

synthesized in large batches, do not suffer from batch-to-batch variation, and can be more 

readily engineered for various applications.  Additionally, they can be more easily 

tailored to improve biocompatibility, or reinforce mechanical properties.107  

It is important that the crosslinking reaction is biocompatible and can be carried out 

under physiological conditions.  For example, photocrosslinking has been explored in 

depth as a way to improve capsule longevity. 108,109,110  However, photoinitator is 

associated with free-radical generation which can lead to cell toxicity.111  The need for 

biocompatible crosslinking reactions has led to an increased interest in using “click” 

reactions for covalent crosslinking of alginate capsules.   

 

1.5. “Click”(Reactions(and(Their(Applications(in(Biomaterials(

“Click chemistry” is a term that was coined and fully defined by Kolb, Finn and 

Sharpless in 2001.112  Click reactions are modular, wide in scope, give high yields, and 

generate only inoffensive by-products.  Reaction conditions should be simple and the 

reaction should ideally be insensitive to water and oxygen. Starting materials should be 

readily available, either water should be used as a solvent, or no solvent should be used at 

all, product isolation should be simple and should not involve chromatographic methods, 

and the resulting product should be stable at physiological conditions.112 

Click reactions proceed rapidly, and often irreversibly, to give good product yields 

due to their high thermodynamic driving force, usually greater than 20 kcal/mol.112  Some 

examples of click reactions include: cycloadditions of unsaturated compounds, especially 

1,3-dipolar cycloadditions and Diels-Alder reactions; nucleophilic substitutions, 
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especially ring-opening reactions of strained heterocyclic electrophiles such as epoxides; 

non-aldol carbonyl chemistry such as formation of ureas, thioureas, aromatic heterocyles, 

hydrazones and amides; and additions to carbon-carbon multiple bonds, especially 

epoxidation, dihydroxylation, aziridination, and Michael Addition reactions.112 

Inspired by nature’s ability to create biomolecules, click chemistry was developed to 

generate new compounds by joining small units together, much like modular building 

blocks.  Initially popular in pharmaceutical research and natural product synthesis, the 

bio-orthogonal nature and mild reaction conditions have made click chemistry a very 

attractive approach for designing hydrogels for use in tissue engineering, cell 

encapsulation and other biomedical applications.113,114,115   

 Hydrogels have been designed for a wide variety of biomedical applications, 

including sustained protein release, targeted drug delivery and tissue 

engineering116,117,118,119,120,121,122 and various physical and chemical crosslinkings have 

been explored for formation of these hydrogels. 123 , 124 , 125   Physically crosslinked 

hydrogels (typically formed via thermogellation, ionic crosslinking, or stereo-

complexing) tend to be weak and exhibit poor long-term stability post-

implantation.126,127,128  Chemically crosslinked hydrogels generally exhibit better stability, 

durability and mechanical properties.129, 130  However, many chemically crosslinked 

hydrogels are formed via the use of initiators or enzymes that are potentially toxic to 

cells, and may also suffer from low specificity, leading to unwanted reactions with drugs, 

proteins and cells.  Click chemistry has gained in popularity for preparation of hydrogels 

in recent years due to its high specificity, selectivity, and mild reaction conditions. Many 

click reactions are bioorthogonal, rendering hydrogels highly compatible with 

encapsulated cells. 

One of the best-known click reactions is the Cu(I)-catalyzed [3+2] cycloaddition 

between an azide and an alkyne.131,132  It has been widely used in protein-labelling, 

however it has limited use in many biomedical applications due to the toxicity of copper 

to cells.  Mammalian cells were found to survive only low Cu(I) concentrations, resulting 

in very slow reaction rates.133  A strain-promoted [3+2] azide-alkyne cycloaddition 

(SPAAC), developed by Agard, Prescher, & Bertozzi (2004), proceeds under physiological 

conditions without the need for a copper catalyst.134  However, it is kinetically much 
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slower compared with the Cu(I)-catalyzed cycloaddition.  Reaction kinetics have been 

improved via the use of novel cyclooctynes, however synthesis of these compounds is not 

trivial.135,136 

 

! !

 
Figure 1.2. Sample click reactions.  

 
The Diels-Alder (DA) reaction is a highly selective [4 + 2] cycloaddition between an 

electron-rich diene and an electron-poor dienophile. The reaction does not require a 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 
!

!
11 

catalyst and no by-products are formed.  It is greatly accelerated in water due to increased 

hydrophobic effects.  The DA reaction is reversible at elevated temperatures through the 

retro-DA reaction, which has gained interest for controlled drug release.137 The Diels-

Alder reaction has been used by Nimmo, Owen, & Shoichet (2011), to form crosslinked 

hydrogels composed of hyaluronic acid and PEG.  The gels were formed at pH 5.5 and 

human epithelial cells were found to have good viability when seeded on top of the 

formed gels.138 Two of the drawbacks to the Diels-Alder reaction between furan and 

maleimide moieties include slow reaction rates, and competing hydrolysis of maleimide.  

This often necessitates carrying out the reaction at pH 5.5, limiting its use in some 

biomedical applications.  More recently, furan was replaced by methyl furan, allowing 

for greatly accelerated reactions times, and enabling successful 3D encapsulation of 

cancer cells and glioblastoma cells.139  Alge, Azagarsamy, Donohue, & Anseth (2013) 

recently reported the use of the inverse-electron demand Diels-Alder reaction (IEDDA) 

between tetrazine-functionalized multi-arm PEG and norbornene-functional peptide as a 

bioorthogonal approach for biomedical applications.140  The reaction rate was found to be 

rapid, with excellent compatibility with encapsulated human mesenchymal stem cells.   

Another click reaction, the thiol-Michael addition reaction, consists of the addition of 

a thiol across a double bond in compounds such as acrylate, vinyl sulfone, maleimide or 

similar, resulting in a thioether linkage. 141   The thiol-Michael reaction has a high 

reaction rate, good coupling efficiency, tolerance for a wide variety of functional groups, 

and there is good access to thiol and ene functional groups.142,143,144  Vinyl sulfone has 

been reported to be more reactive than acrylate in the thiol-Michael reaction due to its 

higher electron withdrawing capability,142 and the resulting thioether sulfone bond is 

highly stable. Lutolf and Hubbell were the first to report the use of the Michael-addition 

reaction for formation of hydrogels.145,146,147,  They reported the use of vinyl sulfone-

terminated multi-arm PEG crosslinked with cysteine oligopeptides. 148   Later, they 

crosslinked the vinyl sulfone terminated PEG with dithiothreitol (DTT) for the 

encapsulation and sustained release of human growth hormone.149  
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1.6. Poly(methyl(vinyl(etherLaltLmaleic(acid)(

Poly(methyl vinyl ether-alt-maleic anhydride)s (PMMAn) are commercially 

available polymers available in a variety of different molecular weights (MW).  The 

anhydride functional groups on PMMAn offer a facile route for polymer 

functionalization and modification.  Hydrolysis of the anhydride moieties results in a 

water-soluble polyanion, poly(methyl vinyl ether-alt-maleic acid) (PMM), sold 

commercially under the name Gantrez®.  Gantrez® is commonly used in the 

pharmaceutical industry as a thickening and suspending agent, denture adhesive, and 

adjuvant for drug delivery systems. 150, 151, 152  PMM has also been proposed for use as a 

bioadhesive nanoparticles for oral drug delivery.153  

While PMM does not gel as readily as alginate, it is known to interact strongly 

with calcium and other divalent cations154 and will precipitate or gel with calcium under 

certain conditions.155, 156 Highly biocompatible, the lethal dose (LD50) of Gantrez® in 

guinea pigs has been reported as 8-9 g/kg (data supplied by ISP Corp.).  Calcium alginate 

capsules coated with 50/50 PMM/PMMAn, and covalently crosslinked with PLL, were 

shown to exhibit excellent compatibility with encapsulated C2C12 cells and showed only 

limited fibrotic overgrowth six weeks post-transplantation in mice.100  

   

1.7. Focus(of(this(Thesis(

Alginate capsules have been shown to suffer from poor long-term mechanical 

stability due to the in vivo exchange of Ca2+ ions for Na+, resulting in loss of ionic 

crosslinking and liquefaction of the capsules.157  To improve the longevity of the 

capsules, as well as to provide control over the permeability, beads are often coated with 

polycations such as PLL.  However, polycations are known to incite inflammatory 

responses in the host and attempts to mask the positive charges with polyanions is not 

entirely effective.  This thesis encompasses three main goals: 

1. To design covalently crosslinked, cytocompatible hydrogels to reinforce 

alginate beads or function independently as hydrogel supports (synthetic 

extracellular matrices).  This requires that both the polymers and the 

crosslinking reaction must be cytocompatible, with no formation of toxic 

byproducts.  
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2. To replace polycations, such as PLL, which have shown cytotoxicity.  This 

may be accomplished by pre-mixing mutually reactive polyanions with an 

alginate/cell suspension prior to ionic gelation of capsules with Ca2+.  This 

strategy necessitates the use of polymers that will effectively become 

entrapped within the alginate beads due to high molecular weight (physical 

entrapment) and/or interaction with Ca2+ (ionic immobilization).  

3. To be able to either pre- or post-functionalize the synthetic hydrogels or 

crosslinked capsules with arginine – glycine – aspartic acid (RGD) or other 

peptides for cell attachment or signalling.  This can be achieved either via 

residual reactive units on the polymer backbone (such as unhydrolysed 

anhydride moieties on PMMAn) or using residual reactive groups that did not 

participate in the crosslinking reaction.  

4. Explore! means! of! controlling! hydrogel! permeability! through! polymer!
loading!and!crosslink!density 

 

PMMAn was selected as the polymeric backbone used throughout this thesis due to 

the ease of functionalization with nucleophiles, allowing for simple fluorescent labelling 

and preparation of mutually reactive polyanions.  The proven biocompatibility of PMM, 

as well as its ability to interact with divalent cations such as Ca2+, were also attractive 

features.  Finally, PMM is not enzymatically degradable, indicating that it should be 

suitable for long-term applications both in capsules and bulk hydrogel supports.   

 Two click reactions were studied in this thesis both for reinforcing alginate beads and 

for use as cellular supports.  The first reaction was the Diels-Alder [4+2] cycloaddition 

between furan and maleimide.  The reaction does not require small-molecule catalysts or 

additives, and occurs readily under aqueous conditions.  The moderate rate of Diels-Alder 

coupling ensures adequate time for complete mixing and bead formation prior to gelation.  

PMMAn was functionalized with either furfurylamine or N-(2-aminoethyl maleimide) 

and residual anhydride groups were hydrolyzed to form PMM-FFA and PMM-MAL 

respectively (figure 1.3).  When solutions of PMM-FFA and PMM-MAL were mixed 

together at concentrations of 10% w/v, bulk hydrogels formed.  The properties of these 

hydrogels were fully explored and characterized (chapter 2).  The polymers were also 
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mixed with sodium alginate and extruded into a CaCl2 gelling bath to give calcium 

alginate-templated matrix beads, held together via Diels-Alder crosslinks (chapter 3).    

The second reaction studied was the thiolene Michael addition between a thiol and 

vinyl sulfone.  PMM was functionalized with either cysteamine vinyl sulfone (CVS) or 2-

pyridylthio cysteamine (SPy) to give PMM-CVS and PMM-SPy, respectively (figure 

1.3).  In chapter 4, PMM-CVS was mixed with equimolar solutions of PEG-dithiol 

crosslinker to form bulk gels.  The Michael addition reaction is much faster than the 

Diels-Alder cycloaddition, necessitating the use of a protected thiol when pre-mixing the 

polymers with sodium alginate in chapter 5. Treatment of PMM-SPy with a reducing 

agent such as tris(2-carboxyethyl)phosphine (TCEP) cleaves the disulphide linkage, 

resulting in a free-thiol that may participate in the thiolene Michael addition reaction.   

 
Figure 1.3. Mutually reactive polyanions (Diels-Alder: PMM-FFA/PMM-MAL; thiolene 

Michael Addition: PMM-SPy/PMM-CVS) prepared by functionalization of PMMAn. 
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Reported in this thesis are the synthesis and characterization of PMM-based Diels-

Alder and thiolene reactive polymers, as well as the synthesis of a small molecule 

precursor.  Characterization of the bulk gels formed by mixing of mutually reactive 

polyanions includes details on swellability, hydrolysis, post-gelation functionalization, 

and Young’s modulus.  Alginate-templated matrix beads, formed by mixing of mutually 

reactive polyanions with sodium alginate, followed by extrusion into CaCl2 gelling bath, 

are fully described.  Details such as polymer distribution, entrapment efficiency, 

permeability, swellability, and cell viability are reported.   
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Chapter!2!
!

Crosslinked!hydrogels!formed!through!Diels7Alder!coupling!of!
Furan7!and!Maleimide7modified!Poly(methyl!vinyl!ether7alt7maleic!

acid)!
 

This chapter has been reprinted with permission from Langmuir; S. Alison Stewart, 

Matilda Backholm, Nicholas A.D. Burke, Harald D.H. Stöver, 2016, 32, 1863-1870. 

DOI: 10.1021/acs.langmuir.5b04450. Copyright (2016) American Chemical Society. 

Alison Stewart primarily planned this study.  Alison Stewart synthesized all polymers 

and hydrogels and carried out physical characterization tests.  Matilda Backholm wrote 

the software for measuring Young’s modulus, designed the experimental set-up, assisted 

with data interpretation and contributed to writing of Young’s modulus section. Nicholas 

Burke and Harald Stöver provided experimental guidance and editing feedback of the 

manuscript.  

 

2.1! Abstract!
 

The Diels-Alder [4 + 2] cycloaddition between furan- and maleimide-functional 

polyanions was used to form crosslinked synthetic polymer hydrogels.  Poly(methyl vinyl 

ether-alt-maleic anhydride) was reacted with furfurylamine or N-(2-

aminoethyl)maleimide in acetonitrile to form pairs of furan- and maleimide-

functionalized poly(methyl vinyl ether-alt-maleic acid)s. Mixtures of these mutually 

reactive polyanions in water gelled within 15 minutes to 18 hours, depending on degree 

of functionalization and polymer concentrations.  Solution and magic-angle spinning 1H-

NMR were used to confirm the formation of the Diels-Alder adduct, to analyze 

competing hydrolytic side reactions, and demonstrate post-gelation functionalization.  

The effect of the degree of furan and maleimide functionalization, polymer concentration, 

pH, and calcium ion concentration, on gelation time, gel mechanical properties and 

equilibrium swelling, are described.  Release of dextran as a model drug was studied 

using fluorescence spectroscopy, as a function of gel composition and calcium treatment.    
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2.2!! Introduction!!

Regenerative medicine aims to replace or repair damaged cells, tissue or organs 

through the use of stem cells. In tissue, stem cells are embedded in an extracellular matrix 

(ECM) comprising proteins and polysaccharides,1 that contribute mechanical and 

chemical cues for cell behaviour.2!

In recent years, synthetic polymer scaffolds have been explored as mimics for 

natural ECM.3,4,5,6 These synthetic ECM mimics typically consist of crosslinked 

polymers7 with high water content8 that are formed under mild conditions and may be 

modified for proper cell adhesion and elasticity.9!

Synthetic gels offer several advantages, including defined composition, 

scalability, and absence of biological impurities and possible pathogens.10 In particular, 

the formation of crosslinked hydrogels by bio-orthogonal “click reactions” has shown 

promising results.11 One approach involves Diels-Alder coupling between furan and 

maleimide-modified polymers. This crosslinking reaction does not require small-

molecule catalysts or additives, and is accelerated in water cf. organic solvents.12  

Shoichet’s group recently described hydrogels formed from furan-functionalized 

hyaluronic acid, crosslinked with bismaleimido-PEG.13,14  The resulting gels served as 

temporary cell support for tissue engineering, with enzymatic breakdown of the 

hyaluronic acid backbone driving the degradation. These crosslinked hydrogels were 

found to be cytocompatible, with no adverse effects from residual furan or maleimide 

moieties.   

This chapter describes analogous Diels-Alder crosslinked hydrogels formed from 

fully synthetic polymers. Specifically, poly(methyl vinyl ether-alt-maleic anhydride) 

(PMMAn) was reacted with furfurylamine and N-(2-aminoethyl)maleimide before 

residual anhydride groups were hydrolyzed to produce the corresponding functionalized 

poly(methyl vinyl ether-alt-maleic acid)s (PMM), called PMM-FFA and PMM-MAL, 

respectively. These reactive polymers are water-soluble as a result of their high anionic 

charge density, and covalently crosslink by Diels-Alder coupling when mixed together in 

aqueous solution (scheme 2.1).  
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Various PMM-based polymers have already found use as pharmaceutical 

thickening and suspending agents, as denture adhesives, and as adjuvants for drug 

delivery systems, and offer several advantages to naturally derived systems, such as ease 

of functionalization and minimal batch-to-batch variation.15-18  Gardner et al. have shown 

that PMMAn can be functionalized with amino-terminal PEG and aminofluorescein, and 

that calcium alginate capsules bearing PMM as an outer coating showed excellent 

compatibility both with encapsulated cells and with the host, upon implantation in 

immuno-competent mice. 19-21 

PMM-FFA and PMM-MAL were further functionalized with rhodamine and 

fluorescein to allow tracking of both polymers by fluorescence microscopy.  Solution 

state and magic angle spinning (MAS) 1H NMR were used to characterize the soluble and 

crosslinked polymers, and, importantly, to investigate several hydrolysis side reactions 

that can compete with crosslinking. The effects of degrees of functionalization, polymer 

concentrations, and solution conditions such as pH and presence of Ca2+, on the gelation 

rate and on gel properties such as swelling and elasticity, are described.  The use of Ca2+ 

ions to control pore-size of the hydrogels for controlled release is also described.   
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Scheme 2.1. Furan- and maleimide-functionalization of PMMAn, and the Diels-Alder 

crosslinked PMM-FFA/MAL hydrogel. Fluorescent labels are omitted in structures, for 

simplicity. 

 

2.3!! Experimental!Section!

2.3.1 Materials   

Poly(methyl vinyl ether-alt-maleic anhydride) (PMMAn, Mn = 80kDa, Sigma-

Aldrich, Oakville, ON) was heated in a vacuum oven at 140°C for 5 days to ensure that it 

was completely in the anhydride form.19 Triethylamine, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) sodium salt, N,N-dimethylformamide, 

fluoresceinamine, furfurylamine (FFA), 2-(N-morpholino)ethanesulfonic acid (MES) 

hemisodium salt, sodium acetate, potassium phosphate (monobasic) and 

tetramethylrhodamine 5- (and 6-) carboxamide cadaverine (TAMRA-cadaverine) were 

purchased from Sigma Aldrich (Oakville, ON) and used as received.  Sodium chloride, 
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calcium chloride dihydrate, acetonitrile, sodium phosphate, dibasic (Reagent grade, 

Caledon Laboratories, Caledon, ON) and deuterium oxide (99.99 atom% D, Cambridge 

Isotope Laboratories, Andover, MA) were used as received.  Sodium hydroxide (1.0 N) 

was purchased from LabChem Inc.  N-(2-aminoethyl)maleimide trifluoroacetic acid was 

purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).  

2.3.2. Synthesis of PMM-FFAr with 10 – 25 mol% FFA   

PMMAn (0.500 g, 3.2 mmol anhydride) was dissolved in 10 mL acetonitrile.  

TAMRA-cadaverine (3.3 mg, 0.0065 mmol, 0.2 mol% relative to anhydride groups in 

PMMAn) was dissolved in 0.33 mL DMF, added to the PMMAn solution and allowed to 

stir at room temperature overnight.  FFA (99 µL, 1.1 mmol, 35 mol% relative to 

anhydride groups in PMMAn) diluted in 2 mL acetonitrile was then added dropwise over 

a few minutes.  After 24 h at room temperature, the mixture was diluted into 40 mL of 

distilled water, 1 mL of 1.0 N NaOH was added, and the resulting solution was dialyzed 

against 3.5 L of distilled water (adjusted to pH 7 and changed daily) for 4 days using 

cellulose dialysis tubing (molecular weight (MW) cut-off 3500 Da, Spectrapor).  The 

dialyzed solution was freeze-dried to give PMM-FFA25r as a pink powder. The degree of 

substitution (DS) was determined to be 25 mol% by 1H-NMR in D2O on a Bruker AV-

600 NMR spectrometer, comparing the signals for furan protons at 6.25, 6.35 and 7.40 

ppm to the signal for two PMM methylene backbone protons at 1.85 ppm. The degree of 

TAMRA-cadaverine labelling was determined to be 0.15 mol% by UV-vis absorbance.  

Other PMM-FFAr derivatives were prepared analogously. 

2.3.3. Synthesis of PMM-MALf with 9 – 24 mol% MAL  

The maleimide-modified PMM derivative was prepared in a similar fashion. 

PMMAn (0.500 g, 3.2 mmol anhydride) was dissolved in 10 mL acetonitrile.  

Triethylamine (150 µL, 1.1 mmol) and aminofluorescein (5.6 mg, 0.016 mmol, 0.5 

mol%) in 0.5 mL DMF was added to the PMMAn and allowed to react overnight at room 

temperature.  N-(2-aminoethyl)maleimide trifluoroacetate (285 mg, 1.12 mmol, 35 mol% 

relative to anhydride groups in PMMAn) was dissolved in a mixture of 1 mL of 

acetonitrile and 0.1 mL of DMF, and added dropwise to the PMMAn solution over a few 
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minutes.  After reaction for 24 h at room temperature, the mixture was diluted into 40 mL 

distilled water, and dialyzed against 3.5 L of distilled water adjusted to a pH of 5.5 and 

changed daily for 3 days (MW cut-off 3500 Da).  The solution was freeze-dried to give 

PMM-MAL24f as a yellow powder.  The DS was determined to be 24 mol% by 1H-NMR 

spectroscopy in D2O, comparing the signal for the two maleimide vinyl protons at 6.75 

ppm with that for the methylene backbone protons at 1.85 ppm. The degree of fluorescein 

labelling was determined to be about 0.6 mol%, by UV-vis absorbance.  Other PMM-

MALf derivatives were prepared analogously, as described in table 2.1. 

2.3.4. MAS-NMR Investigation of Crosslinking  

10 mg of PMM-FFA25r and PMM-MAL24f were each dissolved in 100 µL of 0.5 

M NaOD in D2O. The two solutions were combined to give 200 µL with a total polymer 

concentration of 10% w/v and a pH of 5.3.  The mixture was immediately used to fill a 45 

µL teflon MAS insert fitted into a 7 mm diameter sapphire rotor.  Spectra were recorded 

using MAS at a frequency of ~3500 Hz on a Bruker AV-500 spectrometer.  A low power 

RF pulse sequence was selectively applied at a frequency of 2325 Hz, corresponding to 

4.7 ppm, to saturate the residual HDO signal prior to each acquisition cycle. 

2.3.5. Hydrolytic Stability of PMM-MAL24f and PMM-FFA25r   

Acetate buffer (100 mM, pH 5.0), MES buffer (100 mM, pH 6.0), and phosphate 

buffer (100 mM, pH 7.0) were prepared in D2O.  1% w/v solutions of PMM-FFA25r and 

PMM-MAL24f were prepared using the three different buffers.  The samples were 

maintained at 37 °C and hydrolysis was monitored using 1H-NMR. 

Succinamic linkage hydrolysis of PMM-FFA25r was measured by the decrease in 

the broad signals at 6.30 and 7.40 ppm due to polymer-bound furan, and the 

accompanying increase in sharp signals at 6.45 and 7.50 ppm, corresponding to 

furfurylamine that had been hydrolytically cleaved from the polymer backbone.  

Hydrolysis of PMM-MAL24f, which resulted in several hydrolysis products, was 

monitored by the decrease in the broad polymer-bound maleimide signal at 6.83 ppm.   
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2.3.6. Preparation of Bulk Gels  

Separate solutions of PMM-FFAr (12, 18 and 25% functionalized) and of PMM-

MALf (9, 17 and 24% functionalized) were prepared by dissolving 50 mg of each 

polymer in 500 µL of 0.25 M NaOH.  The pH of each solution was adjusted to 5.6 ± 0.2 

using <10 µL of 1.0 M NaOH.   Equal aliquots of 100 µL PMM-FFAr and PMM-MALf 

solutions were mixed by pipetting the two polymer solutions back and forth between the 

two vials four times, followed by vortexing for 10 s.  100 µL of the mixture was pipetted 

into a silicone rubber mold (7 mm diameter, 5 mm deep, n = 2) on a glass microscope 

slide. The mold was sealed with a sheet of silicone rubber and Parafilm, and the mixture 

allowed to gel for 24 h at 37 °C. Mixtures containing PMM-MAL and PMM-FFA with 

the same, and differing, degrees of functionalization were prepared. 

2.3.7. Swelling of the Bulk Gels in PBS   

The gels were removed from the molds, and cut in half either vertically to form 

semi-circles, or horizontally to form thinner disks.  In either case, the pieces were quickly 

weighed, placed individually in separate petri dishes containing 3 mL of PBS buffer (10 

mM phosphate, 154 mM NaCl, pH 7.4), and incubated at 37 °C.  After 24 h and 48 h, the 

gel pieces were removed from the buffer, quickly dried with tissue paper and weighed 

again.  They were then placed in fresh buffer and returned to the incubator.  Equilibrium 

swelling was reached after 48 h and the measured pH of the gel/buffer solution was 7.4.   

To examine the effect of pH on gel stability, PMM-FFA12r/MAL9f gels made as 

described above were placed in PBS (pH 7.5, n = 3) or saline (pH 5.5, n = 12) and 

incubated at 37 °C and gels were visually inspected daily over a period of 7 days.    

2.3.8. Effect of Ca2+ on Gel Swelling!!!

Gels composed of PMM-MALf (9% functionalized) and PMM-FFAr (12% 

functionalized) were prepared at pH 5.6 as described above.  The gels were cut 

horizontally to form thinner disks, which were weighed and then placed in separate petri 

dishes containing 3 mL of CaCl2 (0 mM, 4.17 mM, 8.33 mM, 16.7 mM and 50 

mM).  The disks were incubated at 37 °C for 24 h, then quickly dried with tissue paper 
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and weighed.  Equilibrium pH was found to be 5.7 ± 0.3 for the disks incubated with the 

CaCl2 solutions, and about 7 for the disks incubated with water.     

2.3.9. Mechanical Properties of Gels   

Gels formed at pH 5.6 as described above were uncovered, coated with 1-2 drops 

of silicone oil to prevent water evaporation, and placed on an inverted microscope, still 

within their silicone rubber mold. Mechanical measurements were made with an indenter 

consisting of a glass melting point tube (VWR) with a hemispherical end (r = 0.83 mm) 

attached to a force transducer (Transducer Techniques, GSO series, 10 g full scale).  The 

vertical position of the glass indenter was controlled with a servo motor programmed to 

move the rounded end of the indenter to a depth of 0.3 mm (6% of gel thickness) after 

contacting the gel at a constant speed of 0.1 mm/s, while the transducer measured the 

force as function of time and vertical position of the indenter.  Three measurements at 

different positions of each gel were carried out, and averaged. 

The gels were then individually placed in a 24-well multiwell plate and covered 

with 3 mL of PBS at pH 7.4 and incubated at 37 °C for 48 h, with one buffer change at 24 

h and another at 48 h.  The swollen gels were placed inside 8.45 mm diameter silicone 

molds on a glass microscope slide, covered with silicone oil, and mechanical 

measurements were carried out again, as described above. 

2.3.10. Determination of Pore-Size – Dextran In-diffusion  

5 mg each of PMM-FFAr (12, 18 and 25) and PMM-MAL (8, 14 and 24) were 

dissolved in 50 µL of water and the pH adjusted to 6.5 ± 0.2 using NaOH(aq).  Solutions 

of equivalently functionalized PMM-FFAr and PMM-MAL were mixed together as 

described above. A 10 cm length of 0.8 mm id Tygon tubing was attached to a 1 mL 

syringe fitted with an 18-gauge needle.  A small amount of silicone oil (Dow Corning 

550 fluid) was drawn through the tubing into the syringe to lubricate the Tygon tubing.  

The PMM-FFAr/MAL polymer solutions were then drawn up into three separate pieces 

of tubing.  The open end of the tubing was sealed with Parafilm™, and the syringe, 

needle and tubing assembly was placed into an incubator at 37 °C for 24 h to allow for 
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gelation. The Parafilm™ was removed from the end of the tubing, and the gel was 

expelled and cut into short cylinders using a razor blade.  

PMM-FFA/MAL gel permeability was evaluated using fluorescently labelled 

dextran (dextran-f, Sigma-Aldrich) with MWs of 10, 70, 250 and 500 kDa. For each 

measurement, approximately 20 cylindrical gel sections were placed within a 1 mL 

conical vial and covered with 1 mL of 0.1% dextran-f in HEPES-buffered saline (pH 7.8).  

After 24 h exposure to the dextran-f with gentle agitation, about 10 gel sections were 

randomly selected and transferred into a single well in a glass bottomed 96-well plate, 

along with some of the supernatant dextran-f solution.  The gel sections were examined 

by confocal fluorescence microscopy, and the fluorescence intensities from an area 

representing the central 20% of the gels as well as from the supernatant dextran-f solution 

were compared using NIS Elements (Nikon) software.  The ratio of the intensities of the 

gel centre and surrounding solution are reported.  Measurements were conducted for n = 

8 for each dextran-f MW.  

2.3.11. Post-Functionalization of Gels Monitored via 1H NMR   

20 mg each of PMM-FFA25r and PMM-MAL24 was dissolved in 200 µL of 0.5 

M and 0.25 M NaOD, respectively.  After mixing the two solutions, the pH was adjusted 

to 6.5 using 1 M NaOD.  The polymer mixture was pipetted into a silicone rubber mold, 

as described above, and placed in the incubator at 37 °C.  After 24 h, the gel discs were 

removed from the mold and ground up in a mortar and pestle, along with 2 mL of D2O 

containing 50 mM formic acid as an internal standard.  The resulting slurry was placed 

into a 15 mL conical vial and centrifuged at 1200 rpm for four minutes.  The 

concentrated gel slurry at the bottom of the vial was pipetted into two NMR tubes.  Into 

the first tube, 2 mg (0.016 mmol, approx. 2 x molar excess) of N-ethyl maleimide 

dissolved in 100 µL of D2O was added via a long syringe and mixed with the slurry by 

drawing the solution in and out of the syringe several times.  The second NMR tube was 

used as a control, with no ethyl maleimide added.  1H NMR spectra were obtained using 

water suppression, both before addition of ethyl maleimide, and at regular intervals after, 

for 3 days.  The NMR tubes were kept at 37 °C.       
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2.3.12. Tests for Controlled Release   

15 mg of PMM-FFA18r and PMM-MAL14 were dissolved separately, each in 

150 uL of HEPES-buffered saline (pH 7.8) containing 1.0 wt% 10 kDa dextran-f, and the 

pH values were adjusted to 6.4 ± 0.1 using 1.0 M NaOH.  The solutions of PMM-FFAr 

and PMM-MAL were mixed, and gelled inside silicon molds, as described above.  The 

resulting gels (n = 3) were weighed and placed into 8 mL cylindrical black-capped vials 

with 5 mL of HEPES-buffered 1.1% CaCl2 and 0.45% NaCl (pH 7.8) for 4 days.   

An identical mixture was used to prepare gel sections (prepared in Tygon tubing, 

as described above), which were placed into a 96-well plate under the HEPES-buffered 

CaCl2/NaCl solution for analysis by confocal microscopy.   

After 4 days, the solution was replaced with 5 mL of HEPES-buffered saline (pH 

7.8).  To monitor release, the amount of dextran-f in the supernatant was measured via 

fluorescence spectroscopy (Fluorolog) over the course of several days.  The amount of 

dextran-f in the gels at t = 0 was corrected for dextran-f extruded from the hydrogels 

during the initial shrinking of gel in Ca2+-containing solution, as measured by 

fluorescence spectroscopy.  Dextran-f release was calculated as follows: 

% Released = 
!r

!i !!s
 

Where mr corresponds to the mass of dextran-f released, mi is the mass of dextran-f 

loaded into the hydrogels, and ms is the weight of dextran-f that was released into the 

initial HEPES Ca2+ supernatant during shrinkage. 

To replicate this process on a shorter time scale, the HEPES Ca2+ supernatant was 

removed from the gels in the multiwell plate and replaced with sodium citrate (100 mM), 

a calcium chelator, and the subsequent hydrogel swelling and release of dextran-f (4 and 

10 kDa) was imaged via confocal microscopy.  

Additionally, gels composed of PMM-FFA18r/MAL14 were prepared as 

described above and placed directly into HEPES-buffered saline (pH 7.8) with no 

exposure to Ca2+ ions.  The fluorescence in the supernatant was measured over time. 
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2.3.!! Results!and!Discussion!!

2.3.1. Synthesis of Furan- and Maleimide-Functionalized PMM   

A series of furan- and maleimide-functionalized PMMs with degrees of 

functionalization of 9 – 25 mol% were prepared by reacting PMMAn with 15 – 35 mol% 

of the corresponding amines in acetonitrile at room temperature. Fluorescent analogs 

PMM-FFAr and PMM-MALf, were prepared by prior reaction with TAMRA-cadaverine 

or fluoresceinamine, respectively.  Residual anhydride groups were hydrolyzed and the 

resulting polymers purified by dialysis and isolated by freeze-drying. The DS of the 

modified polymers was determined to be 60 – 80 % by 1H NMR in D2O (table 2.1). The 
1H-NMR spectra for PMM-FFA12r and PMM-MAL24f are shown in the Supplemental 

Information, as figures A2.1 and A2.2, respectively. 

Table 2.1. DS of PMM-FFAr and PMM-MALf 

Modified 
PMM 

DS DS Fluorophore 
Actual (Target) Actual (Target) 

FFA12r! 12 (15) 0.13 (0.2) 
FFA18r 18 (25) 0.14 (0.2) 
FFA25r 25 (35) 0.15 (0.2) 

MAL9f 9 (15) 0.39 (0.5) 
MAL17f 17 (25) 0.18 (0.5) 
MAL24f 24 (30) 0.59 (0.5) 

MAL9 9 (15) N/A 
MAL14 14 (25) N/A 
MAL24 24 (30) N/A 

  ‘r’: rhodamine cadaverine-labelled; ‘f’: fluorescein-labelled 

2.3.2. Hydrolytic Stability of PMM-FFA25r and PMM-MAL24f  

It was of interest to study the hydrolytic stability of the reactive polymers as 

hydrolysis may lead to loss of reactive groups and/or degradation of the crosslinked 

network. Additionally, an understanding of potential side reactions may allow the 

crosslinking conditions to be optimized for increased reproducibility. 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 
!

 
44 

While simple amides are fairly stable at room temperature in aqueous 

environments near neutral pH,22 the presence of a neighbouring carboxylic acid group in 

maleamic or succinamic acids,23 is known to increase the rate of amide hydrolysis, 

especially at pH < 7 where at least some of the carboxylic acid is in the acid form. 

Succinamic acid groups are present in both PMM-MAL and PMM-FFA backbones.  

1H NMR studies were conducted on PMM-FFA25r at 37 °C in solutions buffered 

at pH 5, 6 and 7 to assess the susceptibility of the succinamic linkages to hydrolysis at 

these pH values.   

 

Figure 2.1. Hydrolysis of the amide linkage in PMM-FFA25r at 37 °C with pH buffered 

at 5, 6 and 7, as determined from the increase over time of the 1H NMR vinyl signal for 

free FFA.  

As expected based on small molecule work,22,23 hydrolysis of the amide in PMM-

FFA is significantly slower at pH 7 than at pH 5, showing less than 20% hydrolysis after 

38 days compared to about 50% hydrolysis after 2 weeks at pH 5. As a result, the pH was 

maintained at 7 during dialysis and work-up of PMM-FFA to minimize hydrolysis of the 

succinamic acid linkages.  

The hydrolysis of PMM-MAL is more complex than that of PMM-FFA, since, in 

addition to the hydrolysis of the analogous succinamic linkage at the backbone, PMM-

MAL can also undergo hydrolysis of the maleimide group to form maleamic acid, a 

reaction known to be quite fast under alkaline conditions.24,25 Maleamic acids can further 

hydrolyze to maleic acid and the corresponding amine. An NMR spectrum taken during 
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the hydrolysis of PMM-MAL24f and possible hydrolysis products are shown in figure 

A2.3. The hydrolysis of PMM-MAL24f at 37 °C, buffered at pH 5, 6 and 7, appears to be 

base-catalyzed as described previously for small molecule maleimides,24 and at 37 °C 

reached approximately 50% after about 4 days at pH 5, or 2 days at pH 7, (figure 2.2) 

which is comparable to previously reported small molecule studies.25  

 

Figure 2.2. Fraction of maleimide remaining, as determined by 1H NMR spectroscopy, 

for PMM-MAL24f maintained at 37°C and pH 5, 6 and 7.  

In the case of PMM-MAL, it was more important to limit hydrolysis of the 

maleimide groups since their hydrolysis is much faster than that of the succinamic acid 

units. Hence, PMM-MAL solutions were maintained below pH 7, typically pH 5.5 - 6.5, 

before (e.g., dialysis) and during gelation. The sections below describe formation and 

properties of the corresponding Diels-Alder hydrogels under a range of conditions. 

3.3.3. Formation of Hydrogels   

The formation of Diels-Alder crosslinked hydrogels from PMM-FFA/PMM-MAL 

(scheme 2.1) was investigated by mixing aliquots of 5 and 10% w/v aqueous solutions of 

the two polymers and determining the gelation times at 37 °C. Although gelation is 

possible at physiological pH, the gels described in this paper were formed between pH 5 

and 6 in order to limit the amount of maleimide hydrolysis during crosslinking and 

increase reproducibility between samples.  Gelation time is defined as the time when a 

vial containing the polymer mixtures can be turned over without its content flowing. The 
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moderate rate of Diels-Alder coupling ensures adequate time for complete mixing of 

polymer solutions prior to gelation.26,27 

PMM-FFA25r/MAL24f mixtures gelled after 15 minutes at 10% polymer loading, 

and after 18 h at 5% polymer loading. PMM-FFA12r/MAL9f and PMM-

FFA18r/MAL17f mixtures both gelled within 2 h at 10% polymer loading, but did not 

form gels at 5% polymer loading. This significant effect of polymer loading is attributed 

to a combination of several factors: the bimolecular nature of the Diels-Alder coupling 

reaction, and onset of competition from maleimide hydrolysis.   

1H NMR was used to monitor the disappearance of furan and maleimide groups, 

as well as the formation of the Diels-Alder adduct during crosslinking. The crosslink 

points in such hydrogels were not expected to have sufficient rotational and translational 

mobility to average out the local dipolar magnetic field interactions, and thus would 

likely show severe peak broadening.28 High resolution-MAS (HR-MAS) 1H NMR with 

spin-rates of 2 - 5 kHz was hence used to generate narrow, solution-like 1H NMR signals 

of the crosslinked gels swollen in D2O, as described previously for crosslinked 

polystyrene gels swollen in organic solvents,29,30 and amide-based hydrogel networks.31 

3.3.4. HR-MAS NMR Investigation of Crosslinking   

Both UV-vis and, more commonly, FTIR13,32 have been used to characterize 

crosslinking in hydrogels.  In this work, MAS NMR was used, as it allows monitoring of 

both crosslinking and hydrolysis side reactions during gelation.  Specifically, HR-MAS 
1H NMR (figures A2.4 and A2.5) was found to be useful for following the reaction 

between PMM-FFA25r and PMM-MAL24f via the disappearance of the polymer-bound 

maleimide and furan signals at 6.7 and 7.3 ppm, respectively (figure 2.3). Although 

small-molecule Diels-Alder reactions follow second-order kinetics, the kinetics of the 

analogous polymeric reaction is more complicated as electrostatic repulsion between the 

anionic chains, as well as steric and mobility issues upon crosslinking may affect the rate 

of Diels-Alder coupling. It is known that crosslinking reactions between polymers 

generally do not go to completion, due to spatial isolation of some of the reactive groups 

at higher crosslink densities.33  Accordingly, it was found that the polymeric Diels-Alder 
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coupling reaction goes to approximately 50% completion, based on consumption of the 

furan groups of PMM-FFA. The maleimide groups of PMM-MAL were consumed at a 

faster rate, which is attributed to partial hydrolysis.     

 

Figure 2.3. Decrease of the maleimide (MAL) and furan (FFA) HR-MAS 1H NMR vinyl 

signals during the Diels-Alder reaction of PMM-FFA25r/MAL24f at pH 5.2.   

Recent work by Shoichet suggests that the presence of residual furan and 

maleimide groups do not pose significant issues to embedded cells.13 Furthermore, the 

residual groups provide an opportunity to post-functionalize the hydrogel through Diels-

Alder reactions or thiol-maleimide coupling.  

To demonstrate the ability to post-functionalize the PMM-FFA/MAL hydrogels, a 

PMM-FFA25r/MAL24 gel was exposed to a two-fold excess of N-ethyl maleimide, and 

the consumption of residual furan groups within the gel was monitored by solution-state 
1H NMR over three days.  Figure 2.4b shows that the residual FFA pendant groups were 

fully consumed by the Diels-Alder reaction with N-ethyl maleimide within 16 h at 37 °C, 

while the control sample shows no apparent change even after 30 h (figure 2.4a).  These 

results demonstrate that the hydrogels can be successfully post-functionalized, using 

residual furan moieties on the polymeric backbone.  This could prove useful for attaching 

biomarkers or cell-signalling ligands to the hydrogels post-gelation.  
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Figure 2.4. 1H NMR spectra of PMM-FFA25r/MAL24 hydrogel suspended in D2O a) 

after 30 h at 37 °C with no addition of ethyl maleimide and b) after 16 h at 37 °C 

following the addition of 2x molar excess of N-ethyl maleimide.  The signals appearing 

in spectrum b) at 5.85 and 6.20 ppm correspond to unbound maleamic acid, and signals at 

6.45 and 6.60 ppm are due to the vinyl protons in the new Diels-Alder adduct.  The 

signals at 6.40 and 6.50 ppm and 7.55ppm in spectrum a) belong to unbound 

furfurylamine and consequently disappear in spectrum b) as they are consumed in the 

Diels-Alder reaction with ethyl maleimide.  

3.3.5. Swelling Studies in PBS   

To examine swelling properties, PMM-FFA/PMM-MAL crosslinked hydrogels 

(10% total polymer) that had been allowed to gel at pH 5.6 for 24 h were incubated in 

PBS (10 mM, pH 7.4) at 37 °C. The buffer was replaced after 24 and 48 h, at which point 

the gels had reached equilibrium weights. All hydrogels swelled to some extent, due to 

the high charge-density polyanionic PMM backbone (figure 2.5).  PMM-FFA12r/MAL9f 

gels showed the highest swelling ratio, more than tripling in weight from the as-formed 

gel, as expected given their low degrees of functionalization and hence crosslinking. The 

degree of swelling generally decreased with increasing degrees of functionalization. This 
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effect is attributed to a combination of three factors: decrease in charge density, increase 

in hydrophobic content, and an increase in crosslink density.  

As described earlier, hydrolysis of succinamic acid groups can cleave the pendant 

FFA and MAL groups from the polymer backbone, especially under acidic conditions. 

This process should also be active in the gels leading to a gradual loss of crosslinking. To 

assess hydrolysis and gel integrity over time, PMM-FFA12r/MAL9 gel samples were 

stored at pH 5.8 and at pH 7.4 in water. On the first day, these lightly crosslinked gels 

swelled more than had been seen in PBS, and within 5 days the gels stored at pH 5.8 had 

dissolved, while the gels at pH 7.4 exhibited no further change for at least seven days.  In 

separate experiments, more highly crosslinked gels were found to remain intact for at 

least one year under neutral conditions. This acid-mediated hydrolysis offers an 

interesting route for degradation of the hydrogels.     

 

Figure 2.5. Swelling ratios (triangles, wt. swollen in PBS/wt. as formed) and Young’s 

moduli (diamonds, as formed gels; circles, PBS-swollen gels) for 10% w/v PMM-

FFA/MAL hydrogels with different degrees of functionalization.  

3.3.6. Mechanical Properties of Hydrogels 

 The PMM-FFA/MAL hydrogels were compressed with a small hemispherical 

indenter to determine their elasticity as a function of gel composition and solution 

conditions. The force F upon deforming an elastic material with a hemisphere is 

described by Hertzian theory as  
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!/!                                                       

(1) 

where d is the deformation, R (= 0.83 mm) is the radius of the hemispherical indenter, 

and ν and E are the Poisson’s ratio and Young’s modulus, respectively, of the elastic 

substrate. The forces F for different hydrogels can be plotted as a function of strain, d3/2 

(figure A2.6). As PMM-FFA/MAL hydrogels behave like elastomers, their Poisson’s 

ratio v is assumed to be 0.5, and the Young’s modulus E can be obtained from the initial 

slopes (d ≤ 0.3 mm) of the linear fits in the force versus strain plots, where the linear 

Hertzian theory is considered reliable.34  Figure 2.5 shows the increase in Young’s 

moduli for as-formed and PBS-swollen gels with increasing degrees of functionalization: 

The moduli for as-formed gels range from about 17 to 111 kPa, and from 7 to 74 kPa for 

equilibrium-swollen gels. These elastic moduli compare to those of muscle (8 - 14 kPa),35 

cartilage peri-cellular matrix (20 - 26 kPa),35 pre-calcified bone (28 - 45 kPa)36 and even 

collagenous bone ( >100 kPa).37  Figure 2.5 also shows the expected inverse relationship 

between elastic moduli and equilibrium swelling ratio in PBS:35 the elastic moduli 

increase with nominal crosslink density, and the equilibrium swelling ratio decreases with 

increasing crosslink density.  

3.3.7. Effect of Ca2+ on Gel Swelling   

It is often desirable to limit swelling to help a hydrogel maintain its original shape 

and volume. It is known that PMM-based hydrogels will de-swell significantly in the 

presence of as little as 5 mM [Ca2+].38 We hence examined the effect of various [Ca2+] (0, 

4.17, 8.33, 16.7 and 50 mM CaCl2) on PMM-FFA12r/MAL9f hydrogels. Figure 2.6 

shows the progressive de-swelling of this hydrogel from a swelling ratio of 18 (cf. the as-

formed gel) for distilled water, to a swelling ratio just below 1 for 50 mM CaCl2.  While 

some of the contraction may be due to shielding of electrostatic repulsion between PMM 

chains, the gel was less swollen in the presence of 8.33 mM CaCl2 (ionic strength = 25 

mM) than it was in PBS (I = 176 mM), indicating significant association of PMM chains 

by calcium ion bridging.  In one case, the modulus of a Ca2+-treated PMM-

FFA12r/MAL17f gel was determined and found to have increased to 126 ± 21 kPa 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 
!

 
51 

compared to the untreated PBS-swollen gel (35 ± 8.6 kPa), as expected for the additional 

Ca2+-crosslinking.  These results indicate that the presence of low, cytocompatible levels 

of calcium can significantly reduce the swelling ratio for PMM-FFA/MAL hydrogels.  

! !

Figure 2.6. Effect of CaCl2 concentration on the equilibrium swelling ratio of PMM-

FFA12r/MAL9f hydrogels.  Inset image shows PMM-FFA12r/MAL9f hydrogels with 

same initial size that have been incubated (from left to right) in 0, 4.2, 8.3, 17 and 50 mM 

CaCl2 respectively. The trendline is intended as a visual guide only.  

 

3.3.8. Measurement of Gel Permeability using Fluorescently-Labelled Dextran  

   

Figure 2.7. In-diffusion of dextran-f into different gels as function of dextran MW. The 

ratio of fluorescence intensities within (white circles on inset image), and outside the gels 

(black circles on the inset image) was obtained by confocal fluorescence microscopy.  

Inset shows the in-diffusion of 10 kDa dextran-f into PMM-FFA12r/MAL9 hydrogels. 
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 It is important to know the pore size of hydrogels for various applications such as 

scaffolds or release devices.  Gels for permeability and release studies were prepared 

using unlabelled PMM-MALs to allow for quantification of the fluorescein-labelled 

dextrans. The non-fluorescent PMM-MAL samples had maleimide contents similar to 

their fluorescent analogs, and the gels made with them would have swelling and 

mechanical properties similar to the analogous gels described above.  Figure 2.7 shows 

that diffusion of dextran-f into gels decreases with higher degrees of functionalization, 

and with higher dextran-f MW.  The most significant discrimination by dextran-f MW is 

between PMM-FFA12r/MAL9 and PMM-FFA18r/MAL14.  Dextran-f MWs of 10, 70, 

250, and 500 kDa correspond to hydrodynamic radii of 2.3,39 6.0,39 10.940 and 15.7 nm,41 

respectively.  This suggests that the hydrogels made of PMM-FFA12r/MAL9 have a 

pore-size between 6.0 and 10.9 nm, as a significant amount of 70 kDa dextran-f diffused 

into the gels.  However, gels composed of PMM-FFA18r/MAL14 and PMM-

FFA25r/MAL24 have a smaller pore-size, between 2.3 and 6.0 nm as only the 10 kDa 

dextran-f is able to diffuse through the hydrogel pores.  These results indicate that 

permeability can be controlled via functional group loading for PMM-FFA/MAL 

hydrogels.     

3.3.9. Encapsulation/Controlled Release Tests   

For release studies, 10 kDa dextran-f was used as a model drug. It was selected as 

it is of similar size with therapeutics such as siRNA, nanoparticles, and small proteins.42 

Dextran-f was incorporated into the hydrogels during gelation and it was found that 

exposure to Ca2+ and the subsequent shrinkage of the hydrogels resulted in loss of 41 ± 

7% of the pre-encapsulated dextran-f. Figure 2.8 shows the release of dextran-f from the 

Ca2+-treated gels as well as untreated gels when placed into HEPES-buffered saline. The 

release profile for the Ca2+-treated gels shows a slow but persistent release of dextran-f 

over the course of a week.  Conversely, the gels that were placed directly into saline 

exhibited a rapid “burst” release of the dextran-f before a substantial decrease in rate of 

out-diffusion with almost no additional release occurring over the next three days. The 

tunable, calcium-responsive nature of the PMM-FFA/MAL hydrogels offers an 

interesting approach for controlled release. 
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Figure 2.8. Release profile of 10 kDa dextran-f over time for PMM-FFA18r/MAL14 gels 
that were placed directly into HEPES-buffered saline (square markers) or first incubated 
in CaCl2 (diamond markers). 

!
2.4.!! Conclusions!

Diels-Alder coupling between fully synthetic diene and dienophile-modified 

polyanions was used to form covalently crosslinked hydrogels under physiological 

conditions.  The gel-forming polymers PMM-FFA and PMM-MAL were prepared and 

fluorescently labelled in a single step from an inexpensive, common commercial 

precursor. The properties of the resulting hydrogels can be tuned through degree of 

functionalization to have elastic moduli similar to those of fat, muscle and cartilage and 

pre-calcified bone.  Additionally, the resulting hydrogels are highly responsive to Ca2+ 

ions, and pore-size and swelling can be readily tuned via Ca2+ concentration.  PMM-

FFA/MAL hydrogels show promise for use as synthetic ECM scaffolds, and as 

controlled-release delivery vectors.   
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2.7!! Appendix!

!

!

Figure A2.1. 1H-NMR of PMM-FFA12 in D2O.  The ratio of the furan vinyl signals (at 

6.25 (iii), 6.35 (ii), and 7.40 (i) ppm) to the backbone methylene signal (D), was used to 

determine the percent functionalization with FFA. 

!

!
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Figure A2.2. 1H-NMR of PMM-MAL24 in D2O.  The ratio of the maleimide vinyl signal 

at 6.75 ppm (i) to the backbone methylene signal (D) was used to determine the percent 

functionalization with MAL. 

About 1-5% of the furfurylamine and aminoethyl maleimide in the final samples 

are present as free small molecules, as indicated by small sharp peaks in the 

corresponding NMR spectra, just downfield from the corresponding signals for the 

polymer-bound FFA and MAL. This is attributed to electrostatic retention of some of the 

protonated amines by the polyanionic PMM backbone, even after dialysis.  Future 

experiments will explore the use of added salts during dialysis to facilitate removal of 

these low molecular weight amines. Amide hydrolysis, occurring either during polymer 

dialysis or NMR sample preparation, may also be responsible for a small portion of the 

free FFA and MAL.  
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Figure A2.3. 1H-NMR spectrum of a solution of PMM-MAL24 kept at pH 6 in MES 

buffer for 7 days at 37 °C.   

Figure A2.3 shows a representative 1H-NMR spectrum after 7 days of hydrolysis 

at 37 °C and pH 6. At this point about 80% of the initial maleimide has hydrolyzed to a 

mixture comprising polymer-bound maleamic acid 2 (broad signals B and C), aminoethyl 

maleamic acid 3 (two sharp doublets: D, E), aminoethyl fumaric acid

1,2 5 (two sharp doublets: G, H) and maleic acid 4 (sharp singlet, F).  
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Figure A2.4. Comparison between solution-state (blue) and HR-MAS (red) spectra of 

crosslinked PMM-FFA25/MAL24 gels cured at pH 5.1 ± 1 at 37 °C for 18 h. MAS rate = 

3500 Hz. 

Figure A2.4 compares the HR-MAS spectrum (red, top trace in insert) with the 

broader solution-state 1H-NMR spectrum (blue, bottom trace in insert), for a PMM-

FFA25/PMM-MAL24 mixture with a total polymer concentration of 10% w/v (5% w/v 

of each polymer) at pH 5.1 in D2O, cured for 18 h at 37 °C. 

The MAS spectrum shows significantly narrower signals compared to the 

conventionally acquired spectrum. The inset shows the vinyl protons for polymer-bound 

furan at 7.4 ppm (1H) and at 6.1-6.3 ppm (2H), and for polymer-bound maleimide at 6.8 

ppm (2H). The Diels-Alder adduct shows a vinyl signal at 6.6 ppm, and a bridgehead 

proton signal at 5.2-5.3 ppm. There are also sharper vinyl signals for free furfurylamine 

at 7.5, 6.5 and 6.4 ppm (1H each), and a sharper peak attributed to the bridgehead proton 

of the free FFA / PMM-MAL Diels-Alder adduct at 5.4 ppm. The solution-state sample 

also shows small amounts of free and polymer-bound maleamic acid at 5.9-6.0 ppm.   
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Figure A2.5 compares in detail the above PMM-FFA25/MAL24 MAS spectrum 

taken at 18 hours after mixing (red, top spectrum), with the corresponding MAS spectrum 

of the same sample taken 36 minutes after mixing (blue, bottom spectrum).  

The lower spectrum (36 minutes) shows very little evidence of the Diels-Alder 

adduct.  The upper spectrum (18 h) shows the appearance of Diels-Alder adduct signals 

at 5.1-5.2 (bridgehead) and 6.5 (vinyl), as well as decreases in furan (6.1, 6.2 and 7.3 

ppm) and maleimide (6.7 ppm) intensity.   

 

 

Figure A2.5. 1H-NMR HR MAS spectrum of mixture containing 5% PMM-MAL24 and 

5% PMM-FFA25 at pH 5.2 after 36 mins (bottom spectrum) and 18h (top spectrum) at 

37°C.  The polymer-polymer Diels-Alder adduct peaks appear between 6.4 and 6.5 ppm 

(vinyl protons) and at 5.1-5.3 ppm (bridgehead proton). The bridge head proton of the 

Diels-Alder adduct at 5.1 – 5.3 ppm becomes visible in the bottom spectrum, after 36 min 

of reaction. The sharp signals at 7.4 and 6.3-6.4 ppm correspond to free furfurylamine, 

while the signal at 5.3ppm is attributed to the Diels-Alder adduct formed between PMM-

MAL and free FFA. MAS rate ~3500 Hz. 
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Figure A2.6. Force strain curve for PMM-FFA18/MAL24 hydrogel (10 w/v% total 

polymer concentration).  The measured forces are plotted as a function of strain (d3/2) and 

fitted to the equation: F = !"!!/!
!(!!!!) d

!/!.  The slope of the above strain curves are given as 

E*.  The elastic modulus can then be found from the average E* as 

 !!∗ =
!!!
!

!
!* =

!!!
! , where ν is the Poisson’s ratio (assumed to be 0.5) and E is the Young’s 

modulus.   
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Chapter!3!
!

Crosslinked!hydrogel!beads!formed!through!Diels8Alder!coupling!
of!Furan8!and!Maleimide8modified!Poly(methyl!vinyl!ether8alt8

maleic!acid)!within!a!calcium!alginate!template!
 

S. Alison Stewart, Mitchell A. Johnson, Nicholas A. D. Burke, Harald D. H. Stöver.  To 

be submitted.  

Alison Stewart primarily planned this study.  Alison Stewart synthesized all polymers 

and beads and carried out physical characterization tests.  Mitchell Johnson assisted with 

cell encapsulation studies.  Nicholas Burke and Harald Stöver provided experimental 

guidance and editing feedback of the manuscript.  

 
3.1.!! Abstract!

 
The formation of covalently crosslinked hydrogel beads by Diels-Alder coupling 

between polyanions modified with furan and maleimide groups is described.  

Poly(methyl vinyl ether-alt-maleic anhydride) was reacted with 15 – 30 mol% 

furfurylamine (FFA), or 2-aminoethylmaleimide (MAL), respectively, followed by 

hydrolysis of residual anhydride groups.  Aqueous solutions containing 0.5 - 1.5% w/v of 

each of the two resulting mutually reactive polyanions, PMM-FFA and PMM-MAL 

together with 1% w/v sodium alginate were extruded as droplets into a calcium chloride 

gelling bath.  The resulting beads retained 88-97% of the functionalized PMM polymers, 

demonstrating efficient entrapment of these two network formers within the calcium 

alginate hydrogel. Confocal fluorescence microscopy of PMM-FFA and PMM-MAL 

labelled with TAMRA-cadaverine and aminofluorescein, respectively, showed both 

polymers co-located with each other and with the calcium alginate, all showing a trough-

shaped density profile across the beads.  In-diffusion tests using 10 kDa to 500 kDa 

fluorescently labelled dextran showed approximate MW cut-offs between 70 k and 250 k.  

Citrate-extraction of calcium from these composite beads led to swelling, but preserved 

the integrity of the Diels-Alder crosslinked networks. Significantly, covalent networks 
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within the calcium alginate beads could be formed at much lower polymer concentrations 

than required in absence of calcium alginate, and at physiological pH, suggesting that the 

crosslinking reaction is strongly promoted within the calcium alginate beads.  

Encapsulated NIH 3T3 cells showed good viability after encapsulation, confirming cyto-

compatibility of these reactive polymers and their hydrogels.  

3.2.!! Introduction!

The transplantation of stem-cell-derived therapeutic cells encapsulated in semi-

permeable polymer hydrogel beads is a promising approach for the treatment of enzyme- 

and hormone-deficiency disorders such as insulin-dependent diabetes,1 Parkinson’s,2 

dwarfism3 and hemophilia,4 as well as certain types of liver5 and kidney6 failure.  Such 

hydrogel beads must protect the encapsulated cells from the host immune system,7 and 

protect the host from the tumorigenic potential of encapsulated stem cells,8 while serving 

as synthetic extracellular matrix (ECM) for the encapsulated cells.9  

Solutions of sodium alginate, a naturally occurring, linear polysaccharide 

composed of (1-4)-linked β-D-mannuronate (M) and α-L-guluronate (G) units,10 are 

commonly used to form such beads by gelation with divalent cations such as calcium, 

strontium and barium.11,12  The resulting beads are typically coated with poly-L-lysine 

(PLL) or other polycations to improve capsule strength and control permeability,13 and 

then with alginate to reduce the cationic charge density at the bead surface.14 While 

generally compatible with both the host and encapsulated cells, such capsules can 

weaken though cation loss,15 and can evoke immune responses through exposure of 

PLL15 leading to fibrotic overgrowth of the beads.16   

Covalently crosslinkable synthetic polymers incorporated into such alginate beads 

can mitigate gel weakening17,18 and enable longer-term immuno-protection.19  

Crosslinking occurs in the presence of cells and thus cannot include cytotoxic reagents, 

monomers, catalysts or by-products, and must occur readily under physiological 

conditions. While layer-by-layer deposition of oppositely charged and mutually reactive 

polyelectrolytes on the surface of preformed calcium alginate beads has been well 

demonstrated,20,21 another approach is to include one or both of the polymeric gel formers 
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within the calcium alginate bead, and avoid the use of polycations altogether.22,23,24 These 

reactive polymers should not interfere with the ionic gelation of alginate and show 

minimal out-diffusion from the hydrogel beads.   

Poly(methyl vinyl ether-alt-maleic anhydride) (PMMAn) is a commercially 

available polymer produced in a variety of molecular weights and easily functionalized 

via reaction of the anhydride groups with a nucleophile. Subsequent hydrolysis of 

residual anhydrides yields functional poly(methyl vinyl ether-alt-maleic acid) (PMM), a 

water-soluble polymer that is polyanionic under physiological conditions. Various PMM-

based polymers are used as pharmaceutical thickening and suspending agents, denture 

adhesives, and adjuvants for drug delivery systems.25,26,27,28  PMM is known to interact 

with calcium ions29 and will precipitate or gel at calcium chloride concentrations above 1 

M.30,31  Functionalized PMM has been previously reported31,32 and our group has shown 

that calcium alginate beads coated successively with PLL and partially hydrolyzed PMM 

showed good immune-protection of C2C12 cells in immuno-competent mice.30  

Diels-Alder coupling reactions between furan and maleimide-modified polymers 

are becoming increasingly popular for functionalizing or crosslinking biomaterials. The 

reaction does not require small-molecule catalysts or additives, and occurs readily under 

aqueous conditions.33 While the Diels-Alder reaction between furan- and maleimide-

modified polymers has been used to form bulk hydrogels, typically it must be carried out 

at pH 5.5 - 6.0 in order to limit competing hydrolysis of maleimide moieties.32 The 

present work demonstrates the first use of the Diels-Alder click reaction to reinforce 

alginate beads.  Described is a matched pair of furan- and maleimide-functionalized 

poly(methyl vinyl ether – alt – maleic acid)s, PMM-FFA and PMM-MAL, as reactive 

polyanions that undergo covalent crosslinking at low loading percentages at 

physiological pH 7.4 when entrapped within a calcium alginate bead.  PMM provides a 

common polyanionic backbone for both partners, while the moderate rate of Diels-Alder 

coupling, compared to alternate crosslinking approaches using nucleophile-electrophile 

pairs,34,35 ensures adequate time for mixing and bead formation.  The lack of enzymatic 

degradability of PMM offers the potential for long-term encapsulation, which is desirable 

for treatment of chronic endocrine disorders. Upon formation of a covalently crosslinked 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 
!

!
67 

network, the temporary calcium alginate scaffold may be extracted from the core, 

resulting in a completely synthetic matrix bead.  The combination of PMM-FFA/MAL 

within calcium alginate beads was found to dramatically accelerate the Diels-Alder 

reaction, withstanding liquefaction of the alginate template in as little as 15 minutes and 

reaching equilibrium after 4 - 6 h, compared to 24 h in bulk gels, and allowing for the 

reaction to occur at physiologically relevant pH 7.4, making it suitable for use in cell 

encapsulation.  Additionally, it allowed for significantly lower polymer-loading 

percentages of 0.5 - 1.5% w/v compared to 5 - 10% w/v needed for the bulk gel systems 

previously reported.32  

3.3.!! Experimental!Section!

3.3.1.  Materials 

Poly(methyl vinyl ether-alt-maleic anhydride) (PMMAn, Mn = 80kDa, Sigma-

Aldrich, Oakville, ON) was heated in a vacuum oven at 140°C for 5 days to ensure that it 

was completely in the anhydride form.30  5-Aminofluorescein, triethylamine, 2-(N-

morpholino)-ethanesulfonate hemisodium salt (MES),  N-hydroxysuccinimide (NHS), 1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), fluorescein isothiocyanate-

conjugated dextran (dextran-f; 10, 70, 250, 500 kDa), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) sodium salt, N,N-dimethylformamide, and 

furfurylamine (FFA) were purchased from Sigma Aldrich (Oakville, ON) and used as 

received.  Sodium alginate (Pronova UP MVG, batch no. FP-610-03) was purchased 

from NovaMatrix (Sandvika, Norway) and used as received.  Sodium chloride, sodium 

bicarbonate, acetonitrile and calcium chloride dihydrate (Reagent, Caledon Laboratories, 

Caledon, ON) and were used as received.  5(6)-((N-aminopentyl)amino) carbonyl) 

tetramethyl rhodamine (TAMRA-cadaverine or TAMRA-c) was purchased from Life 

Technologies Inc.  Deuterium oxide (99.99 atom% D, Cambridge Isotope Laboratories, 

Andover, MA) was used as received.  Tri-sodium citrate dehydrate was purchased from 

EMD Chemicals.  N-(2-aminoethyl)maleimide trifluoroacetic acid was purchased from 

Santa Cruz Biotechnology Inc. (CA, USA). 
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3.3.2.  Synthesis of PMM-FFA and PMM-MAL with 10 – 25 mol% FFA 

PMM-FFA and PMM-MAL, both unlabelled and with TAMRA-cadaverine and 

fluoresceinamine labelling, respectively, were prepared as previously described.32  

Briefly, 0.500 g (3.2 mmol anhydride) PMMAn was dissolved in 10 mL acetonitrile to 

form a 5% w/v solution.  Triethylamine (150 µL, 1.1 mmol) and TAMRA-cadaverine 

(3.3 mg, 0.0065 mmol, 0.2 mol% relative to anhydride groups in PMMAn) were 

dissolved in 0.33 mL DMF, added to the PMMAn solution and allowed to stir at room 

temperature overnight.  FFA diluted in 2 mL acetonitrile was then added dropwise over a 

few minutes, at different molar ratios to achieve different degrees of furan substitution.  

After 24 h at room temperature, the mixture was diluted with 40 mL distilled water, 1.0 

N NaOH was added slowly until the polymer became soluble, and the resulting solution 

was dialyzed against distilled water (adjusted to pH 7 and changed daily) for four days 

using cellulose dialysis tubing (molecular weight (MW) cut-off 3500 Da, Spectrapor).  

The dialyzed solution was freeze-dried to give PMM-FFAxr as a pink powder. The 

degree of substitution (DS) was determined by 1H-NMR in D2O on a Bruker AV-600 

NMR spectrometer, comparing the signals for furan protons at 6.25, 6.35 and 7.40 ppm 

to the signal for two PMM methylene backbone protons at 1.85 ppm. The degree of 

TAMRA-cadaverine labelling was determined by UV-Vis absorbance.   

Similarly, PMM-MAL was prepared by dissolving 0.500 g PMMAn in 10 mL 

acetonitrile, followed by addition of triethylamine (150 µL, 1.1 mmol) and 

aminofluorescein (0.5 mol% relative to anhydride groups) in 0.33 mL DMF.  The 

reaction was allowed to stir in the dark overnight. N-(2-aminoethyl)maleimide 

trifluoroacetate was dissolved in 1 mL of a 10:1 mixture of acetonitrile and DMF and 

added dropwise to the stirring PMMAn solution.  The molar ratios of N-(2-

aminoethyl)maleimide trifluoroacetate were varied to achieve different degrees of 

maleimide substitution.  After 24 h of mixing at room temperature, in the dark, the 

mixture was diluted with distilled water, and dialysed against distilled water adjusted to a 

pH of 5.5 and changed daily for four days.  The solution was freeze-dried to give PMM-

MALyf as a yellow powder.  The DS was determined by 1H-NMR in D2O on a Bruker 

AV-600 NMR spectrometer, comparing the signals for the two maleimide vinyl protons 
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at 6.75 ppm with those for the methylene backbone protons at 1.85 ppm.  The degree of 

fluorescein labelling was determined using UV-vis absorbance.  Other PMM-FFAx and 

PMM-MALy derivatives, both labelled and unlabelled, were prepared analogously, as 

reported in Table 3.1. 

3.3.3.  Fluorescent Labelling of Alginate 

 Fluoresceinamine was used to label alginate via EDC coupling at the carboxylic 

acid groups.  The procedure used was modified from that described by Donati et al.36  

Briefly, to a 0.3% w/v alginate solution (300 mg) in MES buffer (100 mL, 0.1 M, pH 

4.5), fluoresceinamine dissolved in MeOH (1 mol%, 4.7 mg, 0.1% w/v) was added 

dropwise, followed by NHS (267 mg, 170 mol%, 1% w/v) and EDC (360 mg, 170 mol%, 

1% w/v) in water.  The solution was allowed to react in the dark overnight at room 

temperature and was then dialyzed against NaHCO3 (0.1 M) for two days, followed by 

distilled water for three days.  Before freeze drying, the pH was adjusted to 7.4.  The 

freeze-dried material, alginate-f, was a yellow powder with 0.27% fluorescein labelling, 

determined using UV-vis absorbance.    

3.3.4.  Preparation of Alginate PMM-FFAx/PMM-MALy Matrix Beads 

A solution of sodium alginate (1.25% w/v) in HEPES buffer (800 µL, 50 mM, pH 

7.4) was added to a 200 µL solution of PMM-MALyf  (10 mg) and PMM-FFAxr (10 mg) 

in water, to give final concentrations of 1% w/v alginate, and 1% w/v each PMM-MALyf 

and PMM-FFAxr.  The solution was briefly vortexed to ensure complete mixing, then air-

sheared through a 27 gauge needle into 50 mL of gelling bath containing 0.45% w/v (77 

mM) NaCl and 1.1% w/v (100 mM) CaCl2 using a syringe pump set to a flow rate of 0.5 

mL/min.  A dense suspension of the resulting beads (ca. 1 mL) were collected and stored 

at 37 °C.  Bead diameter was measured using an optical microscope set to transmission 

mode and a 5x magnification lens.  At least 100 beads were measured to calculate the 

average bead diameter and standard deviation.  An analogous procedure was used to 

prepare beads composed of 1.0% w/v alginate and 0.5% w/v, 1.0% w/v and 1.5% w/v of 

each of PMM-MALy and PMM-FFAx, with both labelled and unlabelled polymers.   
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Bead stability over time was measured by rinsing 250 µL of beads from each of 

the nine sets prepared (0.5, 1.0, 1.5% w/v each of PMM-FFA11r/MAL11, PMM-

FFA18r/MAL15, PMM-FFA25r/MAL25) with two 2.5 mL washes of sodium citrate.  

Beads were incubated in sodium citrate for 24 h at 37 °C to allow for complete 

liquefaction of the alginate template. Beads were then rinsed twice with 2 mL of saline 

and stored at 37 °C.  A small aliquot was removed and bead diameters were measured at 

set time points using the microscope on transmitted light mode.   

The effect of varying concentrations of sodium alginate was investigated by 

preparing beads composed of 1.5, 1.2, 1.0, 0.8 and 0.5% w/v alginate and 1.0% w/v each 

PMM-FFA18r/MAL15.  The pH of the solutions was adjusted to 7.1 ± 0.2.  Beads were 

incubated at 37 °C for 48 h, followed by treatment with sodium citrate (70 mM).  Bead 

diameters were measured using the microscope on transmitted light mode. 

3.3.5.  Polymer Trapping Efficiency 

 A small amount of gelling bath supernatant from the gelled matrix beads was 

removed immediately after bead formation and measured using a UV-vis spectrometer.  

The concentration of fluorescent material in the supernatant was then used to determine 

the percentage of polymer trapped within the alginate matrix bead.  To test for potential 

polymer leaching from the formed matrix beads, a small amount of supernatant was 

removed from a solution of beads that had been incubated in sodium citrate for one week 

and measured using a UV-Vis spectrometer. 

3.3.6.  Covalent Crosslinking vs. Bead Formation Time 

Matrix beads were tested for covalent crosslinking by placing approximately 20 

beads into a well on a glass microscope slide.  The supernatant was removed with a 

Kimwipe and replaced with 200 µL of sodium citrate (70 mM).  The beads were 

observed for one hour using epifluorescence mode on the microscope.  Beads were 

challenged with sodium citrate 10 - 15 minutes after initial formation, and at subsequent 

time points, until covalent crosslinking was observed.  To ensure that the beads remained 

intact due to covalent crosslinking, control beads composed of alginate (1% w/v) and 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 
!

!
71 

FFA12-25r (2% w/v) and alginate (1% w/v) and MAL9-24f (2% w/v) were incubated at 

37 °C for 24 h and then placed in 70 mM sodium citrate. 

3.3.7.  Bead Swellability  

Matrix beads were allowed to incubate at 37 °C for at least 24 h to ensure 

completion of the Diels-Alder crosslinking reaction.  Approximately 300 beads were 

placed into a glass vial, and the supernatant was removed.  The beads were rinsed with 1 

mL of sodium citrate, which was then removed and replaced with 3 mL of fresh sodium 

citrate.  The beads were gently agitated for 6 - 7 h and then observed and measured using 

the epifluorescence setting on the microscope.  At least 100 beads were measured to 

determine the average bead diameter and standard deviation.  

3.3.8.  Measurement of Capsule Permeability using Fluorescently-Labelled Dextran  

Alg-PMM-FFAx/PMM-MALy bead permeability was evaluated using 

fluorescently labelled dextran (dextran-f) with MWs of 10, 70, 250 and 500 kDa.  For 

each measurement, approximately 50 beads were placed in a 2 mL conical vial. The 

beads were covered with 1.5 mL of 0.1% w/v dextran-f in HEPES buffer and gently 

agitated for 24 h to ensure complete and even indiffusion of dextran-f.  Similarly, beads 

were treated with 70 mM sodium citrate for 24 h to liquefy the alginate and induce 

swelling.  The beads were then removed from the citrate and placed into dextran-f 

solutions as described above.  All beads were examined by confocal fluorescence 

microscopy and the fluorescent intensities from the central ca. 25% area of the beads as 

well as from the surrounding solution were obtained using NIS-Elements (Nikon) 

software (n = 4). The ratio of intensities of the bead centre and surrounding solution were 

reported, in order to compensate for any possible photobleaching.  The measurement was 

conducted in quadruplicate for each dextran-f MW.   

3.3.9.  Cell Encapsulation Procedure 

A sterile filtered (0.2 µm) solution of PMM-FFA17/MAL14 in HEPES-buffered 

saline was added to sterile filtered (0.2 µm) alginate (2% w/v) along with a NIH 3T3 Mus 

musculus fibroblasts cell suspension in HEPES-buffered saline to give a final 
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concentration of 2 million cells/mL, 1% w/v alginate and 1% w/v each PMM-FFA17 and 

PMM-MAL14.  This solution was kept on ice and beads were prepared as described 

above by shearing the alginate solution through a 27 gauge flat tipped needle into three 

separate HEPES-buffered CaCl2 gelling baths on ice.  0.3 mL of dense bead suspension 

from each gelling bath was transferred to conical vials and washed once with media 

before being transferred to a 24-well plate and diluted with 2 mL of media.  Cells were 

incubated at 37 °C with 5% CO2 for 7 days with a media change on day 4.  Control beads 

containing 1% w/v alginate and 2 million cells/mL 3T3 cells were prepared in an 

analogous fashion.  

3.3.10. Cell Viability  

The cytotoxicity of the beads to NIH 3T3 fibroblasts was explored using a 

live/dead calcein AM/ethidium homodimer-1 (EthD-1) assay. The fibroblasts were 

cultured in tissue culture flasks in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% v/v Bovine Calf Serum (BCS) and 1% v/v 

Penicillin/Streptomycin (PS) in a 5% CO2 environment at 37 oC with 100% humidity in a 

water-jacketed incubator. When 75-80% confluency was reached, cells were washed with 

PBS (pH 7.4, Invitrogen) and detached using 0.25% Trypsin-EDTA (1X) phenol red. 

After encaspulsation and subsequent incubation, the live/dead assay was used to 

determine cell viability and examine the cytotoxicity on the encapsulated cells. Calcein 

AM/EthD-1 solution (50 µL of 2 µM calcein AM and 4 µM EthD-1 in sterile HEPES-

buffered saline) was added to each well and incubated at room temperature for 20 

minutes. Fluorescence images were obtained using a Nikon Eclipse Ti confocal 

microscope. Cell viability was calculated by counting the number of live and dead cells.  

Live/dead assays were conducted on days 0, 1, 3 and 7 and z-stacks of 3 beads per 

replicate were obtained.   
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3.4.!! Results!and!Discussion!

3.4.1.  Preparation of CaAlg - PMM-FFA/PMM-MAL Matrix Beads  

PMMAn can serve as a useful scaffold for the preparation of reactive polymers 

and hydrogels. Functionalization was achieved by reaction of PMMAn with either 

furfurylamine or N-(2-aminoethyl)maleimide. Amine nucleophiles were selected due to 

the hydrolytically stable (at physiological pH) amide linkages between the PMM 

backbone and reactive moieties.  

PMM-FFAx derivatives were prepared in a single step by reacting furfurylamine 

with PMMAn in acetonitrile in presence of tertiary amine.  Varying the molar ratios of 

furfurylamine to anhydride gave access to PMM-FFAx with different DS, defined as the 

number of furans per anhydride repeat unit.  Reaction with a small amount of TAMRA-c 

prior to furfurylamine addition resulted in analogous, rhodamine-labelled PMM-FFAxr 

(Table 3.1).  Due to steric hindrance, TAMRA-c reacts more slowly than furfurylamine 

with PMMAn and thus is added first.  PMM-MALy derivatives were prepared in a similar 

one-step fashion by reacting N-(2-aminoethyl)maleimide with PMMAn in acetonitrile in 

various molar ratios.  Fluorescent labelling was achieved via reaction with a small 

amount of fluorescein amine.     

Table 3.1. DS of PMM-FFAr and PMM-MALfa 

  DS   DS fluorophore  
modified PMM actual (target)   actual (target) 

FFA11r 11 (15) 
 

0.13 (0.2) 
FFA18r 18 (25) 

 
0.14 (0.2) 

FFA23r 23 (30) 
 

0.15 (0.2) 
FFA12 12 (15) 

 
N/A 

FFA16 16 (25) 
 

N/A 
FFA25 25 (30) 

 
N/A 

MAL9f 9 (15) 
 

0.39 (0.5) 
MAL17f 17 (25) 

 
0.18 (0.5) 

MAL24f 24 (30) 
 

0.59 (0.5) 
MAL11 11 (15) 

 
N/A 

MAL15 15 (25) 
 

N/A 
MAL25 25 (30) 

 
N/A 
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    a “r”: rhodamine-cadaverine labelled; “f”: fluorescein labelled.    

To evaluate the ability of PMM-FFAx and PMM-MALy to form crosslinked 

hydrogels within the calcium alginate matrix, matrix beads were prepared by extruding a 

1% w/v alginate solution containing between 0.5 – 1.5% w/v each PMM-FFAxr and 

PMM-MALyf into a calcium chloride gelling bath.  In all cases, the beads were of similar 

size and shape as those formed using alginate alone, indicating that the presence of 

PMM-FFA/MAL does not inhibit alginate gelation.  For example, the beads formed from 

1% w/v alginate and 1% w/v PMM-FFA11r and 1% w/v PMM-MAL9f were spherical 

with smooth surfaces and an average diameter of 522µm ± 22µm.  While the average 

diameter showed minor batch-to-batch variations, they fell between 471 – 525 µm with 

standard deviations ≤ 36 µm (table A3.1). 

Table 3.2. Percentage of polymer entrapped within matrix beads 

Bead Composition % Polymer Entrapped 
  FFAxr MALyf 

Alg (1%)/FFA11r (1%)/MAL9f (1%) 88%  96% 
Alg (1%)/FFA18r (1%)/MAL17f (1%) 88%  93% 
Alg (1%)/FFA23r (1%)/MAL24f (1%) 89%  97% 
!

Fluorescent labelling of both PMM-FFA and PMM-MAL was possible due to a 

higher number of functional groups per chain compared with commonly used bi- or tetra-

functional polymers.  UV-vis analysis of the calcium chloride gelling bath post-bead 

gelation indicated loss of 3 to 12% of each of the labelled polymers during gelation. This 

relatively low polymer loss indicates that the polymers are effectively trapped within the 

forming calcium alginate gel.  This is a substantial improvement over previous work that 

showed up to 60% loss of reactive polymer during alginate bead gelation.22  Alginate 

droplets typically shrink to about 50% of their original volume upon calcium gelation37,38 

during which solvent and other components that are not readily entrapped are lost to the 

bath.  It was of further interest to determine whether there was subsequent leaching of 

PMM-FFAxr or PMM-MALyf after initial bead formation.  Beads were stored in a fresh 

solution of gelling bath for one week, after which a small sample of the supernatant was 
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removed and measured for fluorescence using UV-vis spectroscopy.  No detectable 

amount of fluorescence was found, indicating that PMM-FFAxr and PMM-MALyf 

remain effectively entrapped within the beads following initial gelation.   

Developing materials that are suitable for long-term cell encapsulations is one of 

the motivations behind this project, making long-term stability of the beads a critical 

feature.  Bead stability was monitored over a six-week period.  Matrix beads were 

initially treated with sodium citrate to liquefy the alginate scaffold, leaving the Diels-

Alder crosslinked matrix intact.  Beads were then rinsed and stored in saline at 37 °C and 

at set time points were removed and bead diameter was measured using a microscope on 

transmitted light mode.  It was found that 0.5% w/v beads of all functionalization 

percentages withstood the initial citrate challenge but were very weak and broke apart 

before the second time point at two weeks.  Other bead compositions seemed to reach a 

swelling equilibrium after 4 weeks, and all remained intact after 6 weeks of incubation.     

Figure 3.1 shows the resulting swell ratios (diameter after and before calcium extraction) 

for 1 and 1.5 % w/v polymer loading. The slow swelling of the beads following calcium 

extraction is thought to reflect slow partial disentanglement of the crosslinked PMM 

network.!

 

Figure 3.1. Matrix bead stability over time, following alginate scaffold liquefaction.   
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   The effect of alginate concentration on bead swelling was investigated.  Alginate 

concentrations ranging from 0.5 – 1.5% w/v were used to prepare matrix beads with 1% 

w/v each PMM-FFA18r/MAL14.  After covalent crosslinking was complete, beads were 

treated with sodium citrate and diameters were measured and swell ratios were 

calculated.  It was found that swell ratios decreased from 0.5 to 1.0% w/v sodium 

alginate loading, and then increased from 1.0 to 1.5% w/v.  This demonstrates the 

synergistic effect between alginate and PMM-FFAx/MALy in facilitating the Diels-Alder 

crosslinking reaction.  At lower alginate concentrations, the effect is less pronounced and 

crosslinking is less effective.  However, when alginate concentration becomes too high, 

the crosslinking is inhibited and beads show higher post-citrate swelling as a result.  

!   

Figure 3.2. Swellability of 1% w/v PMM-FFA18r/MAL14 beads as a function of alginate 

concentration.  

3.4.2.  Fluorescently Labelled Alginate 

 Calcium alginate serves as a temporary scaffold in these matrix beads.  Over time, 

as calcium ions are exchanged with sodium, the scaffold will dissolve.  It was of interest 

to map out the distribution of alginate within the matrix beads, relative to PMM-

FFA/MAL, and to explore the fate of alginate upon calcium chelation with sodium citrate 

and subsequent liquefaction of the scaffold.  Alginate was fluorescently labelled using 

EDC coupling between fluoresceinamine and the carboxylic acid groups on sodium 

alginate.  Beads containing alginate-f were prepared as described above.  It was found 

that alginate and the functionalized PMMs had very similar radial distributions 

throughout the beads (figure 3.3), with a higher concentration at the surface of the beads.  
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This confirmed that calcium alginate behaves as a template, facilitating the Diels-Alder 

crosslinking of PMM-FFA/MAL, and resulting in a covalently crosslinked network that 

mimics the initial distribution of alginate. After the beads were treated with sodium 

citrate, alginate distribution became homogenous as the alginate was liquefied and began 

to diffuse into the supernatant.          

  

Figure 3.3. Line profile showing the distribution of fluorescent intensities of A) 1% w/v 

alginate-f and B) 1% w/v PMM-FFA23r throughout a matrix bead composed of 1% w/v 

alginate-f, 1% w/v each PMM-FFA23r/MAL25. Scale bars are 500 µm.     

3.4.3.  Covalent Crosslinking vs. Bead Formation Time 

It was important to determine whether the reactive polymers were able to 

covalently crosslink inside the matrix beads, as well as how long it took for the 

crosslinking reaction to complete. PMM-FFAxr/MALyf beads were exposed to sodium 

citrate, a calcium chelator that results in liquefaction of the alginate scaffold.  Similar 

tests have been reported,30 and upon dissolution of the ionically gelled alginate, only 

covalent crosslinks remain to preserve the structure of the matrix beads.  After the initial 

ionic gelation in calcium chloride, matrix beads that contained alginate and both PMM-

FFAxr and PMM-MALyf were placed in a well on a glass microscope slide and exposed 
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to sodium citrate.  For all compositions, beads that were allowed to gel for 10 - 15 

minutes either did not remain intact upon exposure to citrate, or swelled and became 

deformed, indicating insufficient covalent crosslinking had occurred (figure 3.4). 

!

 

Figure 3.4. Swelling of PMM-FFAxr/MALyf beads exposed to sodium citrate for 1 h at 
A: 15 minutes, B: 1.5 – 2.5 h, and C: 6 – 7 h post-bead formation.  Scale bars are 500 
µm.   

  With increasing incubation time after bead formation, the degree of swelling after 

citrate exposure decreased, indicating further Diels-Alder crosslinking.  Matrix beads 

composed of PMM-FFA11r/MAL9f required up to 6.5 h incubation to remain intact, 

though still showed a high degree of swelling, and a heterogeneous distribution of 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 
!

!
79 

labelled polymer.  This heterogeneity likely reflects areas of different crosslink density.  

Matrix beads composed of PMM-FFA18r/MAL17f remain intact after 1.25 h of 

crosslinking time.  The post-citrate swelling of these beads decreased substantially 

between 1.25 h and 3 h, indicating further crosslinking can take place during the 

extended time. Beads composed of PMM-FFA23r/MAL24f remained intact and did not 

deform at 2.5 h.  There appeared to be little difference in bead swelling between 2.5 h 

and 6 h, which suggests that the beads are fully crosslinked after 2.5 h.  The time required 

for the Diels-Alder crosslinking reaction to reach completion is significantly shorter than 

that reported for bulk gel systems, and occurs under physiological pH 7.4, rather than pH 

5.5 - 6.0 as is required for the analogous bulk (alginate-free) Diels-Alder gelling 

reactions.  These factors indicate that the calcium alginate scaffold aids in accelerating 

the reaction within alginate beads, rendering the competing maleimide hydrolysis  much 

less significant.32   

Control beads were prepared using 1% w/v sodium alginate solutions containing 

2% w/v of either PMM-FFAxr or PMM-MALyf.  These beads were expected to dissolve 

upon exposure to sodium citrate, due to the lack of covalent crosslinking.  As expected, 

all control samples dissolved after a 1 h exposure to 70 mM sodium citrate, using the 

method described above.  To further confirm that the control beads were not covalently 

crosslinked and the polymer chains were mobile within the beads, small regions within 

the beads were photobleached prior to citrate treatment using a confocal microscope.  

The beads exhibited between 38 – 57% fluorescent recovery within 1 h after FRAP, 

indicating significant mobility of the fluorescently labelled polymer chains.  In 

comparison, beads composed of PMM-FFAxr/MALyf exhibited between 6 – 12% 

fluorescent recovery within 1 h, confirming that the majority of polymer chains were 

fixed in place due to covalent crosslinking (figures A3.3 and A3.4).       

3.4.4.  Bead Swellability 

In order to examine the degree of swelling upon citrate extraction of calcium as a 

function of bead composition, crosslinked beads were exposed to citrate and the bead 

diameter was measured.  The matrix beads had been allowed to crosslink in gelling bath 

at 37 °C for at least 24 h to ensure that covalent crosslinking was complete.  Beads were 
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treated with a large excess of sodium citrate and gently agitated for 6 - 7 h to ensure 

complete chelation of calcium from the beads.  All nine compositions of matrix beads 

remained intact after the citrate extraction, which indicates that they were sufficiently 

crosslinked via the Diels-Alder reaction between PMM-FFAxr and PMM-MALyf.  The 

beads composed of PMM-FFA11r/MAL11 exhibited the highest degree of swelling 

(table A3.1) with a swell ratio of 1.9.  This was expected as PMM-FFA11r/MAL11 has 

the lowest number of functional groups and therefore lower degrees of crosslinking.  

Beads composed of PMM-FFA18r/MAL15 and PMM-FFA23r/MAL25 both had 

comparable swell ratios.  It is possible that once a certain number of crosslink points are 

achieved, chain mobility is sufficiently decreased that no more crosslinks are able to 

form.  Additional functional groups would remain unreacted and therefore would not 

affect the degree of swelling of the beads.              

!  

Figure 3.5. The swell ratio of matrix beads were calculated by measuring bead diameters 

before and after sodium citrate treatment and taking the ratio of the two values.   

The citrate supernatant was removed and measured using UV-vis spectroscopy to 

determine whether any uncrosslinked, liquid polymer was released during citrate 

extraction.  No fluorescence was detected, suggesting that all the polymer chains are 

covalently bound via the Diels-Alder crosslinking reaction.   
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3.4.5.  Measurement of Capsule Permeability  

Hydrogel beads are meant to provide immune protection for encapsulated cells or 

islets.  They serve as a semi-permeable membrane and must allow for the in-diffusion of 

oxygen and nutrients to the encapsulated cells, while simultaneously permitting the out-

diffusion of therapeutic agents such as insulin to the surrounding environment.  The 

beads should also limit the access of the immune system to encapsulated cells by 

excluding antibodies and cytokines.  In-diffusion studies of fluorescently labeled dextran 

showed that 10 and 70 kDa dextrans were able to readily diffuse into most beads. The 

250 and 500 kDa dextrans were partially excluded from the beads, indicating that the 

matrix beads show differential permeability for lower and higher-MW species. As 

expected, citrate treated beads show higher permeability compared with untreated beads 

of analogous polymer loading percentages, attributed to the swelling of the polymer 

network.  For all matrix bead compositions, 10 and 70 kDa dextran readily diffused into 

the beads.  However, 250 and 500 kDa dextran could be partially excluded from the 

beads by increasing the polymer loading percentage to 1.0 or 1.5% w/v.  Polymer loading 

percentage was found to have a greater effect on bead porosity than functionalization 

percentage.  This fits with the swell ratio data that indicate that swelling is a function of 

loading percentage and not functionalization percentage which makes sense as porosity is 

a function of swelling.  This trend is similar to previously reported results for core-

crosslinked alginate beads where 10 and 70 kDa dextrans freely diffused into the beads, 

while 250 and 500 kDa dextrans were almost completely excluded.22    
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!

Figure 3.6. In-diffusion of dextran-f into citrate-treated matrix beads composed of A) 

PMM-FFA11r/MAL11, B) PMM-FFA18r/MAL15, C) PMM-FFA23r/MAL25. Image D 

shows the indiffusion of i) 10 kDa, ii) 70 kDa, iii) 250 kDa, and iv) 500 kDa dextran-f 

into citrate-treated matrix beads composed of 1.5% w/v each PMM-FFA11r/MAL11.    

3.4.6.  Cell Encapsulation and Cytotoxicity Study 

 The viability of encapsulated NIH 3T3 cells was assessed over a one-week period 

using calcein AM/ethydium homodimer live/dead assay to determine the percentage of 

live cells to dead cells in each bead.  Initial (days 0 and 1) analysis showed that a similar 

percentage (~90%) of the cells were alive in both the alginate control and the PMM-

FFA18/MAL14 matrix beads, indicating that the encapsulated cells were not negatively 

affected by the Diels-Alder crosslinking or the presence of PMM-FFA/MAL and readily 

survive the encapsulation process.  Cell viability in both control and matrix beads 

decreased slightly to 76% and 67% respectively on day 3, likely due to the fact that NIH 

3T3 cells are attachment dependant and no attachment sites were provided in either the 

alginate or matrix beads.  Cell viability on day 7 was significantly lower for cells 
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encapsulated in the matrix beads (49% compared with 72%).  This highlights the need to 

incorporate cell adhesion proteins such as RGD in the matrix beads to ensure long-term 

cell viability in attachment-dependent cells.  

 

Figure 3.7. Calcein AM/Ethydium homodimer Live/Dead assay of encapsulated NIH 3T3 

cells on days 0 and 7 for i) calcium alginate control (confocal slice, with brightfield), ii) 

calcium alginate control (3D confocal z-stack), iii) 1% w/v PMM-FFA16/MAL15 

(confocal slice, with brightfield) and iv) 1% w/v PMM-FFA16/MAL15 (3D confocal z-

stack).  Scale bars are 250 µm.  
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!    

Figure 3.8. Ratio of live cells in both alginate control and 1% w/v each PMM-

FFA16/MAL15 beads. 

3.5.! Conclusions!

 Calcium alginate beads were used to template the covalent Diels-Alder reaction 

between diene- and dienophile-modified PMM.  The properties of the resulting 

crosslinked matrix beads may be tuned by varying the loading percentage, and to some 

extent the degree of functionalization, of these reactive gel forming polymers in the 

alginate beads.  The Diels-Alder reaction between PMM-FFA/MAL is significantly 

accelerated within the calcium alginate matrix, allowing for rapid gelation at 

physiological pH.  Encapsulated NIH 3T3 cells exhibited high viabilities after the 

encapsulation process and during Diels-Alder crosslinking, indicating that modified 

PMM-FFA/MAL matrix beads may be a promising approach for use in cell encapsulation 

applications.    
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3.8.!! Appendix!

!

 

Figure A3.1. 1H-NMR of PMM-MAL11 in D2O using water suppression.  The ratio of 

the maleimide vinyl signal at 6.81ppm (i) to the backbone methylene signal (D) was used 

to determine the percent functionalization with MAL. 
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Figure A3.2. 1H-NMR of PMM-FFA18r in D2O.  The ratio of the furan vinyl signals (at 

6.25 (iii), 6.35 (ii), and 7.40 (i) ppm) to the backbone methylene signal (D), was used to 

determine the percent functionalization with FFA. 
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Table A3.1. Swell ratio of beads, measured before and after citrate treatment using Nikon 

microscope set to transmitted light mode.  All bead diameters are listed in µm. 

Polymer( Loading(%( Post(Citrate( Stdev( Pre(Citrate( Stdev( Swell(Ratio( Stdev(

F11r8M11! 0.5%! 981.24! 104.95! 511.21! 35.56! 1.92! 0.24!

F11r8M11! 1.0%! 763.12! 22.86! 471.09! 13.22! 1.62! 0.07!

F11r8M11! 1.5%! 727.36! 58.9! 478.16! 21.08! 1.52! 0.14!

!! !! !! !! !! !! !!

!F18r8M15! 0.5%! 866.28! 72.23! 480.76! 28.27! 1.80! 0.18!

F18r8M15! 1.0%! 793.66! 59.66! 528.63! 32.91! 1.50! 0.15!

F18r8M15! 1.5%! 759.84! 51.47! 528.67! 19.42! 1.44! 0.11!

!! !! !! !! !! !! !!

!F23r8M25! 0.5%! 875.65! 50.5! 499.95! 16.25! 1.75! 0.12!

F23r8M25! 1.0%! 802.77! 59.78! 511.97! 26.33! 1.57! 0.14!

F23r8M25! 1.5%! 706.94! 30.89! 525.31! 20.65! 1.35! 0.08!

!

Bead swell ratio was seen to decrease, both as loading percentage of PMM-

FFA/MAL was increased from 0.5% to 1.5% w/v each, and as the functionalization 

percentages of PMM-FFA and PMM-MAL increased from 11% to 23 and 25% 

respectively.    

!

!

!
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Figure A3.3. Fluorescence recovery after photobleaching for alginate-templated 1.0% 

w/v PMM-FFA12/MAL9f and PMM-FFA16/MAL17f beads as well as alginate-

templated 2.0% w/v PMM-MAL9f and PMM-MAL17f control beads that have no 

covalent crosslinks.  
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Figure A3.4. Confocal microscope images showing fluorescence recovery after 

photobleaching for A) alginate-templated 1.0% w/v PMM-FFA12/MAL9f  beads and B) 

2.0% w/v PMM-MAL17f control beads that have no covalent crosslinks at at t = 0 min 

and t = 60 mins post-photobleaching. Scale bars are 250 µm.  

 Minimal amounts of fluorescence recovery were observed for covalently 

crosslinked beads, while control beads of homopolymer exhibited a much higher degree 

of recovery after photobleaching, as expected due to the lack of covalent crosslinking.  

!
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!

Figure A3.5. Graph showing the ratio of fluorescent intensity inside and outside alginate-

f templated beads at set timepoints before and after citrate treatment.   
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Figure A3.6. Confocal fluorescence images showing PMM-FFA11r/MAL11 alginate-f 

template beads prior to citrate treatment, and 24 h and 20 days post-citrate treatment.  

Scale bars are 250 µm. 

After citrate treatment and subsequent liquefaction of the alginate-f template, 

beads swelled and alginate-f was observed in the supernatant.  The ratio of fluorescence 

intensity inside the beads and in the supernatant was measured over time and was found 

to increase as more alginate escaped the beads, leading to increased fluorescence in the 

supernatant and decreased fluorescence within the beads themselves.  

!
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Chapter!4!

Synthetic!Hydrogels!formed!by!Thiol9Ene!Crosslinking!of!Vinyl!
Sulfone9functional!Poly(Methyl!Vinyl!Ether9alt9Maleic!Acid)!with!

α,ω9Dithio9Polyethyleneglycol!
 

S. Alison Stewart, Michael B. Coulson, Christal Zhou, Nicholas A. D. Burke  and Harald 
D. H. Stöver.  Accepted by Soft Matter on 31 August 2018, ID: SM-ART-05-2018-
001066.R1. 
 
Alison Stewart primarily developed and supervised the project and experimental methods 

and contributed to writing the manuscript.  Michael Coulson synthesized all polymers 

and hydrogels and carried out physical characterization tests and contributed to writing 

the  manuscript.  Christal Zhou assisted with cell viability studies and contributed to 

writing the cell viability section.  Nicholas Burke and Harald Stöver provided 

experimental guidance and editing feedback of the manuscript.  
  
4.1.!! Abstract!!

Polymer hydrogels formed by rapid thiol-ene coupling of macromolecular gel 

formers can offer access to versatile new matrices. This paper describes the efficient 

synthesis of cysteamine vinyl sulfone (CVS) trifluoroacetate, and its incorporation into 

poly(methyl vinyl ether-alt-maleic anhydride) (PMM) to form a series of CVS-

functionalized poly(methyl vinyl ether-alt-maleic acid) polymers (PMM-CVSx) 

containing 10 to 30 mol% pendant vinyl sulfone groups. Aqueous mixtures of these 

PMM-CVS and a dithiol crosslinker, α,ω-dithio-polyethyleneglycol (HS-PEG-SH, Mn = 

1 kDa), gelled through crosslinking by Michael addition within seconds to minutes, 

depending on pH, degree of functionalization, and polymer loading. Gelation efficiency, 

Young’s modulus, equilibrium swelling and hydrolytic stability are described, and step-

wise hydrogel post-functionalization with a small molecule thiol, cysteamine, was 

demonstrated. Cytocompatibility of these crosslinked hydrogels towards entrapped 3T3 

fibroblast was confirmed using a Live/Dead fluorescence assay. 
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4.2.! !Introduction!

The extracellular matrix (ECM), composed of proteins and polysaccharides, is a 

critical component of all biological tissues, and key to cellular health.  Macromolecular 

hydrogels show many features reminiscent of natural ECMs and are hence being explored 

for use as ECM mimics in regenerative medicine. 1,2,3,4 They can provide structural 

integrity to tissue constructs,5,6 control drug delivery,7,8 and serve as immuno-isolation 

barriers for transplantation of therapeutic cells.9,10,11  

 Both biological and synthetic macromolecules are being explored for hydrogel 

formation.12, 13 While biologically derived materials tend to face fewer regulatory hurdles 

then their synthetic counterparts, issues such as batch-to-batch variation,5 biological 

impurities,14 and poor control over mechanical properties15 have spurred a desire for fully 

synthetic hydrogels.13  

 Synthetic, covalently crosslinked gels offer long-term mechanical stability, and 

the ability to tune physical properties through, e.g., composition, crosslink density10, 16, 

and polymer loading. They are chemically defined, scalable, and increasingly employ 

rapid click crosslinking chemistry,17, 18, 19 including the thiol-ene Michael addition, a 

conjugate thiolate addition to electron poor olefins.20 Thiol-ene pairs reported include 

thiol-maleimide,21,22 thiol-(meth)acrylate,23,24 thiol-norbornene,25, 26 thiol-allylether,27 and 

thiol-vinylsulfone.28  

! This work describes hydrogels formed by rapid29 and irreversible26, 30  dithiol-

crosslinking of vinylsulfone-functional water-soluble polyanions.  While poly(ethylene 

glycol) (PEG) has been widely used to prepare crosslinked hydrogels, 31 , 32 , 33  its 

functionalization is restricted to the chain ends. To increase versatility,34, 35, 36  we 

focussed on poly(methyl vinyl ether–alt–maleic anhydride) (PMMAn), a commercially 

available polymer already used for biomedical applications.37, 38 The anhydride groups 

enable functionalization,39, 40 while its hydrolyzed form, poly(methyl vinyl ether-alt-

maleic acid) (PMM), can electrostatically complex with polycations and multi-valent 

metal cations. Both PMMAn and PMM have been used to coat cell-containing 

capsules.41,42,43 Mixtures of PMM functionalized with furan and maleimide, respectively, 

were found to gel within hours to form bulk Diels-Alder crosslinked hydrogels.44    
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Here, PMMAn functionalized with vinyl sulfone groups is shown to rapidly 

crosslink with PEG-dithiols to form new, hydrolytically stable hydrogels. Key aspects of 

this work are the efficient synthesis of cysteamine vinyl sulfone (CVS) as the 

trifluoroacetate salt, and its introduction into PMMAn. Gelation rate with PEG-dithiol, 

gel swellability, crosslinking efficiency and Young’s modulus, as well as hydrolytic 

stability and post-functionalization of the crosslinked gels, are described as function of 

polymer composition, concentration, and pH. Preliminary cell viability studies showed 

excellent cytocompatibility of the hydrogel with entrapped 3T3 cells. 

 

4.3.! !Experimental!Section!

4.3.1.  Materials 

Cysteamine hydrochloride, divinyl sulfone (DVS), poly(methyl vinyl ether-alt-

maleic anhydride) (Mn = 80 kDa), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) sodium salt, fluoresceinamine, DMSO-d6, potassium hydrogen phthalate (PHT) 

and 2-(N-morpholino)ethanesulfonic acid (MES hemisodium salt) were purchased from 

Sigma-Aldrich and used as received. Poly(ethylene glycol)-dithiol (Mn = 1 kDa) (HS-

PEG-SH) was purchased from Creative PEGWorks.  Di-tert-butyl dicarbonate was 

purchased from Fluka Analytical. Triethylamine (TEA) was purchased from EMD 

Performance Chemicals. Arg-Gly-Asp-Cys was purchased from GenScript. Formic acid 

(≥98%) was purchased from EM Science. Anhydrous sodium sulfate, sodium chloride, 

calcium chloride dihydrate, acetonitrile, dichloromethane (DCM), Ethyl acetate, hexane, 

dimethyl sulfoxide (DMSO), and trifluoroacetic acid (TFA) were purchased from 

Caledon Laboratory Chemicals and used as received. Deuterium oxide (99.99 atom% D) 

was purchased from Cambridge Isotope Laboratories. Sodium hydroxide (1.0 N) was 

purchased from LabChem Inc.  Dulbecco’s modified Eagle’s medium (DMEM, high 

glucose, pyruvate), fetal bovine serum (qualified, Canada origin), and 0.25% Trypsin-

EDTA (1X) phenol red were obtained from Invitrogen (Burlington, ON).  Calcein-

AM/ethidium homodimer-1 (LIVE/DEAD Viability/Cytotoxicity Kit, for mammalian 

cells) was purchased from ThermoFisher Scientific.  NIH/3T3 Mus musculus fibroblasts 

(CRL-1658) were obtained from ATCC. 
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4.3.2.  Synthesis of N-BOC Protected Cysteamine Vinyl Sulfone (1) 

Cysteamine hydrochloride (1.102 g, 9.6 mmol) in DMSO (50 mL) was added 

dropwise to a stirred solution of DVS (5.73 g, 48.5 mmol, 5.0 eq relative to cysteamine 

hydrochloride) in DMSO (10 mL) under stirring at room temperature. After vigorous 

stirring for 4 h, a solution of di-tert-butyl dicarbonate (3.175 g, 14.6 mmol) in DMSO (10 

mL) and triethylamine (2.03 mL, 14.6 mmol, 1.5 eq relative to cysteamine hydrochloride) 

in DMSO (2 mL) was added dropwise at room temperature. After 24 h of stirring, 

distilled water (300 mL) was added to the flask, and the aqueous phase extracted in a 

separatory funnel with 4 x 150 mL DCM. The organic phases were combined, dried over 

anhydrous sodium sulphate, gravity filtered through filter paper, and concentrated by 

rotary evaporation. The resulting oil was loaded on a neutral silica gel column and eluted 

with 2 x 400 mL 1:3 ethyl acetate/hexanes, 2 x 300 mL 1:2 ethyl acetate/hexanes, 

followed by 1 x 400 mL ethyl acetate (scheme 4.1), monitored by silica TLC. N-BOC 

cysteamine vinyl sulfone (1) (2.47 g, 8.4 mmol) was obtained as a clear, colorless oil in 

87.5% yield. 1H NMR (600 MHz, DMSO-d6): 6.99 (dd, J = 9.6 Hz, 16.8 Hz, 

CH2=CHSO2, 1H), 6.92 (bt, BOC-NHC), 6.29 (m, CH2=C, 2H), 3.40 (m, NHCH2CH2, 

2H), 3.09 (m, CH2CH2SO2, 2H), 2.75 (m, NHCH2CH2S, 2H), 2.60 (m, SCH2CH2SO2, 

2H), 1.39 (s, (CH3)3C, 9H). 

4.3.3.  Synthesis of Cysteamine Vinyl Sulfone Trifluoroacetate (2) 

N-BOC cysteamine vinyl sulfone (1) (1.01 g, 3.42 mmol) was dissolved in DCM 

(50 mL), and an excess of TFA (2 mL, 26 mmol) was added dropwise to the vigorously 

stirred solution (Scheme 4.1). The reaction mixture was stirred for 4 h, and then 

concentrated under a stream of nitrogen while the solution was warmed in a 40 °C water 

bath. Cysteamine vinyl sulfone trifluoroacetate (2) (0.83 g, 2.66 mmol) was obtained as a 

viscous yellow oil in 78% yield. 1H NMR (600 MHz, DMSO-d6): 7.91 (bs, +NH3CH2), 

7.01 (dd, CH2=CHSO2,1H), 6.30 (q, CH2=CH, 2H), 3.45 (m, NH3CH2CH2, 2H), 3.00 (m, 

CH2CH2SO2, 2H), 2.80 (m, CH2CH2SCH2CH2, 4H). 
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Scheme 4.1. A three-step synthesis for the formation of CVS TFA (2) through 

intermediate product N-BOC CVS 

 

4.3.4.  Synthesis of PMM-CVSf containing 10, 20, and 30 mol% CVS 

PMMAn (0.250 g, 1.6 mmol anhydride) was dissolved in 10 mL acetonitrile. 

Fluoresceinamine (5 mg, 0.014 mmol, 0.9 mol%) was dissolved in 1 mL 1:1 

DMF:acetonitrile and added dropwise to the vigorously stirring PMMAn solution. To this 

solution, triethylamine (TEA) (150 µL, 0.1088 g 1.1 mmol) was added and allowed to 

react overnight at room temperature. Cysteamine vinyl sulfone trifluoroacetate (2) (175.1 

mg, 0.577 mmol, 35 mol% relative to anhydride groups in PMMAn) was dissolved in 5 

mL 1:1 DMSO:acetonitrile and was added dropwise over a few minutes to the stirring 

solution. After 24 h at room temperature, the resulting solution was dialyzed (Spectrapor, 

MWCO = 3500 Da) against 4 L of 0.05 M NaCl for 1 day and then against 4 L distilled 

water for 3 days, changed daily. The dialyzed solution was then lyophilized, leading to 

the isolation of PMM-CVS30 as a yellow powder. Other PMM-CVSx derivatives ranging 

from 10-30% functional loading were prepared, along with unlabelled analogs. 1H NMR 

was used to determine the degree of functionalization, using the CVS vinyl signals 

(δ6.25-7.0 3H), referenced to the polymer backbone CH2 signal (δ1.75 2H). 

4.3.5.  Preparation of PMM-CVSx / HS-PEG-SH gels for Physical Characterization 

Hydrogels were prepared by combining PMM-CVSx and HS-PEG-SH with a 1:1 

CVS:thiol molar ratio in varying polymer concentrations and degrees of CVS 

functionalization. The following example describes the preparation of a gel with 2.5% 

w/v PMM-CVS10. PMM-CVS10, (10 mg; 5.3 µmol CVS) was dissolved in 300 µL 

HEPES buffer (50 mM) and the pH adjusted to 7.4 ± 0.2 using 5 M NaOH. HS-PEG-SH 
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(2.7 mg; 5.4 µmol thiol) was placed in a separate vial and dissolved in 100 µL of distilled 

water. The two solutions were mixed and pipetted into 4 silicone rubber mould wells, on 

a glass slide (diameter = 7 mm, depth = 5 mm, volume = 100 µL, n = 4). The moulds 

were then sealed using a sheet of silicone rubber, wrapped in a damp paper towel to avoid 

water evaporation and allowed to gel for 24 h at 37 oC. Gels were prepared in a similar 

fashion from PMM-CVS with 10, 20 and 30% degrees of functionalization and PMM-

CVS loadings of 2.5, 5 and 7.5% w/v. 

4.3.6.  Gelation Profiling and Efficiency 

Gelation of a PMM-CVS HS-PEG-SH hydrogel was monitored over a 24 h period 

by 1H NMR, using a 600 MHz Bruker spectrometer (ns = 64, d1 = 1 sec). 30 mg PMM-

CVS30 (42.8 µmol CVS) was dissolved in 500 µL D2O HEPES buffer (25 mM) with an 

external PHT standard (0.5 mg, 2.45 µmol), fixed to pD 7.5 using 5 M D2O/NaOH, 

loaded into an NMR sample tube, and a preliminary spectrum was obtained. 21.4 mg HS-

PEG-SH (42.8 µmol thiol) was dissolved in 100 µL D2O, and mixed thoroughly with the 

vinyl sulfone-containing solution. 1H spectra were obtained at set time points throughout 

the 24 h period. 

4.3.7.  Mechanical Properties of Gels 

Gel disks prepared in silicone moulds as described above, were uncovered, coated 

with one drop (~0.05 mL) of silicone oil to reduce water evaporation, and placed on a 

microscope stage. A glass melting point tube (VWR, diameter = 0.85 mm) was attached 

to a force transducer (Transducer Techniques GSO, 10 g full scale) and positioned with 

the closed rounded end just above a gel disk. The indenter was programmed to move 

downward at a constant speed of 0.2 mm/s for as-formed gels, and 0.4 mm/s for swollen 

gels, while measuring the force relative to time and vertical position. Each gel was 

measured at three points on its surface. 

4.3.8.  Swelling Studies 

 Gel disks prepared in silicone moulds as described above were weighed, placed in 

24-well plates, covered with 3 mL PBS buffer (10 mM phosphate, 154 mM NaCl, pH 

7.4), and incubated at 37 oC for 7 days. Wells not containing gels were filled with 
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distilled water and the lidded plates wrapped in a damp paper towel in order to limit 

water loss. Buffer was replaced five times during this time. After one week, gels were 

removed from their wells, wiped gently with a Kimwipe to remove excess water, and 

weighed. Swelling ratios were calculated as the ratio of final to initial mass. 

4.3.9.  Hydrolytic Stability of PMM-CVS 

10 mg of PMM-CVS30 was dissolved in 1 mL HEPES buffer (50 mM) with an 

internal formic acid standard (50 mM), prepared in D2O, fixed to either pD 7.7. or 8.7 

with 5M NaOH/D2O. The samples were maintained at 37 oC and the disappearance of 

CVS vinyl signals (δ6.25 to δ7.0) were monitored by 1H NMR for three weeks. 

4.3.10. Post Modification of Residual Vinyl Sulfone Units 

50 mg of PMM-CVS30 (71.2 µmol CVS) was dissolved in 0.8 mL HEPES buffer 

(25 mM, pH 7.8) with an external PHT standard (2.7 mg, 13.1 µmol), prepared in D2O, 

fixed to pD 7.4 with 5M NaOH/D2O. 18 mg HS-PEG-SH (36 µmol thiol, 0.5:1 

Thiol:CVS) was dissolved in 200 µL D2O.  The two solutions were mixed briefly and 

pipetted into 6 silicone rubber mould wells, on a glass slide (diameter = 7 mm, depth = 5 

mm, volume = 150 µL, n = 6). The moulds were then sealed using a sheet of silicone 

rubber, wrapped in a damp paper towel to avoid water evaporation and allowed to gel for 

24 h at 37 oC. The resulting gels were removed from moulds, ground to particles 50-150 

nm in size using a mortar and pestle, suspended in 4 mL D2O and fixed to pD 7.4. The 

resulting suspension was collected and centrifuged (3500 RPM, 5 min), and the 

supernatant removed. Two NMR samples were prepared containing 1.1 mL of dense gel 

packing. Sample 1 was used as a control, and nothing further was added. To sample 2 

(0.733 mg, 3.6 µmol PHT, 4.71 µmol CVS), 3 stepwise additions of cysteamine HCl 

were added. Cysteamine HCl was dissolved in 1 mL D2O and 100 µL of this solution was 

added into Sample 2 (A: 0.175 mg, 1.5 µmol B: 0.35 mg, 3.1 µmol C: 0.175 mg, 3.1 

µmol) and mixed thoroughly. 1H spectra were acquired using a 600 MHz NMR 

spectrometer (ns = 64, d1 = 1 second). 
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4.3.11. pH Dependent Gel Time Investigation 

The gelation times of 5% w/v PMM-CVS solutions of different functional 

percentages (10, 20, 30%), crosslinked with HS-PEG-SH, were measured in triplicate at 

four different pH values (6.5, 7, 7.5, and 8.5) using a horizontal tilt test. 40 mg PMM-

CVSx was dissolved in HEPES buffer (300 µL, 100 mM) and the pH adjusted to the 

target value using sodium hydroxide (5 M) or hydrochloric acid (1 M). Deionized water 

was added to bring the solution to 400 µL in volume, resulting in HEPES buffered (75 

mM) solution of 10% w/v PMM-CVSx. An analogous stock solution of equimolar HS-

PEG-SH was prepared in 1 mL deionized water, and 100 µL aliquots of each PMM-CVSx 

stock solution was mixed with 100 µL of HS-PEG-SH stock solution.  

The mixtures were maintained at 37 oC, tested every ~30 sec for the first 5 min, 

every ~60 s until 20 min, and every ~5 min until 45 min. If the mixture did not flow when 

the vial was tilted 90°, the sample was considered to have gelled. Hydrogels that did not 

gel during this time were maintained at 37 oC and tested at 24 and 48 h time points. These 

tests were carried out in triplicate. 

4.3.12. In Vitro Cytotoxicity 

The cytotoxicity of the PMM-CVS hydrogels, and PMM-CVS hydrogels 

modified with Arg-Gly-Asp-Cys, to NIH 3T3 Mus musculus fibroblasts was explored 

using a live/dead calcein AM/ethidium homodimer-1 (EthD-1) assay. The fibroblasts 

were cultured in tissue culture flasks in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% v/v Bovine Calf Serum (BCS) in a 5% CO2 environment at 37 
oC with 100% humidity in a water-jacketed incubator. When 75-80% confluency was 

reached, cells were washed with PBS (pH 7.4, Invitrogen) and detached using 0.25% 

Trypsin-EDTA (1X) phenol red before subculturing into renewed DMEM. Solutions of 

PMM-CVS20, PMM-CVS20 functionalized with Arg-Gly-Asp-Cys (1.0 mg, 2.2 µmol, 0.5 

mol %) and HS-PEG-SH were syringe filtered prior to the cytotoxicity assays and 

measurements were taken in quadruplicate for the PMM-CVS20 gels, and triplicate for the 

control.  NIH 3T3 fibroblasts were suspended in DMEM media supplemented with 10% 

FBS, and containing 5% w/v PMM-CVS20 or PMM-CVS20 and Arg-Gly-Asp-Cys, plus 

an equimolar amount of HS-PEG-SH. The fibroblast/polymer solutions (1.0 x 106 
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cells/mL) were mixed by pipette aspiration for several minutes until solution viscosity 

began to increase, to ensure homogeneous cell distribution throughout the gels, and then 

transferred into the wells of a glass-bottom 96-well plate, and incubated for 24 h. After 

incubation, a fluorescence live/dead assay was used to determine cell viability and 

examine the cytotoxicity of the resulting hydrogels on the encapsulated cells. Calcein 

AM/EthD-1 solution (100 µL of 10 µM calcein AM and 4 µM EthD-1 in sterile PBS) was 

added to each well and incubated at room temperature for 20 minutes. Fluorescence 

images were obtained using a Nikon Eclipse Ti confocal microscope. Cell viability was 

calculated by counting the number of live and dead cells (Equation 4.1). 

 

Equation 4.1:   

% cell viability =     (# live cells)    x  100%                                       
                      (# live cells) + (# dead cells)  

 

4.4.!! Results!and!Discussion!

4.4.1.  Synthesis of Cysteamine Vinyl Sulfone Trifluoroacetate 

Vinyl sulfone-functional polymers are typically prepared by reaction of excess 

DVS with hydroxy-containing polymers such as PEG, polyvinyl alcohol or 

polysaccharides (e.g., alginate, dextran).45 Kong et al. described the functionalization of 

hyaluronic acid with the non-purified hydrochloride salt of cysteamine vinyl sulfone 

(CVS), by amidation.46 In the current work, CVS was isolated and purified as the TFA 

salt (scheme 4.1): cysteamine HCl was reacted with an excess of DVS (figure A4.1) and 

the resulting CVS was converted to N-BOC CVS, purified by column chromatography 

(figures A4.2 and A4.3), deprotected and isolated in pure form in 68% yield (figure 

A4.4).  

4.4.2.  PMM-CVS by Polymer Modification 

PMMAn was readily modified using CVS TFA in presence of TEA in acetonitrile 

(scheme 4.2). An excess of TEA was used to ensure deprotonation of CVS and of the 

maleamic acid formed by ring opening of the anhydride. A series of PMM-CVS with 10, 
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20 and 30 mol% CVS was studied. PMM-CVS with >30% CVS was formed but showed 

limited water solubility, while PMM-CVS with <10% CVS did not gel efficiently. 

Aliquots of each PMM-CVSx were further functionalized with aminofluorescein to allow 

characterization of the gels by fluorescence microscopy.  

The CVS-modified PMMAn in acetonitrile were then dialyzed against 1% w/v 

NaCl (aq.), followed by deionized water, in order to hydrolyze residual anhydrides, 

remove small molecule reactants, and exchange triethylammonium cations for sodium 

cations. The degree of functionalization was determined using 1H NMR (figure S-5), by 

comparing CVS vinyl signals (δ6.25-6.5, 2H; δ6.75-7.0, 1H) to the backbone methylene 

signal (δ1.85, 2H). Incorporation of CVS was 65 to 85% efficient (table S-1). 

4.4.3.  Bulk Gels 

Gels were formed by mixing aqueous solutions of PMM-CVS and HS-PEG-SH, 

maintaining a 1:1 vinyl sulfone/thiol ratio. Nine compositions, containing 2.5, 5 and 7.5% 

w/v of each of the PMM-CVS polymers with 10, 20 and 30% CVS, were prepared in 

triplicate, and swelling and Young’s moduli of the resulting gels determined.  PMM-

CVS10 only formed gels at loadings of 7.5% w/v or higher, while PMM-CVS20 and 

PMM-CVS30 formed gels at all three loading percentages.   

 

Scheme 4.2. PMM functionalization with CVS TFA and crosslinking of resulting PMM-

CVS polymer with HS-PEG-SH. 
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Gelation times, defined as time needed to achieve zero flow upon sample 

inversion, were measured at pH 6.5, 7.5 and 8.5 for PMM-CVSx gels prepared at 5% w/v.  

The time required for gelation strongly depended on the degree of CVS functionalization, 

and, as reported previously for PEG-based gels,34 on the pH of the polymer solutions. 

Figure 4.1 shows gelation time decreasing with increasing pH, and with CVS 

functionalization. For example, PMM-CVS20 gelled in 5.6 ± 0.5 min at pH 7.5, and in 44 

± 5 min at pH 6.5. In contrast, PMM-CVS30 gelled within a minute at pH 7.5, and within 

a few seconds at pH 8.5.  

 

Figure 4.1. Gelation time for 5% w/v PMM-CVS/HS-PEG-SH system, measured by 

horizontal tilt test, as a function of CVS content and pH. 

 

Cysteamine has a pKa value of 8.3247 so the fraction of thiolate anions, and hence 

the thiol-ene coupling rate, are highly sensitive to small changes in pH in this range.  No 

gelation was observed at pH 6.0 and below for PMM-CVS20 and PMM-CVS30, and at pH 

8.0 and below for PMM-CVS10. 

1H-NMR was used to measure the rate of thiol-ene reaction during gelation of 5% 

w/v PMM-CVS30 / HS-PEG-SH (figure 4.2), by monitoring the disappearance of PMM-

CVS vinyl signals at δ6.4 and δ6.75. This composition gels at about one minute and as 

little as 1-5% vinyl consumption, and levels off after 12 hrs with 18% vinyl groups 

remaining. Reactions between polymers are known to rarely reach completion, due to 

spatial isolation of reactive groups, and possibly electrostatic repulsion of the anionic 

backbones as well as disulfide formation of some of the thiols.36 These residual vinyl 
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groups provide an opportunity to post-functionalize the hydrogel, as described further 

below. 

 The rapid gelation rates, as well as concentration and pH dependencies observed 

here, are comparable to those for a PEG/peptide-based vinyl sulfone-thiol crosslinking 

system described by Lutolf and Hubbell.36  

 

Figure 4.2. Profile of remaining vinyl signals during gellation of 5% w/v PMM-CVS30 

HS-PEG-SH system at pH 7.1 determined by NMR integration.  The reaction levels off at 

ca. 20% remaining vinyl signals, due to immobilization of the polymer-bound reactants. 

4.4.4.  Swelling Studies 

Equilibrium hydrogel swelling reflects the balance between the free energy of 

mixing between network and solvent plus the net osmotic pressure of mobile counter 

ions, and the swelling pressure of expansion.48, 49 Figure 4.3 shows the swelling ratios for 

as-formed PMM-CVS gel disks incubated in PBS buffer at 37 oC for 7 days. Swelling 

ratio is defined here as the volume ratios of a PBS-incubated sample to the as-formed gel, 

not the ratio of swollen versus dry material. 

Gels prepared with 7.5% w/v PMM-CVS10 exhibit more PBS-induced swelling 

than PMM-CVS30 2.5% w/v (Figure 4.3), despite their equivalent molar amounts of CVS.  

This is attributed to the lower crosslink efficiency and higher swelling pressure, due to 

higher electrostatic repulsion for PMM-CVS10.  

 The horizontal dashed line in Figure 4.3 represents an equilibrium swelling ratio 

of 1, i.e. no additional swelling of the as-formed gels. PMM-CVS30 gels at all three 
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weight percentages have swelling ratios close to 1, attributed to their high crosslink 

density and the hydrophobic contributions from the CVS side groups. 

 

Figure 4.3. Equilibrium swelling ratios of PMM-CVS/HS-PEG-SH crosslinked 

hydrogels. Horizontal line indicates swelling ratio of 1. 

4.4.5. Mechanical Properties of Hydrogels 

The stiffness of hydrogel substrates can affect proliferation and differentiation 

potential of anchorage-dependent cells.50 Figure 4.4a and 4.4b show the Young's moduli 

of the PMM-CVSx / HS-PEG-SH hydrogels obtained by indentation, before and after 

swelling in 10 mM PBS. These Young's moduli are estimated according to Hertzian 

theory for contact between a sphere and an elastically deformed incompressible material, 

Equation 2, where F is the force in mN, d is the depth of deformation, R is the radius of 

the indenter (R = 0.85 mm), ν is Poisson’s ratio (assumed to be 0.5 for elastomeric 

hydrogels), and E is Young’s Modulus.  

 

Equation 4.2:  Hertzian Theory:  F = E (4/3)R1/2d3/2 

                        1 - υ2 

  

 Young’s moduli, E, were obtained from the initial slopes (d ≤ 0.3 mm) of the 

force versus strain plots, where the linear Hertzian theory is considered reliable.51 Moduli 

increased from 1 to 141 kPa with increasing degree of functionalization and increasing 

polymer loading. Specifically, the moduli of the as-formed gels made with 7.5% w/v 

polymer increased with increasing CVS content: PMM-CVS10 (4.8 kPa), PMM-CVS20 
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(86 kPa) and PMM-CVS30 (141 kPa). Similarly, the moduli for PMM-CVS30 increased 

from 4.1 kPa (2.5% w/v) to 141 kPa (7.5% w/v) with polymer loading. The gels swollen 

to equilibrium in PBS showed moduli covering a slightly lower range, from 1 to 96 kPa, 

with PMM-CVS20 2.5% w/v and PMM-CVS10 7.5% w/v becoming too soft to test with 

the indenter. These trends allow the mechanical properties of the PMM-CVSx HS-PEG-

SH system to be tuned within a large range, covering much of the stiffnesses observed in 

human soft tissues,52 by altering either the degree of functionalization or the polymer 

loading. 

  

Figure 4.4. Young's moduli for as-formed gels (A), and swollen gels (B), as a function of 

PMM-CVS functionalization, and loading percentage.  All gels made with 1:1 vinyl 

sulfone:thiol. 

4.4.6. Hydrolytic Stability of Thioether, Amide and Vinyl Sulfone Groups in PMM-CVS 

Many reactive polymers are prone to sometimes unexpected hydrolytic side 

reactions in aqueous environments.36, 53  While thioether linkages54 and most polymeric 

amides are stable under physiological pH and temperature, 55  the presence of a 

neighboring carboxylic acid group in maleamic or succinamic acids56 is known to 

promote amide hydrolysis, especially at pH < 7 where at least some of the carboxylic acid 

is in the acid form.  A recent study showed good hydrolytic stability of such amide-
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linkages on PMM-based polymers at pH > 7.49  Several literature reports describe the 

stability of vinyl sulfone in water as one of the benefits of using this group for, e.g., 

protein modification.57,58  To assess the current polymers, PMM-CVS30 solutions in 

D2O at pD 7.7 and 8.7 were stored for 3 weeks at 37 °C, and monitored at intervals by 1H 

NMR. The only spectral changes observed were attributed to the hydration of the pendant 

vinyl groups.  This reaction has a half-life of about 10 days, suggesting it would not 

interfere with gelation and post-modification, even at higher pH. 

 

Figure 4.5. Disappearance of distal proton signals (6.0 ppm) in HEPES buffer (pD 7.7 

and 8.7) over time.  Hydration of the vinyl sulfone moiety occurs orders of magnitude 

more slowly than the thiol-ene crosslinking reaction. 

4.4.7.  Post Modification of Residual Vinyl Sulfone Units 

Controlled post-modification of reactive polymers and hydrogels is important to 

cap reactive groups and incorporate functional biomolecules. 59  Thiol-ene Michael 

additions have already been used to incorporate VEGF60 and RGD61 into PEG-based 

vinyl sulfone- and maleimide- containing hydrogels.  

 Cysteamine, a small thiol containing molecule, was used to test step-wise post-

functionalization of as-formed PMM-CVS30 HS-PEG-SH hydrogels (figure 4.6). The gel 

was crosslinked using a 0.5:1 ratio of thiol:CVS, in order to offer a higher concentration 

of residual CVS for post-functionalization. A first 36 mol% aliquot (figure 4.6, A) of 

capping agent added led to 28% deactivation of gel-bound vinyl as assessed by 1H NMR. 

A subsequent addition of a 66% cysteamine aliquot (figure 4.6, B) led to another 52% 
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deactivation, followed by capping the residual 20% of vinyl groups with a final aliquot of 

cysteamine (figure 4.6, C). This stepwise post-functionalization suggests the possibility 

of immobilizing different thiol-functional groups including, e.g., cell adhesion motifs, 

before or after gelation.  

 

Figure 4.6. Stepwise post-functionalization of residual functional units in PMM-CVS30 

HS-PEG-SH gel.  Hollow circle indicates injection time of cysteamine capping agent. 

4.4.8.  In Vitro Cytotoxicity Screening  

 In vitro cytotoxicity of 5% w/v PMM-CVS20 / HS-PEG-SH and PMM-CVS20 

Arg-Gly-Asp-Cys / HS-PEG-SH hydrogels towards embedded 3T3 fibroblasts was 

evaluated using a live/dead assay.  Hubbell et. al. previously reported excellent cell 

viability and proliferation in vinyl sulfone-terminated PEG hydrogels,62 so minimal cell 

toxicity was expected. Gels were found to be 2500 µm thick via confocal microscopy and 
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the central 1000 µm (z-direction) substack, a representative volume, were imaged for cell 

viability.  Cell viability after incubation for 24 h was found to be statistically identical for 

all samples, at 96 ± 1% for control, 93 ± 2% for PMM-CVS20 hydrogels, and 95 ± 3% for 

PMM-CVS20 Arg-Gly-Asp-Cys hydrogels. This is based on assessing 8 to 12 sample 

areas with about 30 cells each, selected from each physical sample, for cells in the control 

wells and in the PMM-CVS20 and PMM-CVS20 Arg-Gly-Asp-Cys hydrogels, 

respectively (Figure 4.7). These results indicate that PMM-CVSx / HS-PEG-SH 

hydrogels have potential for biomedical applications.  Pre-functionalization of PMM-

CVS20 with Arg-Gly-Asp-Cys did not interfere with gelation or cell viability and offers 

attachment motifs for embedded cells.  Testing of different cell lines is currently being 

explored in more detail.     

  

Figure 4.7. NIH 3T3 fibroblast cells after 24 h on A: tissue-culture treated glass with 

DMEM (control) and encapsulated within 5% w/v B: PMM-CVS20 HS-PEG-SH and  C: 

PMM-CVS20 Arg-Gly-Asp-Cys HS-PEG-SH hydrogels.  Green fluorescent cells indicate 

live cells, while red fluorescent cell indicate dead cells.  Scale bars = 250 µm)  

 

4.5.!! Conclusions!

Cysteamine vinyl sulfone (CVS) trifluoroacetate was synthesized and used to 

functionalize poly(methyl vinyl ether-alt-maleic anhydride) (PMMAn) by amine-

anhydride coupling. The remaining anhydride groups were hydrolyzed to succinic acid 

units, forming a series of PMM-CVSx with 10, 20 and 30 mol% CVS. Thiol-ene click 

reactions with HS-PEG-SH led to a series of hydrolytically stable, covalently crosslinked 
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hydrogels. Gel properties including Young’s moduli, gel time, and equilibrium swelling 

could be tuned through the degree of CVS functionalization, the percent polymer loading, 

and pH. The resulting hydrogels have elastic moduli matching those of fat, muscle and 

cartilage, and display negligible cytotoxicity towards 3T3 cells.  The pendant vinyl 

sulfone groups not used for crosslinking may be used for modification or capped.   Due to 

their facile preparation, efficient crosslinking, stable reactive groups, and high tunability, 

these hydrogels show promise for future applications as synthetic ECMs.   
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Figure A4.1. 1H NMR spectrum of crude CVS.HCl in DMSO/DMSO-d6, focused on the 

aliphatic region (∂3.6 to δ2.4).  

 To assess the progress of the cysteamine divinyl sulfone Michael addition (figure 

A4.1), a drop of the crude mixture in DMSO was diluted in DMSO-d6 giving rise to the 

dual peaks at δ2.5 from both DMSO-H6 and DMSO-d5H. Near-quantitative conversion of 

cysteamine to cysteamine vinyl sulfone HCl was determined by the ethylene integrations 

4:2:2 (A+B:D:C), and the near disappearance of cysteamine ethylene signals at δ3.1 and 

δ3.0.   
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Figure A4.2. 1H NMR spectrum of isolated N-BOC CVS in DMSO-d6, focused on the 

aliphatic region (δ4.25 to δ1.0).  

 
1H NMR confirmed the presence of the tert-butyl signal of the BOC protecting 

group (δ1.4, 9H, s), as well as a downfield shift of the cysteamine methylenes adjacent to 

the thioether (δ2.75 2H, δ2.6 2H).   
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Figure A4.3. 1H NMR spectrum of N-BOC CVS in DMSO-d6, focused on the vinyl 

region (∂7.2 to δ6.1).  

 

Ethyl acetate, used as column eluent, was present in the N-BOC CVS sample 

(figure A4.2), however it was removed in subsequent steps and therefore was deemed 

insignificant. The four main ethylene peaks (δ3.4, δ3.09, δ2.75 and δ2.6) provided 

assurance of amine protection, with the divergence of the peak from protons adjacent to 

the thioether. The presence of the triplet at δ6.9 also affirms presence of the N-BOC 

linkage, as the aprotic solvent allows for the retention of the NH proton (figure A4.3). No 

peaks were seen between δ6.1 - 4.25. 
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Figure A4.4. 1H NMR spectrum of CVS TFA in D2O. 

 

Deprotection of N-BOC CVS to form the final CVS TFA product was confirmed 

by the disappearance of the t-butyl signal (δ1.4, 9H, s), as well as the convergence of the 

proton environments A and B (figure A4.4), leading to a similar spectrum as CVS.HCl. 

Side product tert-butyl trifluoracetate was present in this sample (δ2.2) which was a side 

product from the preceeding TFA deprotection.  
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Figure A4.5. 1H NMR spectrum of PMM-CVS30 in D2O.  The ratio of grafted CVS 

groups was determined by vinyl signal integration (v, 1H, δ6.8; vi, 2H, δ6.4) compared to 

a backbone methylene peak (D, 2H, δ1.5-2). 

 

Table A4.1. Degree of substitution of PMM-CVSx polymers comparing target to outcome 

percentage, and the shorthand used to denote polymer functionalization. 

PMM-CVS10 PMM-CVS20 PMM-CVS30 

Target Actual Target Actual Target Actual 

15 11 25 19 35 32 

  

Small variations in integration can be seen due to line broadening of the 

polymeric methylene internal standard, as well as variations in vinylic peaks, due to 

!
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impurities that are present in the purchased poly (methyl vinyl ether-alt-maleic 

anhydride). Due to these integration variations, ratios were rounded to the nearest ten, 

and denoted as such (Table A4.1). Sodium chloride (0.05 M) was added to the first two 

dialysis baths, successfully displacing ionically bound cations, TEA and CVS. 

 

      

 
Figure A4.6. Force strain curve for PMM-CVS20 7.5% w/v HS-PEG-SH hydrogel. 

  

In order to calculate the Young’s modulus from contact stress, the measured force 

from indentation was plotted against displacement (d3/2) multiplied by a constant 

([4/3][R1/2]) and fitted to by Hertzian theory. The slope of the strain curve (E*) was 

multiplied by Poisson’s ratio (v) [ 1/E* = (1-v)/E ], assumed to be 0.5 for elastically 

deformed materials, where E is the Young’s modulus (E). 

 

!
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Figure A4.7. Force strain curve for PMM-CVS10 7.5% w/v HS-PEG-SH hydrogel, 

swollen in PBS buffer for 7 days, demonstrating fast relaxation after contact stress.  

 

 Highly swollen gels exhibited creep compliance under contact stress, even at high 

deformation speeds, shown by the concave nature of the force-strain curve. Curves with 

R2 values lower than 0.98 were not used in calculation of Young’s modulus average. 

        

!
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Figure A4.8. Post-functionalization using cysteamine of 50% crosslinked PMM-CVS30 

5% w/v HS-PEG-SH. Displayed is a vinyl region horizontal offset of the resulting 1H 

NMR spectrum, with (standard), and without (post-functionalized) cysteamine addition.  

  

In order to determine the degree of post functionalization via the addition of small 

molecules, a standard was monitored and no change in integration was seen over the 

period of post-functionalization (figure A4.8). To integrate the vinyl region of the post 

functionalized spectrum, both peaks (δ6.8 and δ6.4) were analyzed separately, leaving 

out the vinylic impurity (δ6.65). The external standard, PHT, can be seen at δ7.4. 

          

!
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Figure A4.9. Hydration of PMM-CVS30 fixed at pD 7.7, with a formic acid standard. 

Displayed is a vinyl region horizontal offset of the resulting 1H NMR spectrum, at day 1 

and day 23.  

 

The hydration of polymer bound vinyl groups was monitored by 1H NMR, over a 

period of 23 days. Displayed in figure A4.9 are the first and final spectra of the profile, 

including vinyl signals (δ6.8 and δ6.4), formic acid internal standard (δ8.4) and vinylic 

impurity (δ7.6). 

 

!
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Figure A4.10. Image of as formed PMM-CVS30f 5% w/v HS-PEG-SH hydrogel, 

demonstrating high transparency. 

 

 
Figure A4.11. 1000 µm thick z-stack obtained using Nikon confocal Ti microscope of the 

central portion of a 5% w/v PMM-CVS20 HS-PEG-SH hydrogel, demonstrating 

homogeneous distribution of cells throughout the gel.  

 

!
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Figure A4.12. 2500 µm thick z-stack obtained using Nikon confocal Ti microscope of the 

full depth of a 5% w/v PMM-CVS20 HS-PEG-SH hydrogel, demonstrating homogeneous 

distribution of cells throughout the gel. 
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Chapter(5(
!

Controlled(“click”(crosslinked(hydrogel(beads(formed(through(the(
Michael(reaction(of(polyanions(modified(with(vinyl(sulfones(and(

protected(thiols,(within(a(calcium(alginate(template(
 

S. Alison Stewart, Rachelle Lassaline, Nicholas A. D. Burke, Harald D. H. Stöver.  
 
Alison Stewart primarily developed the project and experimental methods, carried out 
most of the experimental work and contributed to writing the manuscript.  Rachelle 
Lassaline carried out preliminary syntheses, and physical characterization tests on the 
PMM-CVS/HS-PEG-SH beads.  Nicholas Burke and Harald Stöver provided 
experimental guidance and editing feedback of the manuscript. 

 

5.1.(( Abstract(

This chapter focuses on the preparation, formation and characterization of 

covalently crosslinked hydrogel beads by thiol-ene coupling between poly(methyl vinyl 

ether-alt-maleic acid) (PMM)-based polyanions with three different thiol-containing 

polymers.  The crosslinking efficiency of calcium alginate-templated PMM-based 

polymers bearing pendant cysteamine vinyl sulfone moieties (PMM-CVS) with 

oligomeric PEG-dithiols and with a PMM-based polymer with pendant-protected thiols 

was compared and the resulting hydrogel beads were studied. An improved synthesis and 

isolation of cysteamine vinyl sulfone (CVS), used for the preparation of PMM-CVS, is 

also described. Poly(methyl vinyl ether-alt-maleic anhydride) (PMMAn) was reacted 

with CVS, or 2-pyridylthio cysteamine (SPy), followed by hydrolysis of residual 

anhydride groups to form vinyl sulfone- or protected thiol-pendant polymers, 

respectively.  Sodium alginate solutions containing PMM-CVS were extruded in droplet 

form into a calcium chloride gelling bath, and the PMM-CVS was crosslinked with α,ω-

dithio-polyethylene glycol (HS-PEG-SH, Mn = 1 kDa and 8 kDa) in varying CVS:thiol 

ratios.  Solutions of sodium alginate containing both PMM-CVS and PMM-SPy were 

extruded into calcium chloride gelling bath, followed by subsequent exposure to tris(2-

carboxyethyl)phosphine (TCEP).  TCEP deprotection of the thiols allowed rapid and 

controllable covalent crosslinking of the beads via a thiol-ene Michael addition.  Bead 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 

!
129 

properties such as swellability in sodium citrate, pore-size and in-diffusion kinetics, and 

preliminary cell encapsulation experiments are described.  While PMM-CVS/HS-PEG-

SH beads were found to successfully undergo covalent crosslinking, PMM-CVS/SPy 

beads demonstrated increased tunability and control, as well as more efficient 

crosslinking.    

 

5.2.( Introduction(

 Calcium alginate hydrogel beads have served as a platform for many different 

approaches to cell-based hormone- and enzyme-replacement therapies.1,2,3,4 Alginate 

immobilizes the encapsulated cells while preserving their metabolic activities and 

providing immune protection from the host.  The alginate beads allow for in-diffusion of 

oxygen and nutrients, while allowing out-diffusion of therapeutic agents.  However, there 

are several disadvantages associated with alginate beads.  Chelating agents, such as 

citrate, and anti-gelling cations, such as Na+, present in biological systems can cause 

liquefaction of the alginate bead.5  To circumvent this issue, alginate beads are often 

coated with poly-L-lysine (PLL) or other polycations to improve capsule strength and 

control permeability.6  Polycation coating is typically followed by a final coating of 

alginate to mask the positive charge on the capsule surface.7 In spite of their generally 

good compatibility with both the host and encapsulated cells, capsules based entirely on 

alginate-PLL-alginate (APA) have drawbacks, including gel weakening by cation loss,8 

and failure of the surface polyelectrolyte complex, leading to exposure of PLL to the 

immune system8 and fibrotic overgrowth.9 

One approach to avoiding the use of polycation coating of alginate beads is 

incorporation of at least one reactive polymer inside the forming calcium alginate bead. 

10,11,12  Introducing covalent crosslinking to the alginate beads can circumvent some of 

the issues with alginate, such as capsule weakening and degradation due to calcium 

exchange, resulting in mechanically reinforced capsules, 13,14 and enable longer-term 

immuno-protection.15  Covalent crosslinking that occurs in the presence of cells cannot 

include cytotoxic reagents, monomers, catalysts or by-products, and must occur readily 

under physiological conditions.   
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“Click” chemistry is a term for fast and efficient coupling reactions that was 

introduced by the group of Sharpless in 2001,16 and that has drawn increased attention in 

recent years. 17 , 18 , 19 , 20 , 21   Characteristics of click reactions include simple reaction 

conditions, commonly use of water as a solvent, absence of toxic byproducts, and high 

yields without use of a catalyst.  Examples include Diels-Alder,22 copper-free azide-

alkyne,23 and Michael additions.24 The thiol-ene Michael addition was selected for this 

work.  Thiol-ene Michael additions are typically very rapid, due to the activation of the 

vinyl group by the adjacent electron withdrawing group.25,26  Such reactions can be 

mediated by weak bases, with the resulting thiolate nucleophile reacting with the 

activated C=C bond.27 Previous work found that while the Michael addition of a thiol to 

an activated alkene can occur at weakly acidic pH (6.5) it is greatly accelerated at pHs 

above 7.0.28,29,30,31  While maleimide is a very reactive activated alkene in thiol-ene 

Michael additions, it has been shown to hydrolyse in water under physiological 

conditions. 32 , 33 , 34  To avoid competition between crosslinking and hydrolysis, vinyl 

sulfone was selected as activated vinyl group due to its good reactivity with thiols, low 

reactivity with water, and hydrolytically stable thioether sulfone bonds formed.35,36,37  

 Incorporation of two mutually reactive polymers within a calcium alginate bead 

requires that the crosslinking reaction occur at a slow enough rate for adequate mixing 

and bead formation, prior to increase in solution viscosity or gelation.  The rapid rate of 

the thiol-ene Michael addition presented a challenge in this regard.  Two different 

approaches were explored in this chapter to circumvent this issue.  In the first, one 

reactive polymer, PMM-CVS, was entrapped in the calcium alginate matrix and 

crosslinked by subsequent in-diffusion of HS-PEG-SH.  Second, PMM functionalized 

with pendant 2-pyridylthio-protected thiols was co-entrapped in the calcium alginate 

matrix along with PMM-CVS, with crosslinking between these two polymers within the 

calcium alginate matrix triggered by subsequent reductive deprotection of the polymeric 

thiols using TCEP (scheme 5.1).   

 Bead physical properties were found to be highly dependent on both loading 

percentage of PMM-CVS and PMM-SPy, as well as functionalization percentage of the 

polymers.  The use of protected thiols enabled mixing of both reactive polymers with no 
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reaction until the disulphide bonds are cleaved, allowing for excellent control over the 

crosslinking reaction. 

 
Scheme 5.1. Synthesis of PMM-CVS (C) and PMM-SPy (B) from PMMAn (A).  

Treatment of PMM-SPy with TCEP results in reduction of the disulphide linkage and 

Michael addition covalent crosslinking between the free thiols on PMM-SPy and the 

vinyl sulfones on PMM-CVS (D).  2-mercaptopyridine tautomerizes (E), preventing its 

participation in the Michael addition with PMM-SPy during crosslinking.   

 

The focus of this chapter is on the development of a rapidly crosslinkable 

hydrogel network based on the thiol-ene Michael addition reaction.  An improved 

synthesis of CVS, preparation of the reactive polymers, characterization of key physical 

and chemical properties of the resulting matrix beads, and proof-of-concept of cell 

encapsulation are described.       
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5.3.( Experimental(Section(

5.3.1.  Materials 

Poly(methyl vinyl ether-alt-maleic anhydride) (PMMAn, Mn = 80kDa, Sigma-

Aldrich, Oakville, ON) was heated in a vacuum oven at 140 °C for 5 days to ensure that 

it was completely in the anhydride form.38  Divinyl sulfone (97%), fluoresceinamine, 

triethylamine, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) sodium salt 

(��99.5%), tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (��98%), silica gel 

(technical grade, pore size 60 Å, 230 – 400 mesh particle size, 40 – 63 µm particle size) 

and fluorescein isothiocyanate-conjugated dextran (dextran-f; 10, 70, 250, 500 kDa) were 

purchased from Sigma Aldrich (Oakville, ON) and used as received. Polyethylene glycol 

dithiol (Mn = 1 kDa) and polyethylene glycol dithiol (Mn = 8 kDa) were purchased from 

Creative PEGWorks. 2-pyridylthio cysteamine (SPy) (98%), cysteamine hydrochloride 

(98+%) and di-tert-butyl dicarbonate (97+%) were purchased from Alfa Aesar and used 

as received.  Sodium chloride, acetonitrile, chloroform, dichloromethane, 

dimethylsulfoxide, methanol and calcium chloride dihydrate were used as received 

(Reagent, Caledon Laboratories, Caledon, ON).  Sodium alginate (Pronova UP MVG, 

batch no. FP-610-03) was purchased from NovaMatrix (Sandvika, Norway) and used as 

received. Tri-sodium citrate dihydrate was purchased from EMD Chemicals. Deuterium 

oxide (99.99 atom% D) was purchased from Cambridge Isotope Laboratories. 

Tetramethylrhodamine 5- (and 6-) carboxamide cadaverine (TAMRA-cadaverine) was 

purchased from AnaSpec Inc. 

 

5.3.2.  Synthesis of cysteamine vinylsulfone HCl 

1.0 g cysteamine HCl (8.8 mmol) was dissolved in 10 mL water and added 

dropwise through an addition funnel to a stirring solution of divinyl sulfone (5.0 mL, 50.0 

mmol, 5.6x molar excess).  The biphasic mixture was allowed to react at room 

temperature for 6 h, and was then extracted once with 40 mL CHCl3, followed by 5x 20 

mL CHCl3.  The aqueous phase was dried with sodium sulphate and then lyophilized to 

give a viscous oil.  The oil was dissolved in 10 mL of MeOH to give a saturated solution, 

followed by addition of 90 mL of dry DCM.  The precipitate was filtered out and 

discarded.  The MeOH/DCM mixture containing the product was passed through a 1 cm 
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silica plug using 800 mL of 10% MeOH in DCM.  The collected fraction was taken to 

dryness on a rotary evaporator to give the product, CVS HCl, as a waxy white solid with 

77% yield.  The product was characterized via 1H NMR: δ 6.85 (1H), δ 6.43 (1H), 6.36 

(1H), δ 3.52 (2H), δ 3.19 (2H), δ 2.92 (2H) and δ 2.87 (2H).       

 

5.3.3. Synthesis of PMM-CVS and PMM-SPy with 10-30 mol% CVS and SPy 

PMM-CVS12 was prepared by dissolving PMMAn (0.250 g, 1.6 mmol 

anhydride) in 10 mL of acetonitrile, followed by addition of triethylamine (TEA) (150 

µL, 0.1088 g 1.1 mmol).  CVS (45 mg, 0.24 mmol, 15 mol% relative to anhydride groups 

on PMMAn) dissolved in 5 mL 1:1 (v/v) DMSO:acetonitrile and was added dropwise 

over a few minutes to the stirring solution.  The reaction was left mixing for 24 h at room 

temperature, followed by dialysis (Spectrapor, MWCO = 3500 Da) against 4 L of 0.05 M 

NaCl for 1 day and then against 4 L distilled water for 3 days, changed daily. The 

dialyzed solution was then lyophilized, leading to the isolation of PMM-CVS10 as a 

white powder, with yields >90%. 1H NMR in D2O on a Bruker AV600 NMR 

Spectrometer was used to determine the degrees of functionalization, using the CVS 

vinyl signals (δ 6.25 - 7.0 3H), referenced to the methylene signal on the polymer 

backbone (δ 1.8, 2H).  PMM-CVS20 and PMM-CVS30 were prepared in an analogous 

manner.  PMM-CVS14 and PMM-CVS22 was labelled with fluorescein amine and 

TAMRA-cadaverine as previously described.31    

PMM-SPy12 was prepared by dissolving PMMAn (0.250 g, 1.6 mmol anhydride) 

in 10 mL of acetonitrile, followed by addition of triethylamine (TEA) (150 µL, 0.1088 g 

1.1 mmol). SPy (53.6 mg, 0.24 mmol, 15 mol% relative to anhydride groups on PMMAn) 

dissolved in 5 mL 1:1 DMSO:acetonitrile and was added dropwise over a few minutes to 

the stirring solution.  The reaction was left mixing for 24 h at room temperature, followed 

by dialysis (Spectrapor, MWCO = 3500 Da) against 4 L of 0.05 M NaCl for 1 day and 

then against 4 L distilled water for 3 days, changed daily. The dialyzed solution was then 

lyophilized, leading to the isolation of PMM-SPy10 as a white powder with yields >90%. 
1H NMR in D2O on a Bruker AV600 NMR Spectrometer was used to determine the 

degrees of functionalization, using the SPy vinyl signals (δ 7.0 – 8.4, 4H), referenced to 
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the methylene signal on the polymer backbone (δ 1.8, 2H).  PMM-SPy19 and PMM-

SPy30 were prepared in an analogous manner.  

5.3.4.  Preparation of PMM-CVSx/HS-PEG-SH Alginate-Templated Beads 

Beads were prepared at various functional group loadings and polymer 

concentrations. The following is the procedure for preparation of 1% w/v PMM-CVS21 

beads with a 4:1 thiol:CVS ratio. Sodium alginate (75 mg, 1.5% w/v) was dissolved in 5 

mL of 100 mM HEPES buffer solution and filtered through a 0.45 µm, followed by a 

0.20 µm, syringe filter. PMM-CVS21 (10 mg) was dissolved in 250 µL of 100 mM 

HEPES buffer solution. 750 µL of the alginate solution was added to the PMM-CVS20 

solution. The resulting 1 mL solution, containing 1% w/v PMM-CVS21 and 1.125% w/v 

alginate, was extruded through a 27-gauge needle at a flow rate of 0.5 mL/min into 50 

mL of a 100 mM CaCl2/77 mM NaCl gelling bath. The beads were allowed to settle in 

the gelling bath for approximately 10 minutes before being removed by a plastic pipette 

and placed in a conical vial with 3 mL gelling bath. Approximately 50% of the beads 

were placed in a glass vial and the supernatant removed. A 1 mL solution of HS-PEG-SH 

(1 kDa) (38.2 mg, 4 x molar excess relative to CVS) was added to the vial. After 24 hours 

the beads were washed five times with 5 mL gelling bath.  This was repeated with 4 

different concentrations of 1 kDa HS-PEG-SH solution, resulting in 4:1, 3:1, 2:1 and 1:1 

ratios of thiol:vinyl sulfone.  

Additional sets of beads were prepared using 8 kDa HS-PEG-SH at 1% w/v 

PMM-CVS as well as 1 kDa HS-PEG-SH at 2% w/v PMM-CVS, according to the above 

procedure.  

5.3.5. Determination of PMM-CVS/HS-PEG-SH Alginate-Templated Bead Swelling 

Ratio 

Approximately 50 beads were divided between five wells in a 48-well plate. Bead 

diameter was measured using a Nikon eclipse Ti inverted fluorescent microscope. 

Supernatant was removed from the wells using a glass pipette, and replaced with 0.3 mL 

75 mM sodium citrate solution. Bead diameter was again measured at 1, 2, 10, 20, 40 and 

60 minutes after citrate addition. Citrate swelling ratios were calculated by dividing the 
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average bead diameter at 60 minutes by the average bead diameter before citrate addition 

(t=0 min). This was repeated for all sets of PMM-CVS/HS-PEG-SH beads.  

 

5.3.6.  Preparation of Calcium Alginate-templated PMM-CVSx/SPyy Beads  

A solution of sodium alginate (1.2% w/v) in HEPES buffered saline (800 µL, 50 

mM HEPES, pH 7.4) was added to a 200 µL solution of PMM-CVS (5 - 15 mg, 0.5 – 

1.5% w/v) and PMM-SPy (5 – 15 mg, 0.5 – 1.5% w/v) in HEPES buffered saline, to give 

final concentrations of 1% w/v sodium alginate, and 0.5 - 1.5% w/v each of PMM-CVS 

and PMM-SPy.  The solution was briefly vortexed to ensure complete mixing, then air-

sheared through a 27 gauge needle into 50 mL of HEPES buffered gelling bath 

containing 50mM HEPES, 0.45% w/v (77 mM) NaCl and 1.1% w/v (100 mM) CaCl2 

(pH 7.4) using a syringe pump set to a flow rate of 0.5 mL/min.  A dense suspension of 

the resulting beads (ca. 1 mL) were collected, the gelling bath was removed and replaced 

with gelling bath containing TCEP (20 x molar excess compared to SPy, 50mM HEPES, 

0.45% w/v (77 mM) NaCl, 1.1% w/v (100 mM) CaCl2, pH 7.4).  After 10 minutes in the 

TCEP solution, the supernatant was removed and the beads were rinsed 1 x with 5 mL of 

HEPES buffered gelling bath, followed by 2 x 5 mL saline and stored at 37 °C in 50 mL 

of saline solution.  Bead diameter was measured (n = 20) using an upright optical 

microscope in brightfield mode and a 5 x objective lens.  

 

Table 5.1. Moles of disulphide bonds (S-S) and TCEP used 

Polymer Loading% 

(each)  

mol S-S mol TCEP mass TCEP 

(mg) 

CVS12/SPy12 0.5% 2.65 x 10-6 5.3 x 10-5 15.2  

CVS12/SPy12 1.0% 5.30 x 10-6 1.06 x 10-4 30.3  

CVS12/SPy12 1.5% 7.95 x 10-6 1.59 x 10-4 45.6  

CVS21/SPy19 0.5% 4.86 x 10-6 9.5 x 10-5 27.9  

CVS21/SPy19 1.0% 9.73 x 10-6 1.90 x 10-4 55.8  

CVS21/SPy19 1.5% 14.6 x 10-6 2.85 x 10-4 83.7  

CVS32/SPy30 0.5% 6.5 x 10-6 1.35 x 10-4 38.7  

CVS32/SPy30 1.0% 1.30 x 10-5 2.70 x 10-4 77.3  
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CVS32/SPy30 1.5% 1.95 x 10-5 4.05 x 10-4 116 

 

 

5.3.7. Effect of TCEP Concentration and Exposure Time on Bead Crosslinking  

Beads composed of 1.0% w/v alginate and 1.0% w/v each PMM-CVS21 and 

PMM-SPy19 were prepared using the standard procedure, detailed above.  The gelling 

bath was removed 10 minutes after extrusion was complete, and replaced with TCEP in 

HEPES-buffered gelling bath in 10, 20, 30, 40 and 50 x molar excess TCEP (compared to 

SPy units) in 50 mL of gelling bath.  At set time-points, 0.1 mL of beads were removed 

from the TCEP gelling bath and rinsed once with 1 mL HEPES-buffered gelling bath and 

twice with 1 mL saline (0.9% NaCl). Bead diameters were measured on a microscope set 

to brightfield (n = 20).  The supernatant was then removed and replaced with 1 mL of 

sodium citrate (70 mM) and incubated at 37 °C for 1 h.  The bead diameters were 

measured post-citrate extraction (n = 20) and the ratio was used to determine the degree 

of swelling.  Control beads that were not exposed to TCEP were also rinsed once with 1 

mL HEPES-buffered gelling bath and 2 x 1 mL saline, incubated, and then treated with 

sodium citrate.   

 

Table 5.2. TCEP concentrations 

xs TCEP Amount TCEP 

(mmol) 

Mass TCEP 

(mg) 

Volume    

(mL) 

Concentration 

(mM) 

10 x 0.0972  27.9  50  1.94  

20 x 0.194 55.8  50  3.88 

30 x 0.292  83.7  50  5.84 

40 x 0.389  111.6  50  7.78  

50 x 0.486  140.0  50  9.72  

 

 

5.3.8.  Measurement of Covalent Crosslinking Efficiency using Sodium Citrate 

Beads composed of 1.0% alginate and varying loading percentages of PMM-

CVS/SPy were prepared as described above, and treated with a 20 x excess of TCEP for 
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10 minutes.  TCEP supernatant was then removed and beads were rinsed 1 x with 5 mL 

HEPES-buffered gelling bath, followed by 2 x 10 mL saline.  Bead diameters were 

measured using a microscope on transmitted light mode (n = 20).  Approximately 300 

beads were then placed into a glass vial, and the supernatant was removed.  The beads 

were rinsed with 1 mL of sodium citrate, which was then removed and replaced with 3 

mL of fresh sodium citrate.  The beads were gently agitated for 4 h and then observed and 

measured using the transmitted light setting on the microscope, or a confocal microscope 

(n = 20). 

  

5.3.9. Study of Bead Permeability Using Fluorescently Labelled Dextrans  

The permeability of PMM-CVS/SPy beads was investigated using fluorescently 

labelled dextrans of varying molecular weights (10 kDa, 70 kDa, 250 kDa, 500 kDa).  

The beads were prepared as described above and allowed to incubate at 37 °C for 24 h to 

ensure complete covalent crosslinking of the beads.  Approximately 150 µL of 

concentrated bead suspension was removed and placed into a 2 mL conical vial.  1 mL of 

sodium citrate (70 mM) was added to the suspension and the vial was gently agitated then 

stored at 37 °C for 24 h to ensure complete liquefaction of the calcium alginate template.  

Approximately 50 beads were then removed from the vial and placed into a well in a 96-

well plate and 100 µL of fluorescently labelled dextran (0.05% w/v) in HEPES buffered 

saline was added.  Beads were allowed to incubate at 37 °C for 24 h.   

Beads were imaged using a Nikon confocal microscope and the fluorescent 

intensity from approximately the central 25% of the beads (n = 4), as well as from the 

surrounding fluorescent solutions (n = 4), were obtained using NIS-Elements (Nikon) 

software and the ratio was determined.  

 

5.3.10.  Kinetic Permeability Study 

Matrix bead permeability was evaluated using dextran-f of varying molecular 

weights (10 kDa, 70 kDa, 250 kDa, 500 kDa).  Beads composed of 1.0% w/v alginate and 

1.0% w/v PMM-CVS21/SPy19 were treated with sodium citrate as described above to 

liquefy the alginate scaffold.  Approximately 50 beads were then removed from the 

citrate solution and placed into a well in a 96-well plate and 100 µL of fluorescently 
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labelled dextran (0.05% w/v) in HEPES buffered saline was added.  Beads were imaged 

at set time-points using a Nikon confocal microscope and the fluorescent intensity from 

approximately the central 25% of the beads (n = 4), as well as from the surrounding 

fluorescent solutions (n = 4), were obtained using NIS-Elements (Nikon) software and 

the ratio was determined.   

5.3.11. Photobleaching of PMM-CVS/PMM-SPy Alginate-Templated Beads 

PMM-CVS22r/SPy19 alginate-templated beads were prepared as described 

above, at a 1.0% w/v polymer loading. Approximately 10 beads were placed in one well 

of a 48-well plate. 0.3 mL of 70 mM sodium citrate solution was added to the well, and 

the beads were allowed to sit for 1 h. The beads were imaged on a Nikon Eclipse Ti 

confocal microscope and a small region of the bead interior was photobleached by 

focusing the microscope on one region and increasing the laser intensity. The laser 

intensity was returned to normal settings and the bead was imaged at 1, 10, 20, 30, 40, 50 

and 60 minutes after photobleaching.  

 

5.3.12. NIH 3T3 Cell Encapsulations  

NIH-3T3 fibroblasts were cultured in tissue culture flasks in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% v/v Bovine Calf Serum (BCS) and 1% 

v/v Penicillin/Streptomycin (PS) in a 5% CO2 environment at 37 oC with 100% humidity 

in a water-jacketed incubator. When 75-80% confluency was reached, cells were washed 

with PBS (pH 7.4, Invitrogen) and detached using 0.25% Trypsin-EDTA (1X) phenol 

red.  

Preliminary cell encapsulations were carried out under non-sterile conditions. A 

solution of PMM-CVS/SPy in HEPES-buffered saline was added to sterile filtered (0.2 

µm) alginate (2% w/v) along with a NIH 3T3 Mus musculus fibroblasts cell suspension in 

HEPES-buffered saline to give a final concentration of approximately 2 million cells/mL, 

1% w/v alginate and 1% w/v each PMM-CVS and PMM-SPy.  This solution was kept on 

ice and beads were prepared as described above by shearing the alginate solution through 

a 27 gauge flat tipped needle into a HEPES-buffered CaCl2 gelling bath.  Beads were 

then exposed to 50 mL of sterile filtered (0.2 µm) TCEP in gelling bath (20 x molar 

excess), as described above.  After 10 minutes in the TCEP solution, the supernatant was 
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removed and the beads were rinsed 1 x with 5 mL of sterile filtered (0.2 µm) HEPES 

buffered gelling bath, followed by 2 x 5 mL sterile filtered (0.2 µm) saline.  

Approximately 0.3 mL of dense bead suspension from each gelling bath was transferred 

to conical vials and washed once with media before being transferred to a 24-well plate 

and diluted with 2 mL of media.  Cells were incubated at 37 °C with 5% CO2 for 24 h.  

Control beads containing 1% w/v alginate and 2 million cells/mL 3T3 cells were 

prepared in an analogous fashion.  

  After encapsulation and subsequent incubation, fluorescent Live/Dead cell 

staining was used to determine positioning of the encapsulated cells. Calcein AM/EthD-1 

solution (50 µL of 2 µM calcein AM and 4 µM EthD-1 in sterile HEPES-buffered saline) 

was added to each well and incubated at room temperature for 20 minutes.  2 drops of 

NucBlue Live Reagent (ThermoFisher Scientific) were added for every 1 mL of bead 

solution, and then incubated for 20 minutes at room temperature in the dark.  A 5 mg/mL 

4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, ThermoFisher Scientific) solution 

was prepared by addition of 2 mL of distilled water to a vial of DAPI (10 mg), followed 

by sonication until all DAPI was dissolved.  The stock solution was diluted with HEPES 

buffered saline to 300 nM, and 50 µL was added to encapsulated beads in one well of a 

96-well plate.  The solution was allowed to incubate at room temperature for 5 minutes, 

in the dark, followed by removal of the staining solution and rinsing with HEPES-

buffered gelling bath. Fluorescence images were obtained using a Nikon Eclipse Ti 

confocal microscope.    

 

5.4.( Results(and(Discussion(
 

5.4.1.  Synthesis of CVS HCl 

We recently reported the first synthesis and isolation of pure CVS, using a time 

consuming process with two 24 h reactions followed by workup using a silica column.31  

In the present work, the synthesis of CVS was simplified by conducting a biphasic 

reaction between aqueous cysteamine HCl and neat DVS.  Here, protonation protects the 

amine on cysteamine from undergoing a competing Michael addition with DVS, while 

the biphasic reaction and excess DVS limits the formation of disubstituted vinyl sulfone.  
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Chloroform was used to extract unreacted DVS, and byproduct, which is attributed to 

disubstituted vinyl sulfone, is removed as a precipitate followed by a simple passage 

through a silica plug.  CVS HCl was isolated as a waxy solid, containing 12% water by 
1H NMR, in 77% yield.  The synthesis can be completed within 24 h and does not 

involve a silica column for purification.    

5.4.2.  PMM-CVS/HS-PEG-SH Alginate-Templated Matrix Beads 

 A solution of 1.125% w/v sodium alginate and variable concentrations of PMM-

CVS were extruded through a needle. Droplets were sheared off using concentric airflow, 

and then collected in a buffered calcium ion gelling bath. The ionic crosslinking of 

alginate in the presence of Ca2+ formed a gel-scaffold for the subsequent thiol-ene 

Michael crosslinking between PMM-CVS and a HS-PEG-SH crosslinker. The 

polyanionic nature of PMM-CVS allowed for entrapment of the polymer within the 

alginate bead before covalent crosslinking, as the anionic PMM backbone interacts with 

Ca2+ cations, as previously reported.32,39 

After 24 h incubation in a 1000 Da HS-PEG-SH solution, at ratios between 1:1 to 

4:1 of thiol:CVS, chelation of Ca2+ with 70 mM sodium citrate did not result in bead 

dissolution. PMM-CVS/HS-PEG-SH beads formed using all but two compositions 

remained intact after calcium chelation and subsequent alginate liquefaction. Bead 

diameter was measured both before and 1 h after an excess of citrate was added, to 

calculate the citrate swelling ratios shown in figure 5.1.  
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Figure 5.1. Swelling ratios of 1.125% w/v alginate 1000 Da HS-PEG-SH/PMM-CVSx 

beads over a series of CVS functional percentages and crosslinker concentrations (1:1, 

2:1, 3:1 and 4:1 thiol:CVS). 

 

It was expected that increased degree of CVS functionalization and crosslinker 

concentration would lead to increased crosslink density, and hence lower citrate swelling 

ratios. As seen in figure 5.1, citrate swelling ratios for intact beads did not vary 

significantly with degree of functionalization or crosslinker amount. Two samples, PMM-

CVS12 with 1:1 HS-PEG-SH and PMM-CVS32 with 1:1 HS-PEG-SH, were 

insufficiently crosslinked to maintain a cohesive bead after the alginate scaffold was 

removed.  

The swelling ratio of beads containing 1% w/v PMM-CVS with an 8000 Da HS-

PEG-SH crosslinker were also determined. The capsules remained intact after Ca2+ 

removal by citrate at all CVS functionalization percentages and thiol:CVS ratios and 

again did not display a significant difference in swelling ratio (figure A5.6). Beads were 

also made at 2% w/v PMM-CVS with a 1000 Da HS-PEG-SH crosslinker. Again, beads 

maintained their capsule integrity at all CVS percent functionalization and thiol:CVS 

concentration ratios (figure A5.7). The CVS percent functionalization had an impact on 

swelling ratio in this case, as a significant decrease in swelling ratio was seen when 

comparing the PMM-CVS12 beads to PMM-CVS21 beads. It was again seen that the 

ratio of thiol:CVS concentration had no effect on swelling ratio.   

While the PMM-CVS/HS-PEG-SH beads demonstrated successful covalent 

crosslinking via the Michael addition reaction, there were a number of considerations.  
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The beads were required to incubate in a solution of HS-PEG-SH while the crosslinker 

diffused into the beads, necessitating longer crosslinking times (up to 24 h). There was 

also a lack of effect of PMM-CVS composition and HS-PEG-SH crosslinker ratio on the 

citrate swelling ratios.  It is hypothesized that this may be due to i) the hydrophilic nature 

of PEG and ii) low PMM-CVS concentration (1% w/v relative to 2.5 – 7.5% w/v for bulk 

hydrogels) resulting in inefficient crosslinking between polymer chains due to the 

bifunctional nature of the PEG-crosslinker.  

  Designing a thiol-ene click crosslinked bead to circumvent these issues provided 

a unique challenge.  A thiol-containing polymer cannot be directly incorporated into a 

sodium alginate solution with PMM-CVS due to a rapid reaction rate that would interfere 

with extrusion and bead formation.  To circumvent this issue, a protected thiol, SPy, was 

incorporated into PMM to form a polymer with pendant thiols that are unreactive in the 

presence of PMM-CVS, until exposed to a reducing agent such as TCEP.         

 

5.4.3.  Preparation of alginate-templated PMM-CVS and PMM-SPy matrix beads 

 PMMAn was functionalized with either CVS or SPy to form PMM-CVS and 

PMM-SPy respectively.  The use of PMM as a common polymeric backbone for both 

thiol– and –ene–bearing polymers allowed for exploitation of the affinity of PMM for 

divalent cations, ensuring immobilization within the alginate scaffold.  

 

Table 5.3. DS of PMM-CVSx and PMM-SPyy
a 

  DS   DS fluorophore  
modified PMM actual (target)   actual (target) 

CVS12 12 (15) 
 

N/A 
CVS21 21 (30) 

 
N/A 

CVS32 32 (45) 
 

N/A 
CVS14f 14 (15) 

 
0.31 (0.5) 

CVS22r 22 (25)  0.14 (0.2) 
SPy12 12 (15) 

 
N/A 

SPy19 19 (25) 
 

N/A 
SPy30 30 (35) 

 
N/A 

a “r”: rhodamine-cadaverine labelled; “f”: fluorescein labelled.    
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Matrix beads were prepared by extruding a solution of 1% w/v sodium alginate 

and 0.5 – 1.5% w/v PMM-CVS/SPy into a HEPES-buffered saline CaCl2 gelling bath.  

Alginate ionically gels in the presence of divalent cations such as Ca2+, providing a 

temporary template for the reactive polymers.  The supernatant was removed and beads 

were then exposed to a solution of TCEP, a reducing agent that cleaves the disulphide 

bond in SPy, resulting in a free thiol that rapidly participates in the thiol-ene Michael 

addition with CVS.   

Matrix beads were found to be of similar size and shape to those formed with 

alginate alone, indicating that PMM-CVS / PMM-SPy do not interfere with alginate 

gelation.  It was noted that as the functionalization percentage and the loading percentage 

of reactive polymers increased, the opacity of the beads decreased.  This is likely due to 

some phase separation or salting out of the reactive polymers.  PMM is known to interact 

with Ca2+ 39 and this, coupled with charge shielding, may increase the hydrophobicity of 

the reactive polymers.  Previous bulk experiments showed phase separation upon mixing 

of alginate and PMM-CVS32 solutions on a microscope slide (figure A5.9),40 supporting 

the increased opacity observed as functionalization percentage and polymer loading 

percentage increases.      
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Figure 5.2. Matrix beads composed of 1% w/v alginate and PMM-CVS/SPy at 0.5% w/v 

(A), 1.0% w/v (B) and 1.5% w/v (C) loading percentages.  Note the increased opacity for 

1.0% w/v and 1.5% w/v PMM-CVS32/SPy30.  Scale bars are 500 µm.  Images were 

obtained using a Nikon upright microscope on transmitted light mode 5 x lens.   
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5.4.4.  Effect of TCEP concentration and exposure time on covalent crosslinking of 

matrix beads 

 While the thiol-ene Michael addition occurs rapidly, it cannot occur until TCEP 

has cleaved the disulphide linkages on PMM-SPy.  It was of interest to characterize the 

effect of TCEP concentration and exposure times to determine the optimal conditions for 

deprotection of SPy. To evaluate the effects of TCEP concentration and exposure time on 

crosslinking, beads composed of 1.0% w/v alginate and 1.0% w/v each PMM-

CVS21/SPy19 were exposed to 5 different concentrations of TCEP (10, 20, 30, 40 and 

50x molar excess, with respect to disulphide bonds in PMM-SPy) for 10, 20, 30, 40 and 

60 minutes.  After exposure, beads were rinsed with gelling bath and saline, and bead 

diameters were measured before and after citrate exposure.  It was found that for a 10 x 

excess of TCEP, the exposure time made a significant difference in the swell ratio, with 

swelling decreasing as the beads were exposed to TCEP for longer times.  A 20 x excess 

was found to have a similar impact on swelling regardless of the amount of time beads 

spent exposed to the TCEP solution, indicating that at this concentration, TCEP rapidly 

reduced the disulphide linkages and allowed for covalent crosslinking.  As the TCEP 

concentrations increased to 30 – 50 x excess, the beads exhibited a greater degree of 

swelling that increased with TCEP exposure time.  Based on these findings, a molar 

excess of 20 x TCEP was selected for crosslinking beads due to disulphide cleavage 

being complete within 10 minutes, allowing for short exposure time of beads to TCEP 

solutions.        
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Figure 5.3. Bead swell ratios as function of exposure time to TCEP, for 10x, 20x, and 30 

- 50x excess TCEP. 

 

5.5.5.  Bead swellability  

In order to examine the degree of swelling upon citrate extraction of calcium as a 

function of bead composition, beads were exposed to citrate and the bead diameter was 

measured both before and after exposure.  The matrix beads were then exposed to a 20 x 

molar excess solution of TCEP for 10 minutes, followed by rinsing with gelling bath and 

saline.  Beads were then treated with a large excess of sodium citrate and gently agitated 

for several hours to ensure complete chelation of calcium from the beads.  Beads 

composed of 0.5% PMM-CVS14f/SPy12 did not withstand calcium chelation, indicating 

that there were not enough functional groups present to provide adequate amounts of 

covalent crosslinking.  While beads composed of 1.0% and 1.5% w/v PMM-

CVS14f/SPy12 did not experience complete dissolution, they did swell significantly, and 

many beads broke.  The refractive index of the swollen beads was almost identical to 

water, making it necessary to image the beads using fluorescence microscopy.  Beads 

composed of 0.5, 1.0 and 1.5% w/v PMM-CVS21/SPy19 all remained intact after citrate 

treatment, although the 0.5% w/v beads became weak and easily deformable.  All three 

compositions remained intact for PMM-CVS32/SPy30, and the opacity apparent in the 

1.0% and 1.5% w/v beads decreased after citrate treatment, perhaps due to decreased 

charge shielding and increased swelling.    
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Figure 5.4. Matrix beads composed of PMM-CVS/SPy at 0.5% w/v (A), 1.0% w/v (B) 

and 1.5% w/v (C) after citrate treatment, resulting in liquefaction of the alginate scaffold 

and swelling of the matrix beads.  Beads composed of 0.5% w/v PMM-CVS14f/SPy12 

did not withstand citrate treatment, while beads at 1.0% w/v and 1.5% w/v polymer 

loading were weak and had a high degree of bead breakage.  Scale bars are 500 µm.  

Images of PMM-CVS14f/SPy12 were obtained using a Nikon Eclipse Ti confocal 

microscope 4 x objective lens.  Images of PMM-CVS21/SPy19 and PMM-CVS32/SPy30 
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were obtained using a Nikon upright microscope on transmitted light mode 5 x objective 

lens.   

!    
Figure 5.5. The swelling of matrix beads was calculated by measuring bead diameters 

before and after sodium citrate treatment and taking the ratio of the two values.   

 

5.5.6.  Indiffusion of fluorescently-labelled dextrans to determine bead permeability  

Hydrogel beads serve as a semi-permeable membrane, providing protection for 

encapsulated cells.  It is important to have control over the pore size of the beads.  The 

beads must allow for in-diffusion of oxygen and nutrients, and out-diffusion of 

therapeutic agents such as insulin to the surrounding environment.  The beads should also 

provide immune-protection to encapsulated cells by excluding antibodies and cytokines.  

Beads composed of 0.5% w/v PMM-CVS12/SPy12 were insufficiently crosslinked to 

withstand the citrate challenge.  Beads composed of 1.0% and 1.5% w/v PMM-

CVS12/SPy12 were weak and experienced some breakage.  Broken beads were not used 

to measure permeability. Polymer loading percentage was found to have a greater effect 

on bead porosity than functionalization percentage.  This fits with the swell ratio data that 

indicates that swelling is a function of loading percentage and not functionalization 

percentage which makes sense as porosity is a function of swelling.  Beads composed of 

PMM-CVS12/SPy12 and PMM-CVS21/SPy19 showed similar permeabilities to that of 

standard alginate beads, indicating that the reactive polymers retain similar porosity upon 

liquefaction of the alginate scaffold.  There was seen to be considerable indiffusion of 10 

kDa dextran-f, and an increase in partial exclusion as dextran-f MW increased.  Beads 

composed of 0.5% and 1.0% PMM-CVS32/SPy30 also had similar porosities to alginate 

beads.  However, at 1.5% polymer loading, beads demonstrated partial exclusion of 
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dextran-f, perhaps due to the somewhat hydrophobic nature of the polymer scaffold.   

 

Figure 5.6. In-diffusion of dextran-f into citrate-treated matrix beads composed of A) 

PMM-CVS12/SPy12, B) PMM-CVS21/SPy19, C) PMM-CVS32/SPy30.  

5.5.7.  Kinetic Permeability Study 

A kinetic permeability test was used to measure the rate of indiffusion of 

fluorescently labeled dextrans of varying molecular weights.  It was seen that 10 kDa 

dextran-f is able to rapidly diffuse into the beads, reaching equilibrium within 20 minutes.  

This suggests that oxygen and other small metabolites would also rapidly diffuse in and 

out of the matrix beads.  70 kDa and 250 kDa dextran-f diffuse into the beads more 

slowly, and reach equilibrium around 1 h, while 500 kDa dextran-f exhibits even slower 

indiffusion.   
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Figure 5.7. Rate of indiffusion of dextran-f (10, 70, 250 and 500 kDa) into citrate-treated 

1.0% w/v PMM-CVS21/SPy19 beads.   

5.5.8.  Photobleaching of PMM-CVS22r/PMM-SPy19 Alginate-Templated Beads 

A small section of the interior of a 1.0% w/v PMM-CVS22r/SPy19 bead was 

photobleached after citrate treatment, and then the bead was imaged over an hour to 

determine the level of fluorescence recovery (figure 5.8).  

 

   
Figure 5.8. Confocal microscope images of PMM-CVS22r/SPy19 beads A) 1 minute 

after photobleaching and B) 60 minutes after photobleaching. 

 

Noticeable fluorescence recovery would indicate that covalent crosslinking only 

occurred at the bead surface, and mobile polymer existed in the bead core. No visible 

A" B"
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fluorescence recovery occurred in the photobleached region, indicating that PMM-

CVS22r was covalently immobilized in the bead core. 

 

5.5.9.  Preliminary Cell Encapsulations 

Preliminary cell encapsulation experiments were carried out as proof-of-concept 

as well as a way to test different cell stains and examine cell positioning within the beads.  

This preliminary work was conducted under aseptic conditions, although measures were 

taken to limit contamination during preparation and encapsulation.  Encapsulations were 

carried out for 1.0 and 1.5% PMM-CVS21/SPy19, and 0.5 and 1.0% PMM-

CVS32/SPy30.  Calcein AM, NucBlue and DAPI were all explored as potential stains for 

live/all cells.  However, they were all found to preferentially stain the polymer matrix, 

making them unsuitable as cell stain choices for this work.  Ethidium homodimer, 

however, was found to selectively stain dead cells.  A possible alternative live/all cell 

stain is 3,3’-dioctadecyl-5,5’-di(4-sulfophenyl)oxacarbocyanine (SP-DiOC18(3)), a 

lipophilic carbocyanine analog that is weakly fluorescent in water but highly fluorescent 

under the fluorescein channel and photostable when incorporated into cellular 

membranes.   
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Figure 5.9. Confocal fluorescence images of beads composed of: A and B) 1.0% w/v 

PMM-CVS32/SPy30 24 h after initial encapsulation of 3T3 cells and stained with calcein 

AM (green, live)/ethidium homodimer (red, dead); C and D) 1.0% w/v PMM-

CVS21/SPy19 1 h after initial encapsulation and stained with NucBlue; and E and F) 

1.5% w/v PMM-CVS21/SPy19 1 h after initial encapsulation and stained with NucBlue. 

Scale bars are 250 µm. Images A, C and E show an equatorial confocal cross-section and 

images B, D and F show a 3D volume profile, generated from z-stacks.  

 

It is hypothesized that the phase separation observed for beads composed of 1.5% 

w/v PMM-CVS21/SPy19 and 1.0 and 1.5% PMM-CVS32/SPy30 will result in 

hydrophobic regions in the interior of the beads.  This may facilitate cell attachment, and 

a follow up project is planned to examine cell attachment through confocal microscopy 

fluorescent analysis of cell morphology and viability.  Figure 5.2 appears to show a core-

shell morphology with higher opacity in the core of the beads.  This morphology may 

make it possible to isolate the hydrophobic core from immune proteins of the host upon 

implantation.  Further studies are also planned to incorporate RGD into the matrix beads 

as a control study for cellular attachment.  Cell viabilities for varied exposure times and 
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concentrations of TCEP and other reducing agents such as tris(hydroxypropyl)phosphine 

(THPP) will also be explored in detail.         

   

5.6.(( Conclusions(

Covalently crosslinked alginate-templated beads were achieved using PMM-CVS 

and HS-PEG-SH (1 kDa and 8 kDa).  However, tunability of the beads was low, and 

crosslink density was not affected by polymer loading percentage, varying the thiol ratio, 

or increasing the functionalization percentage of CVS.  To improve tunability and control 

over the hydrogel networks, a disulphide-protected thiol, PMM-SPy, was introduced.  

Aqueous mixtures of PMM-CVS and PMM-SPy were used to prepare alginate-templated 

matrix beads which were then exposed to TCEP, a disulphide-reducing agent.  These 

beads showed excellent tunability that was dependent on polymer concentration, loading 

percentage, and TCEP exposure time and concentration.     
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5.9.(( Appendix(

 
Figure A5.1. 1H NMR of CVS-HCl in D2O.  
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Figure A5.2. 1H NMR of CVS-HCl in D2O, focused on the aliphatic region. The signals 

at δ 3.55 - 3.61, δ 3.20, and δ 3.00 are due to a small amount of hydrolysis of the vinyl 

sulfone that occurs during reaction with cysteamine in H2O, and later upon dissolution in 

D2O.      
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Figure A5.3. 1H NMR of CVS-HCl in D2O, focused on the vinyl region. 
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Figure A5.4. 1H NMR of PMM-CVS32 in D2O.  The ratio of grafted CVS groups was 

determined by vinyl signal integration (v, 1H, δ6.8; vi, 2H, δ6.4) compared to a backbone 

methylene peak (D, 2H, δ1.4 – 2.0). 
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Figure A5.5. 1H NMR of PMM-SPy30 in D2O. The ratio of grafted SPy groups was 

determined by vinyl signal integration (i, 1H, δ8.3; iii, 1H, δ7.2) compared to a backbone 

methylene peak (D, 2H, δ1.4 – 2).  
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Figure A5.6. Citrate swelling ratios of 1% w/v PMM-CVSx beads with varying 8000 Da 

HS-PEG-SH crosslinker molar ratios. 

 

 
Figure A5.7. Citrate swelling ratios of 2% w/v PMM-CVSx beads with varying 1000 Da 

HS-PEG-SH crosslinker molar ratios.  
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Figure A5.8. Confocal microscope images of 1% PMM-CVS22r/SPy19 alginate-

templated beads at time points A) before citrate addition, B) 1 minute after citrate 

addition, C) 2 minutes after citrate addition, D) 20 minutes after citrate addition, E) 40 

minutes after citrate addition and, F) 60 minutes after citrate addition.  Scale bars are 250 

µm.  
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Figure A5.9 A) Confocal microscope images of fluorescently labelled PMM-CVS32 (1% 

w/v) in an alginate templated bead (1.125% w/v) and B) An image of a solution of 

fluorescently labelled PMM-CVS32 mixing with sodium alginate at the interface on a 

glass slide.  Scale bars are 250 µm.  

!!
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Chapter(6(

Thesis(Summary(and(Recommendations(for(Future(Work(

(

6.1.(( Summary(

6.1.1.  Chapter 2  

PMMAn in the anhydride form was reacted with 10 - 30 mol% furfurylamine or 

N-(2-aminoethyl)maleimide followed by hydrolysis of residual anhydride groups to form 

PMM-FFA and PMM-MAL respectively.  Aqueous solutions of these mutually reactive 

polymers were combined and spontaneously formed bulk hydrogels within 15 minutes to 

18 h, depending on degree of functionalization and concentration.  Both solution-state 

and high-resolution magic angle spinning 1H NMR were used to assess the extent of 

Diels Alder reaction and competing hydrolyses, and  polymer handling was adjusted 

accordingly to minimize side reactions.  The ability to post-functionalize the gels using 

residual furan moieties was demonstrated via the addition of N-ethyl maleimide to 

swollen hydrogels. 

Swelling of the hydrogels was found to depend on the degree of functionalization, 

with higher swelling being observed for gels formed from less functionalized polymers.  

Similarly, the Young’s Modulus of the gels was found to be inversely proportional to the 

swelling ratios, with higher moduli measured for more highly functionalized hydrogels.  

The elastic moduli for the gels were found to cover a wide range, matching stiffnesses 

measured for tissues ranging from muscle to collagenous bone.  

The porosity of the crosslinked gels was investigated using fluorescently labelled 

dextrans, and pore sizes were found to range from 2.3 to 10.9 nm, demonstrating that 

porosity may be controlled via functional group loading.  It was also found that 

incorporation of Ca2+ resulted in decreased swelling of the hydrogels and increased 

modulus, attributed to electrostatic shielding as well as calcium ion bridging between 

PMM chains.  A controlled release experiment using entrapped 10 kDa fluorescently 

labelled dextran found that hydrogels treated with Ca2+ showed a persistent release of the 

dextran over the course of several days, indicating the potential for these hydrogels as 

controlled release devices.    
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6.1.2.  Chapter 3 

Aqueous solutions containing 0.5 to 1.5% w/v each of PMM-FFA/MAL were 

mixed with a solution of sodium alginate and extruded in droplet form into a calcium 

chloride gelling bath to form calcium alginate-templated crosslinked matrix beads of 

about 500 micrometer diameter.  These beads were found to retain 88-97% of the reactive 

polymers, demonstrating excellent entrapment, likely due to a combination of their high 

molecular weight and participation in calcium bridging of the PMM backbone.  Confocal 

fluorescence microscopy showed co-localization of the reactive polymers with calcium 

alginate along identical trough-shaped density profiles across the beads, and allowed 

tracking of alginate during calcium removal with sodium citrate.   

Beads were stable for over six weeks even after liquefaction of the alginate 

scaffold apart from the 0.5% w/v beads.  Alginate concentration was also found to have 

an effect on crosslinking efficiency, with less crosslinking observed at both high and low 

alginate concentrations, attributed to less facilitation of the Diels-Alder reaction at low 

concentration, and inhibition of polymer chain mobility at higher concentrations.   

Beads were found to be fully crosslinked after 1.5 – 6 hours, depending on 

composition, which was significantly faster than the equilibrium achieved for bulk gels. 

Some bead compositions did remain intact upon alginate liquefaction after as little as 15 

minutes.  Bead swelling after alginate liquefaction was found to be composition 

dependent, with no PMM-FFA/MAL detected in the supernatants.  Fluorescently labelled 

dextrans were used to determine capsule permeability, with 10 and 70 kDa dextrans 

diffusing into the beads while 250 and 500 kDa dextrans were partially excluded.   

Encapsulation of 3T3 fibroblasts demonstrated excellent initial viability after 

encapsulation.  However, viabilities showed a decrease after 3 days, possibly due to the 

lack of attachment sites available in the capsules.  

 

6.1.3.  Chapter 4 

 Cysteamine vinyl sulfone trifluoroacetate (CVS TFA) was synthesized and 

isolated in a three- step reaction and used to functionalize PMMAn to form PMM-CVS 

with 10 – 30% pendant vinyl sulfone moieties.  Aqueous solutions of PMM-CVS and a 



PhD Thesis – S. Alison Stewart              McMaster University – Chemistry and Chemical Biology 

!
168 

PEG-dithiol crosslinker were combined in equimolar amounts, resulting in thiol-ene 

crosslinked hydrogels within seconds to 45 minutes, depending on concentration and 

degree of functionalization.  The reaction was found to be strongly pH dependent, as 

expected, with faster reaction observed at higher pH.   

The as-formed gels were found to swell further in buffer, depending on polymer 

concentration and degree of functionalization, with lower degrees of swelling observed at 

higher concentration and degree of functionalization.  Young’s modulus was found to be 

very sensitive to gel composition, with ranges from 0.94 to 141 kPa measured.  In 

contrast to the Diels-Alder system, hydrolysis of pendant reactive moieties was found to 

be negligible compared with the crosslinking reaction.  Post-modification of the gels with 

cysteamine demonstrated the ability to functionalize the hydrogels in a step-wise fashion.   

Cytotoxicity of the polymers was investigated by mixing aqueous solutions of 

PMM-CVS and PEG-dithiol with 3T3 cells and evaluating the cell viability in the formed 

gel after 24 hours by fluorescent live/dead assay.  Cells exhibited viabilities of 98%, 

indicating gel formation is not toxic to cells.  Cell morphology showed that the cells did 

not adhere to the gels, potentially necessitating the incorporation of RGD or other 

attachment moieties for future applications in cell encapsulation.  

 

6.1.4.  Chapter 5 

Synthesis of cysteamine vinyl sulfone was further optimized to a single-pot 

reaction with a more rapid purification using extraction and a silica plug, without the 

need for a boc-protecting group.  PMMAn was functionalized with CVS and SPy, a 

protected thiol, to form PMM-CVS and PMM-SPy respectively.  Aqueous mixtures of 

PMM-CVS/SPy were mixed with sodium alginate and extruded into a HEPES-buffered 

saline CaCl2 gelling bath, followed by exposure to tris(2-carboxyethyl)phosphine (TCEP) 

to deprotect the thiol component and initiate crosslinking.  Some opacity was observed 

for beads with higher functionalization percentages and concentrations, suggesting onset 

of phase-separation of the synthetic polymers from the calcium alginate.   

TCEP concentration and exposure times were investigated for effect on 

crosslinking efficiency, with intermediate TCEP concentrations resulting in maximal 

crosslink density.  Swellability of as-formed beads in excess buffer was found to be 
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inversely proportional to gelformer concentration and functionalization. Similarly, 

permeability as determined with fluorescently labelled dextrans was inversely dependent 

on functional group loading and concentration, with in-diffusion of 10 kDa dextran-f 

reaching equilibrium within as little as 20 minutes.                

  

6.2.(( Future(Work(

6.2.1.  Cell Attachment  

One significant challenge in biomaterials design is insufficient attachment of cells 

within capsules, which can lead to cell death and subsequent inflammatory response.1   

Attachment can be improved by immobilizing cell-recognition peptides within the 

hydrogels.2,3,4  One such peptide, RGD, triggers cell adhesion and can also elicit specific 

cell responses.5  

Biomaterials were originally coated with proteins such as fibronectin, collagen and 

laminin to improve cellular interactions.6,7,8,9,10,11,12  However, the use of proteins is 

associated with several disadvantages, including higher cost, and potential for immune 

response to due incomplete purification.13,14  RGD is the best characterized and most 

commonly used peptide for stimulated cell adhesion on synthetic surfaces.15  First 

identified in 1984 by Pierschbacher, it is an essential cell adhesion peptide sequence in 

fibronectin.16  

Contact of cells with neighbouring cells and the surrounding ECM is mediated by cell 

adhesion receptors, with the integrin family playing an important role.17  Integrin is 

critical for anchoring molecules, as well functions such as embryogenesis, 18  cell 

differentiation,19 and immune response.20  

Results from chapter 3 showed that encapsulation of 3T3 cells within alginate-

templated PMM-FFA/MAL beads retained excellent viabilities post-encapsulation.  

However, viabilities decreased with time, likely due to lack of cell-attachment sites in the 

matrix beads.  Similar to 3T3 cells, mesenchymal stem cells are known to be attachment 

dependent and it has been demonstrated that MSC survival is enhanced when MSC 

spheroids are entrapped in alginate hydrogels that have been modified with integrin-

binding RGD peptides.21  
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Functionalization of PMM with RGD prior to incorporation of FFA, MAL, SPy and 

CVS would encourage cell attachment to the scaffold and may help improve long-term 

cell viabilities.  Incorporation of RGD into the polymers would also allow for precise 

control and characterization of degree of functionalization.  

 

6.2.2.  Varying the Molecular Weight of PMM  

PMM is available in a wide range of molecular weights ranging from low 

molecular weight oligomers to 1000 kDa chains.  In this work, functionalization of PMM 

was restricted to 80 kDa and 1000 kDa chains.  It was found that 1000 kDa PMM became 

insoluble post-functionalization with FFA and MAL, likely due to physical chain 

entanglement.  However, it would be useful to explore the functionalization of 

intermediate chain length PMMs between 80 and 500 kDa.  The effect of chain length on 

rate of crosslinking, gel modulus, swellability and permeability would be explored.  In 

the current system, PMM is entrapped within the alginate beads partially due to 

molecular weight, and partially due to the binding interaction between PMM chains and 

Ca2+ ions.  Increasing the molecular weight may further reduce the amount of PMM that 

escapes the alginate beads during initial ionic gelation.   

 

6.2.3.  Cell Encapsulation 

In the current work 3T3 fibroblasts were encapsulated in alginate-templated 

PMM-FFA/MAL beads and a similar encapsulation will be carried out for alginate-

templated PMM-CVS/SPy beads.  While 3T3 cells serve as a convenient option for early 

encapsulation studies, it is of interest to encapsulate more therapeutically relevant cells 

such as INS-1E (rat pancreatic β cells) and MSCs. An exploration of cell viability and 

longevity post-encapsulation as well as cellular response to glucose challenges will 

provide important information about the suitability of these alginate-templated matrix 

beads for therapeutic cell encapsulation.  

 

6.2.4.  Exploring Alternative Reactive Moieties 

The Diels-Alder reaction involves the reaction between an electron-rich diene and 

an electron-poor dieneophile.  Incorporation of electron-donating substituents on the 
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diene, such as alkyl chains, results in acceleration of the reaction.22,23  It is of interest to 

explore a library of different dienes, dieneophiles, Michael acceptors and Michael donors 

and examine the effects of different reactive groups on reaction rate and gel properties. 
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