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Abstract 

 Polycations are used extensively in a wide range of applications from enhanced oil 

recovery, wastewater treatment, and to biomaterials for delivery of therapeutics. This 

thesis focuses on the design, synthesis, and study of polycations towards improving the 

cyto- and immuno- compatibility in polyelectrolyte-based biomaterial applications. 

Alginate-based polyelectrolyte encapsulation and DNA delivery were chosen as 

applications to demonstrate the properties of the polycations developed, as a proof of 

concept.  

 The work in this thesis represents significant contributions to the field, in 

particular, in the study of polymers based on N,N-(dimethylamino)ethyl acrylate 

(DMAEA) as charge-shifting polycations where it provides an in-depth study of the 

hydrolysis of PDMAEA that probes the mechanism of its unique reactivity. 

 The hydrolysis of polymers of DMAEA was found to be highly pH dependent and 

sensitive to various neighboring groups on its pendent side chain, polymer backbone, and 

of comonomers. The effects were hypothesized to be due to a combination of interactions 

including hydrogen-bonding, steric hinderance, as well as ionic, hydrophilic, and 

hydrophobic interactions. These studies led to the synthesis of polycations with various 

rates of hydrolysis, with half-lives ranging from years to minutes. As these esters 

hydrolyze, the polymers have the potential to undergo transitions in net charge from 

cationic to zwitterionic, followed by anionic, due to the formation of carboxylate groups. 

Hence, the polymers are known as “charge-shifting” polycations in the field.  
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 As a proof of concept, charge-shifting polycations based on DMAEA were studied 

in alginate-based polyelectrolyte materials for encapsulation. Copolymers of DMAEA 

and 3-aminopropyl methacrylamide (APM), called PAD copolymers, were used as 

coating materials with polyanionic calcium alginate hydrogel capsules. The charge-

shifting ability was confirmed as the coatings were shown to degrade over time due to 

disruption of electrostatic interactions. It was further demonstrated that covalent cross-

linking could preserve the structural integrity of the membrane coating. Electrophoretic 

mobility measurements of PAD coated microspheres confirmed the shift in net surface 

charge from cationic to anionic with progressive hydrolysis. 

 The charge-shifting ability of PAD copolymers was then tested for improving 

cytocompatibility as DNA delivery agents. PAD copolymers were shown to condense 

60bp DNA to form polyplexes with very high cellular uptake efficiency in comparison to 

the gold standard polycation in the field, branched polyethylenimine (PEI). Cells exposed 

to PAD copolymers with the greatest charge-shifting ability were shown to have 

improved viabilities relative to non-charge-shifting polycations. This was attributed to the 

reduction of cytotoxic cationic charge of the polymer with progressive DMAEA 

hydrolysis.  

The results described in this thesis provide fundamental structure–function 

information to help design and develop new polymers and materials with tunable 

properties towards biomaterial applications.  
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CHAPTER 1: INTRODUCTION 

1.1. Polyelectrolytes 

 Polyelectrolytes are a class of charged polymers with monomer units comprising 

ionizable groups – this includes polycations where the charge is positive, and polyanions 

where the charge is negative. Polycations and polyanions are comprised of ionizable 

functional groups, and due to their high charge density, they are typically used in aqueous 

media and organic solvents capable of solubilizing salts. For polycations, the ionizable 

functional group of the monomer is commonly an amine, as the base can be protonated 

below its pKa, forming a charged ammonium cation.1 Ammonium cations make up the 

majority of commonly used polycations as they are chemically and thermally stable, have 

good solubility in water, and have infinite variations of substitution at the nitrogen.1,2 

Phosphonium cations3-6 have also been used in polyelectrolytes due to their chemical and 

thermal stability, as they are less likely to undergo Hoffman elimination in comparison to 

ammonium cations,4 however they are less commonly used mainly due to the synthetic 

challenges involved with phosphine precursors. Other more exotic cationic moieties 

include sulfonium7,8 and boronium9 cations, however they often suffer from poor 

chemical stability, as they are susceptible to nucleophilic attack and dealkylation.10,11 In 

addition, metallic ferricinium and cobalticenium cationic groups have been used in 

polyelectrolytes for applications including fuel cells and magnetic nanomaterials.12,13  

As for polyanions, the three most commonly used groups include carboxylate, 

phosphonate, and sulfonate groups due to their acidic nature and ionization at the 
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appropriate pH in aqueous media. Polyelectrolytes are often used in applications that 

exploit their interactions with oppositely charged material to form polyelectrolyte 

complexes (PECs).14 This includes simply mixing a solution of a polycation and a 

polyanion together. The driving force of polyelectrolyte complexation is not solely due to 

the electrostatic attraction of opposite charges but more importantly due to the favourable 

entropic release of counter ions associated with the polyelectrolyte.15 This phenomenon 

allows for the spontaneous formation of polyelectrolyte complexes, which has been 

exploited in a variety of industrial applications ranging from wastewater treatment,16,17 

enhanced oil recovery,18 gas separation,19,20 to biomaterial21 applications. In these fields, 

much research has been devoted to synthetic polycations in particular to compliment the 

polyanionic properties of nature and its materials such as DNA and phospholipid 

membranes in cells. Some of the most commonly used synthetic polycations in the 

industry include polyallylamine,22,23 polyethylenimine (PEI),24,25 poly-L-lysine (PLL),24 

poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA),24,26 and 

polydiallyldimethylammonium chloride (PDADMAC).27,28 These polymers share an 

amino group in common, though with varying degrees of substitution and polymer 

backbone diversity. Polymers containing primary and secondary amines are nucleophilic 

and their ionization is pH sensitive. Tertiary amines are less nucleophilic than primary 

amines, and their ionization is also pH sensitive. The pKa of these polymeric ammonium 

cations can vary greatly, though typically fall in the range of 7.5–9. Quaternary 

ammonium groups are not nucleophilic and are permanently charged rendering them pH 

insensitive. The different ammonium forms give rise to very different chemical and 
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physical properties with varying strengths of interactions with anionic species, hence their 

versatility in a wide range of applications.  

 

1.2. Polycations for Biomaterial Applications 

 Polycations have been studied extensively in biomaterial applications such as gene 

transfection,24,26,29-32 antimicrobials,24,33 and other therapeutic delivery applications.21,24,34-

37 In comparison to natural polycations such as chitosan,38 synthetic polymers allow for 

the exploration of various structure–property relationships, providing access to highly 

tunable systems for the desired application. For gene transfection, polycations are a more 

safe, inexpensive, and readily accessible alternative to viral vectors.26,29-31 Polycations are 

used to complex with polyanionic DNA to form polyplexes to protect DNA from 

nucleases and intracellularly deliver the nucleic acid payload. 

Polycations and cationic peptides have also been used as antimicrobials in part as 

their cationic charge density interacts strongly with the negatively charged membrane of 

bacterial cells, causing cell lysis39 or disruption of vital cell membrane processes.33,40 The 

rise in popularity of polycations for antimicrobials is in part due to their broad 

effectiveness and their success against the development of bacterial resistance.41 

Since the interaction of polycations and polyanions occurs spontaneously, their 

complexation has been used to form a variety of materials such as layer-by-layer (LbL) 

thin films and hydrogel capsules.14,21 These PEC constructs have been developed to 

encapsulate and release drug molecules and other payloads for extended, stimuli release 

mechanisms.21,36 Although research involving commonly used polyelectrolytes has shown 
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much success in these biomaterial applications, one of the long-standing challenges in the 

field includes the toxicity of the polycation. 

 

1.3. Cytotoxicity and Immunogenicity of Polycations 

It is well known that polycations are typically cytotoxic as they can bind to 

anionic components of the cell including the phospholipid membrane as well as nucleic 

acids.42,43 In addition, polycations may illicit pro-inflammatory and pro-apoptotic 

pathways as they mimic cationic charge of endogenous compounds associated with those 

pathways.42,43 Charged surfaces, in addition to hydrophobic surfaces, of PEC materials 

may cause biofouling due to protein and cellular adsorption, which may result in failure 

or reduced performance of material functions i.e. as implants.44 Although efficient 

complexation and strong binding of polycations are desirable properties for the 

production of PEC materials, those very characteristics of polycations seem to be the 

inherent cause of their cytotoxicity and biofouling of materials. 

 Efforts to mitigate biofouling in PEC materials formed by the LbL process include 

depositing a final layer of polyanion to mask residual cationic charge on the surface of the 

construct.45-47 In general, this approach has failed in practice due to the inherent 

heterogeneity of polyelectrolyte complexation as polyelectrolytes may form uncomplexed 

portions resulting in patchy surface charge.46 The significance of this issue has been 

demonstrated in the implantation of such PEC materials in vivo. For example, calcium 

alginate capsules that have been coated with cationic PLL, followed by a final coating of 

anionic alginate, called APA capsules, were implanted in mice to observe the 
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compatibility of the PEC material. Ex vivo, the capsules showed significant protein and 

cellular deposition on the surface of the capsules after 6 weeks of implantation.47 Tam 

and coworkers tested the biocompatibility of alginate beads, AP and APA capsules, and 

pinpointed that there was a clear increase in host cell adhesion to capsules that 

incorporate the polycation and that there was little difference between AP and APA 

capsules.46 Thus, APA capsules failed to maintain biocompatibility despite the final 

coating of alginate in an attempt to mask the cationic charge of PLL. Another attempt at 

reducing surface charge in PEC materials include masking the polycation with a neutral, 

hydrophilic polymer such as poly[ethylene glycol] (PEG) with architectures such as PLL-

block-PEG48 or PLL-graft-PEG.49,50 Although these polymers were more 

cytocompatible49 and showed less protein adhesion50 due to decreased cationic charge 

density, this type of polymer architecture encountered issues with steric hinderance of the 

PEG block as PLL-g-PEG showed lower affinity towards polyanions, which further 

complicates electrostatic complexation.50 Other attempts to reduce cationic charge density 

include copolymers of cationic monomers with anionic51 and neutral/zwitterionic52-54 

comonomers which may indeed reduce cytotoxicity and biofouling of PEC materials, 

however sacrifice cationic charge density required for strong and efficient electrostatic 

complexation. 

 In another example, polycations are studied as a safer and inexpensive alternative 

to viral vectors for DNA delivery for gene therapy.26,29-32 Similar to PEC materials, 

polycations are used to complex with anionic nucleic acids to form “polyplexes” as in 

PEC nanoparticles. In this case, cationic charge of the polycation is required to condense 
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and protect the nucleic acids from nucleases, in addition to facilitate cellular uptake of the 

polyplexes.26,29-32 It is known that the net charge of the polyplexes needs to be cationic to 

trigger internalization by endocytosis, however, an excess of cationic charge invariably 

leads to cell death.55,56 Research typically relies on balancing transfection efficiency with 

cytotoxicity by optimizing the ratio of polycation to DNA often referred to as the nitrogen 

to phosphate (N/P) ratio. The gold standard polycation used for transfection is 

PEI,25,30,57,58 in particular branched 25-kDa PEI,59,60 however, it is still known to have 

varying cytotoxic effects and transfection efficiency depending on molecular weight60,61 

and polymer architecture.60,62,63 Researchers have also attempted to reduce cytotoxic 

cationic charge of PEI by masking with PEG64 and polyanions,65 in addition to acetylation 

of secondary and primary amines to form neutral amides.66 Similar to the PLL examples 

mentioned previously, these modified PEI polymers sacrifice cationic charge density 

required for efficient complexation to condense nucleic acids and cellular uptake. Another 

more recent concern for PEI, and other polycations, as DNA delivery agents includes the 

final intracellular fate of the polymer.63 As the mechanism of polycation-mediated 

transfection is still not fully understood,66-68 speculation on the potential for either the 

accumulation or release of the polycation following internalization both suggest more 

issues in damaging intracellular components.63 

 

1.4. Degradable Synthetic Polycations 

 For a number of applications, it is clear that there is a need to develop more 

cytocompatible polycations that maintain strong complexation properties, an idea that 
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inherently seems contradictory. Further attempts at creating such polycations include 

incorporating degradable linkages within the polymer backbone69-75 or pendant side-

chains69,76-79 to reduce cationic charge of the polymer following PEC formation. It should 

be differentiated at this point that the cytotoxicity of cationic small molecules is not 

susceptible to the same mechanism of cell death as polymers with cationic charge and do 

not form polyelectrolyte complexes. These degradable polycations initially have a high 

cationic charge density that enables strong electrostatic interactions with polyanions for 

efficient complexation, but then undergo degradation, typically hydrolysis, where the 

cationic charge of the polymer is reduced. These polymers have been termed “charge-

shifting”,77,78,80-82 “charge-reversing”,83-85 “decationized”,86,87 and “self-destroying”,88 

cationic polymers by researchers as a result. Although this reduction of cationic charge of 

the polymer may not be suitable for all applications of polycations, these charge-shifting 

polycations are appropriate for applications where cationic charge is required temporarily 

i.e. for initial PEC formation and to facilitate cellular uptake. Charge-shifting of the 

polycation would reduce the electrostatic interactions with the polyanion and cause 

dissociation of the PEC. This concept has been exploited as a release mechanism of 

entrapped molecules, most commonly used for DNA delivery,69-79,82-88 as well as other 

therapeutic molecules.89,90 Alternatively, PECs formed with charge-shifting polycations 

can be covalently cross-linked to preserve the construct if long-term integrity is 

required.80 The use of charge-shifting polycations in this way results in a reduction of net-

cationic charge of PECs, which is a desirable feature as described previously, not 

attainable with standard polyelectrolytes.   
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 David Lynn and Robert Langer were among the first to describe degradable 

polycations based on β-amino esters.71 These polymers were synthesized by 

polycondensation of secondary diamino alkanes and diacrylates via Michael addition 

reactions. Since these esters are part of the polymer backbone, the hydrolysis results in 

degradation of the main polymer chain. Though not “charge-shifting” by definition, the 

interaction of β-amino groups to polymeric esters was studied as polycations capable of 

forming PEC constructs with polyanions in a layer-by-layer fashion due to their initial 

high charge density, followed by their degradation to dissociate the PEC. Lynn utilized 

these degradable polycations to condense and deliver polyanionic DNA as more 

cytocompatible alternatives to standard polycations such as PLL and polyethylenimine 

(PEI). With varying alkyl amino spacers as in cyclic piperazine and linear N,N’-

dimethylethylenediamine, Lynn showed that these polyesters degraded with half-lifes of 

less than 5 hours at pH 7.4 and 7–8 hours at pH 5.1 at 37 °C to mimic the conditions of 

the cytoplasm and endosomal vesicle, respectively.71  

 

1.5. Charge-Shifting Polycations 

In later reports, Lynn described charge-shifting polycations that further exploit 

labile aminoalkyl esters. In this system, the secondary amines of linear PEI (LPEI) were 

reacted with methyl acrylate by Michael-addition (Figure 1.1.).91 
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Figure 1.1. Charge-shifting polycations based on linear PEI. Reprinted (adapted) with 
permission from Liu, X. et al. Macromolecules 2005, 38(19), 7907-7914. Copyright 
(2005) American Chemical Society. 

 

These modified PEI polymers contain tertiary amines, as well as unreacted secondary 

amines and thus retain their initial high cationic charge density. The methyl esters in the 

pendant side-chain are similarly labile as β-amino esters. Their hydrolysis results in the 

formation of anionic carboxylate groups and methanol as a by-product at physiological 

pH, which reduces the net cationic charge of the polymer. Hydrolysis kinetics by 1H 

NMR spectroscopy of the LPEI functionalized at approximately 100, 60, and 20 mol% in 

100 mM HEPES-d18 buffered D2O at pH 7.2 at 37 °C revealed half-lifes of 

approximately 2 days. In addition, the hydrolysis of the polymers was measured indirectly 

by gel electrophoresis, using the release of complexed DNA as an indication of charge-

shifting ester hydrolysis. It was found that LPEI with the greatest degrees of 

functionalization of 100 and 80 mol% exhibited the fastest release rates of complexed 

DNA in comparison to lower percent functionalized LPEIs e.g. 40 and 60 mol%. This 

was attributed to higher percent-functionalized LPEIs having the greatest charge-shifting 

ability and thus corresponding dissociation ability with DNA.91 
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David Lynn and coworkers later developed another charge-shifting system based 

on poly[2-vinyl-4,4-dimethylazlactone] (PVDMA). PVDMA was functionalized by ring-

opening the pendant azlactone groups with N,N-dimethylamino alkyl alcohols with ethyl 

and propyl spacer lengths (Scheme 1.1.).78,79  

	  

Scheme 1.1. Reprinted from Journal of Controlled Release, Vol. 148, Sun, B. and Lynn, 
D. M., Release of DNA from polyelectrolyte multilayers fabricated using ‘charge-
shifting’ cationic polymers: Tunable temporal control and sequential, multi-agent release, 
Pages No. 91-100, Copyright (2010), with permission from Elsevier. 

 

In this system, the pendant side-chains contain a labile ester with a neighboring amine 

group, similar to previous β-amino ester based charge-shifting polycations. Initially, these 

polymers are cationic at physiological pH due to the dimethylamino group, and 

hydrolysis of the esters results in anionic carboxylate groups on the polymer and small 

molecule N,N-dimethylaminoethanol (DMAE) or N,N-dimethylaminopropanol as small-

molecule byproducts. In contrast to the previous systems based on LPEI, this charge-

shifting polycation has the ability to switch its net-charge to anionic beyond 50 % 

hydrolysis of the side-chains. Lynn showed that there was a drastic difference in the 

hydrolytic stability of the esters given the propyl and ethyl spacers between the tertiary 
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amine and the ester. Hydrolysis kinetics by 1H NMR spectroscopy in phosphate buffered 

D2O at pH 7.4 at 37 °C revealed half-lifes for the propyl and ethyl spacer derivatives as 

approximately 200 and 6 days, respectively.79 This stark difference in reactivity was 

attributed to the possibility of intra-molecular interactions of the tertiary amine with the 

ester being greater with the shorter ethyl spacer. In addition, the propyl spacer may be 

more hydrophobic than the ethyl analogue, leading to slower rates of hydrolysis. The 

differences in the rates of hydrolysis of these 2 polymers was used to form blends with 

tunable rates of hydrolysis and subsequent release profiles of complexed polyanions such 

as DNA from approximately 3 days to 1 month at physiological conditions.79 

 

1.6. PDMAEA as Charge-Shifting Polycations 

Similar to Lynn’s PVDMA based charge-shifting polycations, acrylic based 

monomers with amine groups in the pendent side-chain such as N,N-

(dimethylamino)ethyl (meth)acrylate are commercially available and readily 

(co)polymerizable by either conventional or controlled free-radical polymerization.26 In 

fact, one of the first examples of a charge-shifting polycation was poly[N,N-

(dimethylamino)ethyl acrylate] (PDMAEA). PDMAEA is much less commonly used and 

should not be confused with the methacrylate version poly[N,N-(dimethylamino)ethyl 

methacrylate] (PDMAEMA) which is used much more often. In 1989, McCool and 

Senogles first described the self-catalyzed hydrolysis of PDMAEA to poly[acrylic acid] 

(PAA).92 PDMAEA units hydrolyze via the labile ester linkage, resulting in the formation 

of anionic acrylic acid units on the polymer and small-molecule by-product N,N-
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dimethylaminoethanol (DMAE). The hydrolysis was studied by 1H and 13C NMR in D2O 

at the natural pH of the polymer isolated in the free-base form where they state a limiting 

hydrolysis of ~60 % after approximately 10 days under ambient conditions (Figure 

1.2.).92  

	  

Figure 1.2. Percent hydrolysis of PDMAEA vs. time in D2O (10 % w/v) at ambient 
temperature. Reprinted from European Polymer Journal, Vol. 25 No.7/8, McCool, M. B. 
and Senogles, E., The self-catalysed hydrolysis of poly(N,N-dimethylaminoethyl acrylate, 
Pages No. 857-860, Copyright (1989), with permission from Elsevier. 

 

This extent of hydrolysis results in a copolymer of DMAEA and AA in a 40:60 mol ratio 

i.e. a polyampholyte as it contains cationic and anionic charges on separate monomer 

units. The hydrolysis of PDMAEA was termed “self-catalyzed” due to the possible intra-

molecular interactions of the tertiary amine to the ester, similar to Lynn’s β-amino ester 

systems. Interestingly, it should be noted that the methacrylate version, PDMAEMA, 

does not undergo hydrolysis readily. Hennink and coworkers describe the mechanism of 

monomeric and polymeric DMAEMA hydrolysis along with related small-molecule 

structures including DMAEA, N,N-(dimethylamino)ethyl isobutyrate (DMAEIB) and 

N,N-(dimethylamino)propyl methacrylate (DMAPMA).93 In Hennink’s report, they show 
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the hydrolysis of the monomers and related small-molecules to be highly pH dependent 

with differences in rates up to six orders of magnitude (Figure 1.3.). 

	  

Figure 1.3. Log kobs-pH profile of DMAEMA (circle), DMAEIB (square), and 
DMAPMA (diamond), measured at 37 °C. Reprinted (adapted) with permission from van 
de Wetering, P., et al. Macromolecules 1998, 31, 8063−8068. Copyright (1998) American 
Chemical Society. 

 

In addition, they reported the remarkable stability of polymeric DMAEMA 

(PDMAEMA), citing increased hydrophobicity and more steric hinderance in the local 

environment of the ester due to the methacrylate polymer backbone. In contrast, the 

acrylate polymer backbone in PDMAEA with hydrogen as the α-substituent to the ester 

instead of a methyl group in PDMAEMA, was cited as more hydrophilic and less 

sterically hindered relative to the methacrylate.93 The differences in stability of PDMAEA 

and PDMAEMA demonstrate the importance of neighboring substituents on the reactivity 

of the DMAE esters. This further highlights the sensitivity of these β-amino esters and 

related systems as shown by Lynn and coworkers.  
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In 2011, the hydrolysis of PDMAEA was studied by Monteiro and coworkers.94 

They showed that the hydrolysis of PDMAEA was independent of molecular weight in 

the range of 3000 to 8600 g/mol, though most surprisingly, they showed that hydrolysis 

was independent of pH between pH 5.5 and 10.1 (Figure 1.4.).94  

	  

Figure 1.4. Hydrolysis of PDMAEA (8600 g/mol) in D2O at different pH (5.5, 7.2, 10.1). 
Reprinted (adapted) with permission from Truong, N. P., et al. Biomacromolecules 2011, 
12, 1876–1882. Copyright (2011) American Chemical Society. 

 

The authors cite that the hydrolysis is due to the self-catalyzed nature of hydrolysis. They 

also showed that methylating the tertiary amine to produce the permanently charged 

quaternary ammonium cation results in a stable polymer that does not hydrolyze readily, 

an outcome previously reported by Hennink et al.93 In order to understand the stability of 

the ester, the role of the tertiary amine of PDMAEA in the hydrolysis needs to be probed. 

It is hypothesized that the tertiary amine interacts with the ester in the following ring 

conformations under basic (deprotonated) and acidic (protonated) conditions (Figure 

1.5.).  
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Figure 1.5. Ring conformations of deprotonated (left) and protonated (right) 2-
(dimethylamino)ethyl esters. Reprinted (adapted) with permission from van de Wetering, 
P., et al. Macromolecules 1998, 31, 8063−8068. Copyright (1998) American Chemical 
Society. 

	  
Under basic conditions, the lone pair of the amine interacts with the carbon of the 

carbonyl in a 5-membered ring conformation. This interaction would lead to a more 

delocalized lone pair of electrons, which was supported by the authors with a lower pKa 

for the ammonium conjugate acid relative to typical tertiary ammonium protons.93 This 

interaction would also lead to a weakening of the C–O bond of the ester which may 

explain the unique reactivity of the ester toward degradation. Under acidic conditions, the 

tertiary ammonium proton may coordinate with the oxygen of the carbonyl in a 7-

membered ring conformation, which mimics the protonation mechanism of the typical 

acid-catalyzed hydrolysis pathway and results in a more electrophilic carbon. Although 

the 7-membered ring is not as favourable, the intra-molecular interaction may be 

facilitated by the proximity of the tertiary ammonium group to the ester. Thus, it is clear 

why the methylated version of PDMAEA to the quaternary ammonium cation results in a 

more stable ester as the proposed interactions with the lone pair and proton are both 

eliminated. These proposed intra-molecular interactions are very important and will lay 

the foundation of much of the work in this thesis.  
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 Although most of the previous findings are consistent with the proposed 

interactions, the pH independent hydrolysis of PDMAEA reported by Monteiro94 still 

stands out, especially given the highly pH dependent hydrolysis of the monomer DMAEA 

and related small molecules as reported by Hennink in 1998.93 Despite this inconsistency 

between polymer and small molecule hydrolysis, there have been numerous reports 

relying on the pH independent hydrolysis of PDMAEA, citing Monteiro’s work in 2011. 

Upon close inspection of the experimental procedure cited for the pH independent 

hydrolysis of PDMAEA, we noticed that the final concentration of the buffer solutions 

prepared for the hydrolysis was not appropriate for the molar concentration of PDMAEA 

that was used, with ~1.9 mol eq. of polymer repeat unit relative to buffer, meaning that 

the targeted pH was likely not obtained. It should also be noted that the pH of the buffer 

solution was measured only prior to the dissolution of the polymer (free base). The article 

by Haddleton and coworkers in 2018 repeat the hydrolysis experiments as described by 

Monteiro in 2011, and thus further propagates the error (Figure 1.6.).95  

	  

Figure 1.6. Effect of pH on the hydrolysis of star PDMAEA (6200 g/mol). Reprinted 
(adapted) with permission from (Whitfield, R., et al. ACS Macro Letters 2018, 7(8), 909-
915), ACS AuthorChoice. Copyright (2018) American Chemical Society. 
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We determined that under these conditions, the pH of a solution of PDMAEA at the 

stated concentration in its free base form in D2O is around pH 8.5–9. Thus, the pH of the 

three solutions were all in the range of pH 8.5–9 instead of the targeted pH (i.e. 5.5, 7, 

and 10.1) and therefore all showed the same rate of hydrolysis, hence, the seemingly pH 

“independent” rate of hydrolysis. Therefore, it is of great importance to study the 

hydrolysis of PDMAEA under proper pH-controlled conditions to understand the 

mechanism of hydrolysis of these uniquely labile esters, which will give fundamental 

information to design and tune the properties of new degradable polymers. In addition, it 

is of great importance to clear up misunderstandings in the field, especially with the 

growing number of reports that cite, reproduce, or propagate the incorrect pH independent 

phenomenon.95-102  

 

1.7. Thesis Objectives 

 The focus of this doctoral thesis was to design, synthesize, and study, novel 

charge-shifting polycations based on poly[N,N-(dimethylamino)ethyl acrylate] towards 

biomaterial applications. The use of charge-shifting polycations as materials for calcium 

alginate based cell encapsulation and DNA delivery was conducted as a proof of concept. 

As materials based on PDMAEA continually receive attention in biological applications, 

it is of great importance that the mechanism of hydrolysis and the factors that affect the 

unique reactivity of such esters is well understood. Such knowledge would allow for the 
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development of degradable polymers with tunable kinetics suitable for the desired 

application.  

 In chapter 2 of this thesis, copolymers of N,N-(dimethylamino)ethyl acrylate and 

3-aminopropylmethacrylamide, called PAD copolymers, were synthesized and their 

hydrolysis was studied by 1H NMR spectroscopy at various pH, temperature, and salt 

concentrations. PAD copolymers of varying compositions were synthesized by RAFT 

polymerization and the effect of high and low molecular weight polymers were studied as 

coating materials with anionic calcium alginate beads. The charge-shifting ability of PAD 

copolymers was demonstrated as part of PEC coatings as the polymer dissociate from the 

anionic calcium alginate beads due to the decrease in net cationic charge. Covalent 

crosslinking was employed to retain the PEC coating structure while reducing net-

cationic surface charge.  

 In chapter 3, a novel analogue of DMAEA was synthesized to probe the effect of 

an added hydroxyl group capable of intramolecular hydrogen-bonding with the ester, as 

well as increasing the hydrophilicity of the polymer backbone. 2-(Dimethylamino)ethyl 

2-(hydroxymethyl)acrylate (DHMA) was synthesized and hydroxyl-protected versions 

were polymerized. The homopolymer of DHMA (PDHMA) was prepared and the 

hydrolysis was studied by 1H NMR spectroscopy in comparison to PDMAEA and 

PDMAEMA with a proton and methyl group in the α-position to the ester, respectively. 

As the side-chains are identical in these polymers, the effect of polymer backbone on the 

stability of DMAE esters was probed. The α-hydroxymethyl group of PDHMA appeared 

to significantly accelerate the rate of hydrolysis of DMAE esters in comparison to 
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PDMAEA and PDMAEMA, likely due to activation by hydrogen-bonding interaction of 

the hydroxyl group and the ester, in addition to increased hydrophilicity of the polymer 

backbone. Copolymers of DHMA and DMAEA were synthesized with varying mol 

compositions to study the effect of hydroxymethyl groups in the polymer backbone. The 

degree of hydroxymethylation of the polymer backbone was shown to tune the rate of 

hydrolysis as copolymers with increasing mol compositions of DHMA increased the rate 

of hydrolysis. 

 In chapter 4, charge-shifting PAD copolymers were studied as tunable, synthetic 

vectors for in vitro DNA delivery. PAD copolymers of varying composition were 

synthesized by RAFT polymerization as described in chapter 2, and their complexation 

with 60bp DNA to form polyplexes was studied as function mol ratios i.e. nitrogen to 

phosphate (N/P) ratios. Cellular uptake and cytotoxicity of PAD–60bp DNA polyplexes 

after exposure to HeLa human cervical cancer cells was studied as a function of 

copolymer composition as well as N/P ratios in comparison to PEI, the gold standard 

polycation for gene transfection.  

 In chapter 5, the hydrolysis of PDMAEA was studied in controlled pH conditions 

from pH 0.3 to 13.3. As the extent of PDMAEA hydrolysis is known to reach a limiting 

extent of 50–60 % at pH 7, the factors that affect hydrolysis of esters in the polymer side-

chain were studied by probing the base and acid catalyzed mechanisms of hydrolysis. The 

effect of anionic, neutral/hydrophilic, and cationic functional groups on neighboring 

monomers in DMAEA copolymers was explored. Finally, novel analogues of DMAEA 

with an added amine in the side-chain were synthesized and polymerized to probe the 
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interaction of the dimethylamino group with the ester. 1,3-Bis(dimethylamino)propyl-2-

acrylate (BDMAPA) and 2-((2-(dimethylamino)ethyl)(methyl)amino)ethyl acrylate 

(DEMEA) have an added amine in varying proximity to the ester in the side-chain in a 

branched-like and linear structure, respectively.  
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CHAPTER 2: Synthesis and Properties of Charge-Shifting Polycations: Poly[3-
Aminopropylmethacrylamide-co-2-(Dimethylamino)ethyl acrylate] 

 

Samantha Ros, Nicholas A. D. Burke, Harald D. H. Stöver* 

Department of Chemistry and Chemical Biology, McMaster University, Hamilton, ON, 

Canada L8S 4M1 

Reprinted (adapted) with permission from Ros, S. et al., Macromolecules 2015, 48 (24), 

8958-8970. Copyright (2015) American Chemical Society. 

2.1. Abstract  

Charge-shifting copolymers of N-(3-aminopropyl)methacrylamide (APM) and 2- 

(dimethylamino)ethyl acrylate (DMAEA) were prepared and investigated as potential 

replacements for conventional polycations like poly(L-lysine) (PLL) in biomaterial 

applications. 1H-NMR was used to determine the reactivity ratios of APM and DMAEA 

to be 0.89 and 0.37, respectively, at pH 3-4 where both monomers were protonated and 

DMAEA was hydrolytically stable. Conventional free radical and reversible addition-

fragmentation chain transfer (RAFT) copolymerization were used to prepare a series of 

P(APM-co-DMAEA) (PAD) copolymers with different MWs and compositions. Charge-

shifting from cationic towards neutral and anionic net charges by hydrolysis of DMAEA 

units was determined by 1H NMR to depend both an composition and pH, (pH 9 > 7 > 5). 

PAD copolymers bound strongly to anionic polymer particles and calcium alginate beads. 

For calcium alginate, the amount of PAD bound and the shell thickness depended on 

copolymer composition and MW. The PAD coating underwent hydrolysis and was 

released from the anionic surfaces as shown by microscopy and electrophoretic mobility 
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measurements. PAD coatings that were crosslinked with tetrakis(hydroxymethyl) 

phosphonium (THPC) remained on the capsule surface after hydrolysis, to form 

amphiphilic or anionic crosslinked surfaces. 

	  

2.2. Introduction 

Polyelectrolytes have been used extensively in material applications as the 

electrostatic interaction of oppositely charged polymers allows for their self-assembly 

into various polyelectrolyte complexes.1,2 We are interested in using synthetic 

polyelectrolytes for the encapsulation and immuno-isolation of mammalian cells as an 

approach to cell-based therapies for enzyme and hormone deficiency disorders. The 

standard alginate-poly(L-lysine)-alginate (APA) capsules used for such purposes, 

composed of calcium alginate cores coated with poly(L-lysine) and a final alginate layer, 

have shown issues with mechanical stability and biocompatibility.3,4 As the APA capsule 

is held together solely by electrostatic interactions (Ca-alginate and alginate-PLL), its 

long-term stability in vivo can be compromised by processes such as exchange of calcium 

for sodium in the serum.5 Although the high-charge density of poly(L-lysine) (PLL) 

allows for strong electrostatic complexation with alginate, it is can still be desirable to 

covalently crosslink the polyelectrolyte complex to ensure long-term stability of the 

capsule shell.6-8 In applications such as cell encapsulation for long-term therapies, it can 

be advantageous to hide the PLL on the capsule surface to avoid adverse immune 

responses including cellular overgrowth triggered by cationic patches and hydrophobic 

complexes.9,10 
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 One approach to reduce the detrimental effects of such high-charge density 

polycations is to reduce or mask the cationic charge by combining cationic monomers 

with neutral, polar11 or anionic12 comonomers, or by grafting with poly(ethylene glycol) 

chains.13,14 Many of these charge-reduced polycations suffer from relatively weak 

electrostatic binding to the calcium alginate cores.  Thus, a polymer with a high cationic 

charge density, able to form strong polyelectrolyte complexes with alginate, is desirable 

for initial deposition, though a mechanism of cationic charge reduction may be desirable 

for compatibility of the final hydrogel for certain applications. 

We recently described temporarily reactive polyanions that can a) form a 1:1 

charge complex with PLL coated onto calcium alginate, b) spontaneously crosslink with 

amines on the polycation and c) undergo hydrolysis of residual electrophilic units to give 

an overall anionic charge to the complex.10,15 

 There has been recent interest in polyelectrolytes able to reduce or switch the 

charge on cationic polymer chain by hydrolysis, generating carboxylates. These 

polymers, often called “charge-shifting”, “charge-reversing” or “charge-conversion” 

polymers, are of particular interest where the high initial cationic charge allows formation 

of polyelectrolyte complexes which then disassemble upon hydrolysis of the cationic 

groups.16-18 McCool and Senogles first reported the self-catalyzed hydrolysis of poly(2-

(dimethyl)aminoethyl acrylate), pDMAEA, to form acrylic acid units (AA) and 2-

dimethylaminoethanol (DMAE).19 More recently, Monteiro et al. explored the preparation 

and hydrolysis (charge-shifting) of various DMAEA-containing polymers with potential 

applications as DNA or siRNA delivery devices.20-22 
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In the present work, copolymers of DMAEA and N-(3-aminopropyl) 

methacrylamide (APM) were prepared and studied as a potential replacement for high 

charge density polycations such as PLL or poly(APM) in applications involving a 

temporary need for strong electrostatic complexation with polyanions. It was anticipated 

(Scheme 2.1.) that the highly cationic p(APM-co-DMAEA) (PAD) copolymers would a) 

form strong polyelectrolyte complexes with polyanions such as alginate, b) be covalently 

crosslinked by reacting the primary amino group of APM with small-molecule23 or 

polymeric10,15 electrophilic crosslinker, and c) undergo hydrolysis of DMAEA units to 

reduce or even invert the cationic charge density, thereby creating a charge-shifted or 

zwitterionic polymer network at the surface of the capsule. The extent of crosslinking and 

charge reduction should be controlled by varying the APM/DMAEA ratio with 

copolymers with higher APM content crosslinking more efficiently but showing lower 

charge reduction due to their lower DMAEA content. 
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Scheme 2.1. Complexation, crosslinking, and hydrolytic charge-shifting of P[APM-co-
DMAEA], PAD, to form capsules with decreased cationic charge densities. 

  

Conventional free radical and reversible addition-fragmentation chain transfer 

(RAFT)24,25 polymerization were used to prepare polymers with different molecular 

weight (MW), as polycation MW can affect the structure and stability of alginate-based 

capsules.4,26 Hydrolysis of the DMAEA units of PAD was examined as a function of 

copolymer composition, pH, and temperature. PAD-coated calcium alginate capsules and 

crosslinked poly(4-methylstyrene-alt-maleic anhydride) microspheres were investigated 

to determine the effect of copolymer composition, MW, and hydrolysis on the nature of 

the capsule membrane. Finally, tetrakis(hydroxymethyl)phosphonium chloride (THPC), a 

small molecule crosslinker,23 was used to demonstrate the ability to covalently crosslink 

the alginate–PAD (A–PAD) capsule membrane to enhance their mechanical stability. 
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2.3. Experimental 

2.3.1. Materials 

N-(3-Aminopropyl)methacrylamide hydrochloride was purchased from 

PolySciences and was used as received. 2-(Dimethylamino)ethyl acrylate (98%), 2,2’-

azobis(2-methylpropionamidine) dihydrochloride (Vazo-56), 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid (≥98%), 4,4-azobis(4-cyanovaleric acid) 

(>97%), tetrakis(hydroxymethyl) phosphonium chloride (80 wt.% in water), fluorescein 

isothiocyanate isomer I (FITC, ≥90%), deuterium chloride (DCl, 35% in D2O, 99% D), 

N,N-dimethylformamide (≥98%) and tetrakis(hydroxymethyl)phosphonium chloride 

(THPC) were purchased from Sigma-Aldrich and used as received unless otherwise 

stated. DMSO-D6 (99.9% D), MeOD-D4 (99.8% D), and D2O (99.9% D) from 

Cambridge Isotope Laboratories Inc., 1,4-Dioxane (≥99 %) from Caledon Laboratories, 

basic alumina (activity I) from Fisher Scientific and sodium alginate (Pronova UP MVG, 

69% G, BP-1105-06) from Nova Matrix were used as received.  

2.3.2. Reactivity Ratio Determination of APM and DMAEA 

Copolymerizations of APM and DMAEA were conducted within a 500 MHz 

Bruker Avance spectrometer and followed by 1H NMR spectroscopy. Solutions of APM 

and DMAEA at 10% w/v total monomer loading with 1 mol% Vazo-56 in D2O, with 

initial feed ratios of 20:80, 25:75, 50:50, 60:40, 75:25, and 90:10 mol% were prepared. 

The pH of the polymerization solutions was adjusted to 3-4 with 1 M DCl in D2O to 

ensure that APM and DMAEA were protonated and to prevent premature hydrolysis of 

the DMAEA units. The solutions were transferred to 5 mm NMR tubes and placed in the 
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NMR instrument. The reaction mixtures were rapidly heated to 55 °C, following which 

spectra were collected every minute. The vinyl signals of APM and DMAEA monomers 

were integrated with respect to the signal at 3.94 ppm, which represents the methylene 

protons adjacent to the amine of DMAEA in both monomer and polymer and remains 

constant throughout the polymerization. The amount of each monomer consumed in small 

conversion steps (5–10 %) throughout copolymerization was calculated from the 1H 

NMR data. The reactivity ratios were calculated both by the Fineman-Ross method,27 and 

by fitting the (Mayo-Lewis) instantaneous copolymer composition equation to the 

incremental comonomer conversion data using the least squares method with the Solver 

tool in Microsoft Excel. 

2.3.3. Preparative Conventional Radical Copolymerization of APM and DMAEA 

Copolymers of APM and DMAEA were synthesized in H2O at pH 3-4 with 10% 

w/v total monomer loading using 1 mol% Vazo-56 initiator. The molar feed ratios of 

APM:DMAEA were 0:100, 10:90, 15:85, 50:50, and 75:25 targeting PAD100, PAD85, 

PAD75, PAD50, and PAD25, respectively, where the subscript denotes the DMAEA 

content. The preparation of PAD50 is provided as an example. APM (0.555 g, 3.11 mmol) 

and Vazo-56 (16.9 mg, 0.062 mmol) were dissolved in a mixture of 6.9 mL deionized 

water and 3.1 mL of 1 M HCl (3.1 mmol) before DMAEA (0.445 g, 3.11 mmol) was 

added. The pH was adjusted to 3.45 using 1 M NaOH. The reaction mixture, in a 20 mL 

vial equipped with a septum, was heated in a water bath at 55°C for 90 min. The 

polymerization was followed by 1H NMR spectroscopy by taking 0.3 mL aliquots at 30 

min intervals with a syringe purged with nitrogen, and then diluting the aliquot with D2O 
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prior to analysis. The polymerizations typically reached about 70% overall conversion 

after 90 min of heating. 

 The polymer was purified by dialysis in cellulose tubing (Spectrum Laboratories; 

3.5 kDa MW cutoff) with water at pH 3 with 1 M HCl replaced twice per day until the 

dialysate showed no absorbance due to monomers or other small molecules with UV-vis 

spectroscopy, typically after three days. The dialyzed polymer solution was freeze-dried, 

resulting in PAD50 in the hydrochloride form as a white solid. Polymers were analyzed by 

1H NMR spectroscopy using a Bruker AV 600 spectrometer to determine copolymer 

composition. Gel permeation chromatography (GPC) was performed with a Waters GPC 

consisting of a 717plus auto sampler, 515 HPLC pump, Ultrahydrogel (120, 250, 500) 

columns (30 cm x 7.8 mm (i.d.); 6 µm particles), and a 2414 refractive index detector, 

using a 1 M acetate buffer (pH 4.8) with flow rate of 0.8 mL/min at 30°C as the mobile 

phase. The GPC system was calibrated with poly(ethylene glycol) (PEG) standards 

(Waters Inc.) ranging in molecular weight from 106 Da to 584 kDa. 

 

2.3.4. Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization of 

APM and DMAEA 

 RAFT copolymerization of APM and DMAEA was conducted using a 5:1 mol 

ratio of RAFT agent (4-cyano-4-(phenylcarbonothioylthio) pentanoic acid) (CTP) to 

initiator 4,4-azobis(4-cyanovaleric acid) (V501) as shown in Figure 2.1. 
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Figure 2.1. RAFT copolymerization of APM and DMAEA using CTP as chain transfer 
agent and V501 as initiator. 

 

DMAEA was passed neat through a basic alumina (activity I) plug to remove the 

inhibitor and was used immediately after purification. The reactions were carried out with 

30 % w/v total monomer loading in a 2:1 water:1,4-dioxane solvent mixture with one 

equivalent of HCl to protonate DMAEA and prevent hydrolysis during copolymerization. 

The reaction mixture was placed in an ice-water bath before DMAEA addition to limit 

heating due to neutralization. Exploratory reactions were conducted with 0.9 g total 

monomer in 3 mL of solvent and aliquots (~200 µL) were taken from the polymerization 

mixture at various intervals with a N2-purged syringe. A fraction of each aliquot was 

diluted with D2O and then analyzed with 1H NMR spectroscopy (600 MHz) to determine 

conversion. The remainder of each aliquot was diluted with GPC mobile phase (1 M 

acetate buffer) and analyzed by GPC as described above to estimate Mn and 

polydispersity. Preparative copolymerizations employed 1.8 g of total monomer in 6 mL 
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80 %. The preparative RAFT copolymerization targeting PAD50 with MW of 8 kDa is 
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In a 20 mL glass vial, APM (0.910 g, 5.09 mmol), CTP (54.6 mg; 0.196 mmol), 

V501 (11.0 mg; 0.0391 mmol) were dissolved in 6 mL of solvent consisting of 2.00 mL 

1,4-dioxane, 2.96 mL water and 1.04 mL of 6 M HCl (6.22 mmol). The solution was 

cooled in an ice bath as DMAEA (0.891 g; 6.22 mmol) was added. The vial containing 

the transparent pink reaction mixture was fitted with a septum and the solution was 

purged for 45 min with N2 gas while stirring at room temperature. The vial was placed in 

a 70°C oil bath with the reaction mixture kept under positive N2 pressure while being 

stirred. When the conversion had reached about 80%, the solution was cooled in an ice 

bath and exposed to air to halt polymerization. The polymerization mixture was dialyzed 

and then freeze-dried as described above resulting in PAD50 (HCl form) as a pink solid. 

Preparative reactions targeting PAD25, PAD50, and PAD75 with MWs of 8 and 30 kDa 

were conducted by RAFT polymerization in a similar fashion. 

Measured Mn values were compared to theoretical values (Mn,th) obtained from eq. 

(1), where [m]i and [CTP]i are the initial concentrations of the monomer and chain-

transfer agent, Mm* is the average monomer MW and MCTP is the MW of the chain-

transfer agent. 

𝑀!,!! = 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛  ×   
𝑚 !

𝐶𝑇𝑃   ×  𝑀!∗ +𝑀!"#          (𝟏) 

 

2.3.5. Rate of Hydrolysis of PAD by 1H NMR Spectroscopy 

 The rate of hydrolysis of DMAEA units within PAD100, PAD88, PAD74, PAD43, 

and PAD24 was monitored by 1H NMR spectroscopy (600 MHz). The polymers were 

dissolved at a concentration of 0.5 or 1 % w/v in D2O buffered with 50 or 100 mM 
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acetate (pH 5), phosphate (pH 7) or borate (pH 9) buffers. In most cases, the solution pH 

was measured and adjusted if necessary. The solutions were transferred to NMR tubes, 

which were maintained at room temperature or 37 °C. At various time intervals, 1H NMR 

spectra were obtained and the solution pH was measured. The percent hydrolysis of 

DMAEA was determined by comparing the area of the peaks at 3.9 and 4.5 ppm 

corresponding to the CH2O methylene protons in DMAE (hydrolysis by-product) and 

DMAEA units, respectively.  

2.3.6. Fluorescent Labeling of PAD 

 PAD polymers were fluorescently labeled using FITC with a targeted degree of 

labeling of 1 mol% (relative to total monomer units). The labeling of PAD50 is provided 

as an example. A solution of PAD50 (100 mg or 0.622 mmol monomer units) in 10 mL 

water was adjusted to pH 7.5 before the addition of 240 µL of a 1% w/v solution of FITC 

in DMF (2.4 mg; 6.2 µmol). The mixture was stirred at room temperature for 1 h before 

the pH was adjusted to pH 3 with 1 M HCl. The sample was purified by dialysis as 

described above except that dialysis was carried out for only 1 day. The polymer was 

isolated by freeze-drying as a yellow solid and stored in the dark. UV-vis analysis showed 

that the labeling degree was about 1 % for all PAD-f samples.  

2.3.7. Preparation of Calcium Alginate Beads 

 Calcium alginate beads were prepared as reported previously.28 Briefly, 5 mL of 1 

% w/v sodium alginate in saline was syringe filtered (0.2 µm) and then extruded through 

a 27-gauge needle at 0.5 mL/min using a syringe pump into 60 mL of a 100 mM CaCl2, 

77 mM NaCl gelling bath solution. The needle passed through an orifice (~1.2 mm dia.) 
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and the droplet size, and hence bead size, was controlled using an annular airflow of 3.6 

L/min, providing an airspeed near the needle tip of about 60 m/s. The calcium alginate 

beads were isolated from the gelling bath 15 min after bead formation was complete and 

were stored in a 3.3-fold volume of saline (e.g., 3 mL beads to 10 mL saline). The 

average diameter of the resulting calcium alginate beads was 500 ± 23 µm (n = 88) 

measured using optical microscopy. 

2.3.8. Coating Calcium Alginate Beads with PAD 

Calcium alginate beads were coated with PAD-f in a procedure similar to those 

previously reported for other polycations.28 Settled calcium alginate beads (0.3 mL) were 

coated with PAD by adding 1 mL of 0.1% w/v PAD in 35 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES)-buffered saline at pH 7.8 and occasionally 

agitating for 6 min. The supernatant was removed and the resulting coated beads (A–

PADx) were washed once with 1 mL of 100 mM CaCl2, 77 mM NaCl gelling bath 

solution, followed by 1 mL of saline with each wash taking 2 min. The capsules were 

then stored in 1 mL of 35 mM HEPES-buffered saline at pH 7.8 in the absence of light at 

22°C. 

2.3.9. PAD coated Poly(4-methylstyrene-alt-maleic acid) particles 

 Anionic poly(4-methylstyrene-alt-maleic acid) (PMSM) particles, provided by 

Yuqing Zhao and Marta Skreta in our group, were obtained by hydrolysis of lightly 

crosslinked poly(4-methylstyrene-alt-maleic anhydride) particles that had been prepared 

as described by Frank et al.29 A suspension of PMSM particles (0.1 mL, 6 % w/v, dia. = 

7.92 ± 0.74 µm, n = 200) was added to 4.5 mL of a 0.1 % w/v solution of PAD in 35 mM 
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HEPES buffered saline. The particles were exposed to the polycation solution for 10 min 

with occasional mixing. The suspension was centrifuged at 3500 rpm for 5 min. The 

supernatant was removed and the particles were re-suspended in 2 mL of HEPES-

buffered saline. This process was performed twice to remove excess polycation. The 

particles were stored in 2 mL of pH 7.2 HEPES-buffered saline at 22°C.	  

Electrophoretic mobility of uncoated and PAD-coated PMSM particles was 

measured using a Malvern ZEN3600 Zetasizer Nano ZS. Measurements were performed 

10 times for each sample (n = 10) at room temperature with approximately 0.7 mL of the 

particle suspension using a Malvern Zeta-Dip Cell. Electrophoretic mobility was 

measured in units of 10-8m2/(sV), which describes the velocity of a particle (m/s) in a 

given electric field strength (Vm-1). 

	  

2.3.10. Crosslinking of A–PAD75-30kf-coated Capsules with THPC 

 A dense suspension of calcium alginate beads (0.3 mL) that had been coated with 

PAD75-30kf were exposed to 1 mL of 0.1 % THPC in 35 mM HEPES-buffered saline for 

2 min, then washed once with 1 mL of saline for 2 min. The capsules were stored in 1 mL 

of the HEPES-buffered saline (pH 7.8) at 22°C in the dark. 

2.3.11. Microscopy of Calcium Alginate Beads and Capsules 

 Calcium alginate beads, uncoated and PAD-f-coated, were examined by 

conventional and fluorescence microscopy with a Nikon Eclipse LV100ND optical 

microscope equipped with an Andor Zyla sCMOS camera and Nikon Elements software, 

as well as by Confocal Laser Scanning Microscopy (CLSM) using a Nikon A1 Confocal 
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Eclipse Ti microscope with Nikon Elements software. Images of the capsules on Day 0 

were taken immediately after coating. Line profiles of the fluorescence intensity of cross-

sectional images of the capsules were obtained using Nikon Elements software and the 

thickness of the capsule membranes was determined by the full-width at half-height. 

2.3.12. Sodium Citrate and Sodium Hydroxide Test for A–PAD-f Complex Integrity 

 A droplet of HEPES-buffered saline containing A–PAD-f capsules was placed on 

a glass slide and a few drops of 50 mM sodium citrate was added to the capsules and 

gently agitated for about one minute. The supernatant was removed from the capsules on 

the glass slide and a few drops of 0.1 M sodium hydroxide was added. The capsules were 

monitored during this process by conventional fluorescence microscopy.  

2.4. Results and Discussion 

2.4.1. Copolymerization of APM and DMAEA 

 Since DMAEA is susceptible to hydrolysis or nucleophilic attack, it was important 

to find polymerization conditions under which both the monomer and polymer were 

stable. DMAEA has been (co)polymerized in organic solvents such as dioxane,20,30 

acetonitrile31 or isopropanol32 in which it is stable. However, APM, which must be used 

as the hydrochloride salt to avoid reaction with DMAEA, is not soluble in these solvents 

and is typically polymerized in aqueous solvents or methanol (MeOH). 

1H NMR spectroscopy confirmed rapid trans-esterification between DMAEA and 

MeOH, likely facilitated by the presence of free amine (Figure 2A.1). This was seen 

previously by McCool and Senogles for both DMAEA and its homopolymer, and had led 
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the suggestion that aqueous and alcoholic solvents be avoided.19 We found that DMAEA 

and APM were stable in their protonated form in water at pH 3 (Figure 2.2.) at 22°C, and 

hence carried out the copolymerizations under these conditions (pH 3-4). 

 

	  
Figure 2.2. 1H NMR spectrum of a 50:50 mixture of DMAE and APM with Vazo-56 
initiator at pH 3-4in D2O, showing no hydrolysis at 22 °C. 

 

2.4.2. Reactivity Ratios 

The reactivity ratios for the APM/DMAEA system were determined by following 

a series of copolymerizations by 1H NMR spectroscopy, similar to experiments described 

by Aguilar et al.33 The amounts of each monomer consumed in small, consecutive steps in 

monomer conversion (5-10%) were determined, with the residual monomers present at 

the end of one step serving as the starting monomer mix for the next small step in 

conversion. In this way, it was possible to get a set of data points (monomer feed ratio, 

copolymer composition) from each copolymerization. 
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The composition of the residual monomer vs. conversion for various feed ratios of 

APM and DMAEA is shown in Figure 2.3. There is a slight preference for APM 

incorporation except for monomer mixtures with high APM content, where the 

comonomers are incorporated in the feed ratio. The data obtained from these 

copolymerizations is summarized in Table 2A.1. Reactivity ratios for APM and DMAEA 

were determined using the Fineman-Ross method (0.86 and 0.38) as shown in Figure 

2A.2 and by a least-squares fitting of the copolymer equation (2) to the data shown in 

Figure 2.3, with the resulting fit shown in Figure 2.4 (r1,r2 = 0.89, 0.37). The values are 

near identical, consistent with those measured for another methacrylamide–acrylate 

copolymer system: N-[3-(dimethylamino)propyl]methacrylamide/methyl acrylate 

(0.63/0.48).34 The reactivity ratios obtained from fitting equation (2) were used to select 

the comonomer feed ratios required to produce copolymers of the desired compositions. 

The joint confidence region at 95 % confidence level for the reactivity ratios obtained by 

the non-linear least squares fitting is provided in the Supporting Information (Figure 

1A.3). 

𝐹! =
𝑟!𝑓!!   +   𝑓!𝑓!

𝑟!𝑓!!   +   2𝑓!𝑓!   +   𝑟!𝑓!!
              (𝟐) 
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Figure 2.3. Fraction of APM remaining in the monomer mixture as a function of 
conversion for various feed ratios of APM and DMAEA. 

	  

	  
Figure 2.4. Composition of PAD copolymer formed from various APM/DMAEA feed 
ratios. The solid line shows the best-fit of the copolymer equation to the data with 
reactivity ratios of 0.89 and 0.37 for APM and DMAEA, respectively. 
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2.1.). Monomer feeds enriched with DMAEA were used when targeting PAD85 and 

PAD75 such that they would give the desired average copolymer compositions at 70 % 

conversion. The polymers were purified by dialysis at pH 3 to avoid DMAEA hydrolysis, 

and then isolated by freeze-drying. The copolymers were analyzed by 1H NMR 

spectroscopy in D2O and representative spectra are provided in the Supporting 

Information (Figures 2A.4–2A.6). Copolymer compositions were determined using the 

areas of the DMAEA peak at 4.5 ppm (2H) and the backbone proton signals at 0.5-2.8 

ppm (3H from DMAEA; 7H from APM). The measured compositions were close to the 

targeted compositions as shown in Table 2.1, with the offset from comonomer feed ratios 

being in accord with the reactivity ratios. The DMAEA content of PAD43 formed from a 

50:50 feed ratio was lower than expected on the basis of the reactivity ratios (46% 

DMAEA at 70% conversion), perhaps due to uncertainty in the NMR analysis. In later 

experiments, PAD with 50 mol% DMAEA was obtained by employing a 45:55 feed ratio. 

For each PAD copolymer, the area of the backbone signals was consistent with the area of 

the DMAEA and APM signals at 3-4.5 ppm indicating that the polymers did not contain 

significant amounts of AA, and, hence, little or no hydrolysis occurred during the 

copolymerization and purification process. In addition, NMR analysis of solid PAD 

samples stored for several months at room temperature revealed that PAD in the 

hydrochloride form was stable to hydrolysis and trans-amidation  (Figure 2A.7). 

Additional experiments to support monomer and polymer stability to trans-amidation are 

provided in the Supporting Information (Figures 2A.8 and 2A.9). Hence, the use of an 
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acidic pH during copolymerization and purification was successful in preventing 

premature hydrolysis of DMAEA. 

Table 2.1. Properties of PAD copolymers. 

 

 

 

 

 

 

 

 

GPC analysis of PAD100, PAD88, PAD74, PAD43, and PAD24 indicated that the polymers 

had high MWs and polydispersities (Figure 2A.10). Only Mp values (MW at the peak 

maximum) are reported in Table 2.1 because these polymers contained high MW 

fractions that exceeded both the exclusion limits (∼300 kDa) of the GPC columns, and the 

MW of the highest calibration standard used (584 kDa). 

2.4.4. MW Control 

 An initial attempt to control MW using cysteamine (2-aminoethanethiol) as a 

chain transfer agent was found to be complicated by Michael addition of the cysteamine 

to the DMAEA monomer units even though the pH was well below 7. As shown in 

Figures 2A.11 and 2A.12, the Michael addition is fairly rapid, and leads to significant 

fractions of the cysteamine, and in some cases DMAEA, being consumed within minutes 

after solution preparation. Although the Michael product should be easily removed by 

dialysis, this side reaction would cause an undesirable drift in both comonomer ratio and 

Polymer 
(target) 

Feed Ratio 
(APM:DMAEA) 

Polymer 
Compositiona 

Mpb 
(kDa) 

PAD100 0:100 0:100 197 

PAD88 (85) 10:90 12:88 204 

PAD74 (75) 15:85 26:74 211 

PAD43 (50) 50:50 57:43 239 

PAD24 (25) 75:25 76:24 270 
a From 1H NMR analysis.  b Peak MW values estimated by 

GPC using PEG calibration. 
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MW during copolymerization. Thus, RAFT polymerization was investigated as an 

alternative method to control MW and polydispersity.   

2.4.5. RAFT Polymerization  

 RAFT copolymerization of APM and DMAEA has not been reported in the 

literature, though RAFT polymerizations of each of these monomers in other (co)polymer 

systems have been studied.20,30,31,35-37 CTP has previously been used for RAFT 

(co)polymerizations involving APM and DMAEA and, thus, was chosen as the RAFT 

agent for the APM-DMAEA copolymerization. The stability and solubility of RAFT 

agents in aqueous solvents has been an issue, especially at extremes of pH, ionic strength, 

and temperature.38-41 In the case of CTP, organic cosolvents have been used to improve 

solubility and CTP has been shown to be hydrolytically stable at pH 3-4,42 which was also 

ideal for minimizing DMAEA hydrolysis. Thus, RAFT copolymerization of APM and 

DMAEA was carried out at 70°C in a 2:1 (v:v) water:1,4-dioxane solvent mixture at pH 

3-4 using CTP and V501 as the RAFT agent and initiator (Figure 2.1). The high monomer 

concentration (30% w/v) also helped to solubilize the RAFT agent and initiator, as they 

had limited solubility in water at pH 3-4. The CTP:V501 ratio was always 1:0.2 as it 

allowed for control of the RAFT polymerization, while the monomer:CTP ratio was 

varied to obtain the PAD copolymers of 8 or 30 kDa. These MWs were selected to 

demonstrate the effect of MW on in-diffusion of the polycations into calcium alginate 

beads.  

Exploratory RAFT copolymerizations targeting PAD25, PAD50, and PAD75 

copolymers with MWs of 8 and 30 kDa were conducted and the progress of the 
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copolymerizations was followed by 1H NMR and GPC analysis of aliquots sampled 

during the course of the reactions. Results for PAD75-30k are shown below (Figure 2.5) 

and results for the other copolymerizations are shown in the Supporting Information 

(Figures 2A.13-2A.16). The copolymerization went to high conversion, reaching 95% 

conversion after 3.5 h at 70°C, showed linear 1st order kinetics (Figure 2.5C), linear 

growth of MW with conversion and low polydispersity (Figure 2.5B/2.5D), characteristic 

features of a controlled radical polymerization. Similar results were obtained for PAD75-

8k, PAD50 (8 and 30k), PAD25 (8 and 30k) (Figures 2A.15-2A.16), indicating that the 

RAFT polymerization system was suitable for this copolymerization. 

	   	  
Figure 2.5. Representative results for the RAFT copolymerization to form PAD75-30k. 
Conversion vs. time (A). GPC chromatograms of aliquots sampled from the 
copolymerization mixture (B). First-order kinetic plot (C). MW and PDI vs. conversion 
(D). 
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Larger-scale preparations of PAD25, PAD50, and PAD75 with MWs of 8 and 30 

kDa were performed by using monomer:CTP ratios of about 60:1 and 220:1, respectively, 

and stopping the polymerizations at about 80-85% conversion. Some details of the 

copolymerizations and the resulting copolymers are given in Table 2.2. 

 

Table 2.2. GPC, 1H NMR, and UV-vis data for PAD Synthesized by RAFT 
Polymerization. 

Polymer [M]:[CTP]:

[V501]a 

%Conv.b Mn,th
c Mn,NMR

b Mn,UV
d Mn,GPC 

(PDI)e 

APM:DMAEAb 

PAD75-8k 58:1:0.20 78 8.1 7.2 9.1 4.5 (1.31) 25:75 

PAD42-8k 54:1:0.19 92 9.0 9.8 15.4 9.1 (1.36) 58:42 

PAD21-8k 58:1:0.20 82 8.4 8.8 10.4 7.3 (1.39) 79:21 

PAD75-30k 218:1:0.20 74 28.7 20.1 29.0 15.4 (1.19) 25:75 

PAD45-30k 212:1:0.20 84 31.8 25.3 37.0 21.1 (1.28) 55:45 

PAD25-30k 211:1:0.20 74 28.0 20.3 30.4 17.6 (1.35) 75:25 
a Monomer mixtures containing 85, 47-48 and 23-24 mol% DMAEA were used in experiments targeting 

PAD75, PAD50, and PAD25, respectively. b From 1H NMR analysis.  c Theoretical Mn (kg/mol) calculated 

using equation (1).  d Mn from dithiobenzoate end group analysis by UV-vis spectroscopy in MeOH. e Mn 

(kg/mol) and PDI values estimated by GPC analysis with 1 M acetate buffer (pH 4.8) and PEG 

calibration. 

 

The monomer feed ratios were not intentionally adjusted for differing reactivities 

except for PAD75 where a 15:85 APM:DMAEA feed was used. The compositions of the 

copolymers determined by 1H NMR spectroscopy were fairly close to the targeted 

compositions and, in accord with the reactivity ratios, showed a slight enrichment in 

APM compared to the feed. In living polymerizations, the differing reactivities of APM 

and DMAEA lead to compositional drifts within each copolymer chain, i.e., to gradient 

copolymers.  
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The MWs of these PAD copolymers as measured by GPC were lower than 

expected, which is likely due to a poor match between the high charge density PAD 

polycations and the PEG standards used for calibration.  Determination of Mn by analysis 

of the dithiobenzoate end group by 1H NMR (Figures 2A.17-2A.22) and UV-vis 

spectroscopy resulted in values close to targeted MWs. The PAD copolymers made by 

RAFT and conventional polymerization were used in the hydrolysis and capsule coating 

studies described below. 

2.4.6. Hydrolysis of PAD 

 The hydrolysis of DMAEA-containing polymers leading to a change in polymer 

charge and, hence, solubility or complexation ability, has sparked an interest in using the 

polymers in various applications, principally controlled delivery.20-22 This interest extends 

to polymers containing the closely related monomers with primary amino (AEA)43 or 

trimethylammonium (TMAEA)44,45 groups in place of the dimethylamino group. 

Hydrolysis of polymers containing DMAEA, TMAEA or AEA units has been 

investigated in a number of studies and a range of sometimes contradictory kinetic 

behavior has been reported, under a number of different conditions.19,20,30,43-47 

 pDMAEA in water is often reported to show rapid initial hydrolysis that slows 

and approaches a plateau at about 50-70% hydrolysis, with 2-3 days at room temperature 

needed to reach 50% hydrolysis.19,20,30,46 On the other hand, more rapid and nearly 

complete hydrolysis has been reported after 2 h at 60 °C in water.30 In contrast, Hennink 

and coworkers saw much slower hydrolysis with about 12 days at 80 °C in a pH 7 buffer 

needed for 50% hydrolysis.47 
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 Some studies have found polymers containing TMAEA and AEA groups to be 

much more hydrolytically stable than pDMAEA. For example, pTMAEA has been 

reported to be largely unchanged after a week or longer in water at room temperature,20,46 

while pAEA underwent only 5.7% hydrolysis after 8 weeks at pH 7 and 37 °C.43 

However, extensive hydrolysis (30-50%) within a day at 20-30 °C and pH 7 has been 

seen for TMAEA groups in acrylamide-TMAEA copolymers.44,45 

 There are also contradictory reports on the effect of pH on hydrolysis in these 

systems. Dimethylamino-substituted small molecule esters closely related to DMAEA 

show pH-dependent hydrolysis, with a minimum rate at pH 3-4. Hydrolysis was about 

104-fold faster at pH 9 than pH 4 and the small molecules had half-lives of about one day 

at pH 7 and 37 °C.47 Similarly, the TMAEA units in acrylamide-TMAEA copolymers 

were found to be fairly stable at pH 3.5-5 but hydrolysis became progressively faster as 

pH was raised with half-lives of less than 1 h seen at pH 8.5.44,45 In distinct contrast, a 

recent study of pDMAEA reported that hydrolysis was pH-independent between pH 5.5 

and pH 10.20 

 The inconsistency in these reported kinetic results may be attributed to difficulties 

in establishing and maintaining consistent pH throughout the hydrolyses. For example, 

the more rapid hydrolysis seen for pDMAEA in water compared to pAEA or pTMAEA is 

likely because the initial solution pH is much higher, about 9 to 9.5 for the free-amine 

form of pDMAEA dissolved in water.19,30 It would be <7 for the fully protonated pAEA 

trifluoroacetate salt,43 and ≤7 for pTMAEA. 
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 As DMAEA, TMAEA or AEA units hydrolyze to form acrylic acid units, the 

solution pH may drop and, in many cases, it would be necessary to adjust the pH or use a 

buffer to keep the solution near the initial pH. The pH change would be slow for 

pDMAEA in its free-amine form, as the polymer can act as a buffer, while TMAEA 

polymers would see a more rapid drop. Saveyn et al. identified this as the reason for the 

seemingly different stability of TMAEA polymers in dilute and concentrated solutions.44 

In concentrated solutions, hydrolysis of a small fraction of the TMAEA groups can 

decrease the pH to a point where hydrolysis of the remaining TMAEA groups becomes 

very slow (pH ≤5). In dilute solutions, such as those used during charge titrations,44,45 a 

much larger fraction of the TMAEA units must be hydrolyzed to cause the same pH 

decrease. The much greater apparent stability reported for pTMAEA in water compared 

to pDMAEA20,46 is thus likely because the pH of pTMAEA solutions rapidly falls to pH 

≤5 where hydrolysis is very slow. 

 In the small-molecule hydrolysis experiments, buffer concentrations well in 

excess of the substrate concentration were used such that there would have been little 

change in solution pH upon substrate dissolution or hydrolysis.47 However, the buffers 

used in the experiments where pH-independent hydrolysis of pDMAEA was reported 

appear to have been too dilute (0-150 mM) to respond to the pH change caused upon 

dissolution of the polymer in the free-amine form (280 mM) such that all the solutions 

likely had similar initial pH values.20 

 In the current work, buffers with concentrations equal to or greater than that of the 

monomer repeat units were used to minimize the pH drift (i.e., 50-100 mM buffer and 25-
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50 mM monomer units) and the pH of the solutions were monitored during the hydrolysis 

experiments. PAD in the protonated form was dissolved in D2O containing acetate, 

phosphate, or borate buffer, and then the pH was adjusted to the desired pH before the 

first NMR spectrum was measured. 

Initial experiments explored the hydrolysis of 1% solutions of the high MW 

samples of PAD88, PAD74, PAD43, and PAD24 at pH 7 in 50 mM phosphate-buffered D2O 

at 37°C. NMR spectra measured during hydrolysis of PAD88 are shown in Figure 2.6. The 

disappearance of the DMAEA side-chain peaks at 3.5 and 4.5 ppm and the appearance of 

sharp peaks due to the small molecule by-product DMAE at 3.3 and 3.9 ppm are used to 

track the hydrolysis. Some of the polymer signals broaden as hydrolysis proceeds, 

attributed to the increasing number of chemical environments and possibly to the onset of 

chain collapse as the net charge decreases. Such peak broadening is not uncommon and 

can make determining the degree of hydrolysis challenging.30,44 

	  
Figure 2.6. 1H NMR spectra of a 1% solution of PAD88 in 50 mM phosphate-buffered 
D2O (pH 7) at 37°C for (A) 0 h, (B) 2 h, (C) 4 h, (D) 9 h, (E) 23 h, (F) 34 h, and (G) 96 
h, with the corresponding percent hydrolysis of DMAEA units. 
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All four copolymers showed rapid initial hydrolysis that slowed after 2 or 3 days 

and each plot approached a distinct plateau that depended on the copolymer composition 

(Figure 2.7A). The solutions had initial pH values of 6.8–6.9, which decreased during 

hydrolysis due to the production of AA groups. After 38 days, the PAD88 solution had 

exhibited the largest pH drift, falling from pH 6.80 to 6.03 with smaller decreases 

observed for PAD74 (6.84 to 6.30), PAD43 (6.90 to 6.60) and PAD24 (6.85 to 6.60).  
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Figure 2.7. Hydrolysis of PAD88, PAD74, PAD43 and PAD24 at pH 7 and 37 °C shown as 
the percent of DMAEA hydrolyzed (A) and the overall net charge (B). 

 

The drop in pH does not seem significant enough to have caused the dramatic 

slowing of hydrolysis seen after a few days or the very different plateaus observed for the 

different PAD copolymers in Figure 2.7A. In the case of PAD24 with only 24 mol% 

DMAEA, hydrolysis goes to completion while PAD88 plateaus near 50% hydrolysis. As 

hydrolysis progresses, the cationic charge on the polymer chain is reduced and a 

polyampholyte (polymer-bound cationic and anionic groups) is formed. This may result 
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in reduced local hydroxide counter anion levels, a change (collapse) in chain 

conformation, possibly creating a more hydrophobic local environment, and perhaps a 

reduced driving force for hydrolysis (fewer cation-cation interactions). It has also been 

suggested previously that ester units located between two hydrolyzed units (an AA-

DMAEA-AA triad) might be stable to hydrolysis.19 With PAD24, the polymer still has a 

significant net cationic charge when hydrolysis is complete because of the 76% APM 

content. In contrast, the PAD88 chains are approaching zero net charge when about 55% 

of the DMAEA units are hydrolyzed. 

 The hydrolysis data from Figure 7A is replotted in terms of net polymer charge in 

Figure 2.7B. Net charge, or %excess of cationic groups, was calculated from the fractions 

of cationic (APM + DMAEA) and anionic (AA) units. Figure 2.7B shows that hydrolysis 

slows dramatically as the polymer chains approach zero net charge, which in the case of 

PAD43 also corresponds to complete hydrolysis of the DMAEA units. It is interesting that 

even after nearly 6 weeks at 37 °C none of the systems in this particular experiment had 

crossed over the zero net charge line to produce chains with a net negative charge. 

If electrostatic interactions play an important role in hydrolysis, increasing the 

ionic strength may affect the rate and extent of hydrolysis. As shown in Figure 2A.23, 

ionic strength did not have a pronounced effect on the rate or extent of hydrolysis of 

PAD88. The initial rate of hydrolysis appeared to be slowest in the presence of 500 mM 

NaCl, consistent with a reduction of cation-cation repulsion or cation-hydroxide 

attraction, however, the effect was small and all of the systems showed a similar plateau. 

After about 10 days, the systems with added NaCl showed slightly higher extents of 
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hydrolysis, perhaps because the electrostatic interactions leading to chain collapse were 

lessened, but the added salt could not prevent the dramatic slowing of hydrolysis as 

PAD88 approached zero net charge (57% hydrolysis). Polyampholytes can precipitate 

when near zero net charge, but 500 mM NaCl is sufficient to prevent phase separation for 

p(APM-AA),48 suggesting that phase separation is not the major reason for the leveling 

off of the rate of hydrolysis. As seen in the earlier experiment, the pH fell from 6.9 to 

about 6.1 for all the samples. 

2.4.7. Effect of pH on PAD Hydrolysis 

The effect of pH on PAD hydrolysis was examined. To minimize pH drift during 

hydrolysis, buffer concentrations were increased to 100 mM with acetate, phosphate and 

borate buffers used for pH 5, 7, and 9, respectively, and the concentration of PAD88 was 

decreased to 0.5 % w/v (cf. 1% in previous experiments) such that the initial 

concentration of DMAEA units was about 25 mM. The pH remained fairly stable during 

hydrolysis: initial pH values were 4.99, 6.94, and 9.20, and after 40-45 days, when 40-

85% hydrolysis had occurred, the pH values were 4.94, 6.88, and 9.35, respectively. 

Hydrolysis of the DMAEA units of PAD is pH-dependent as shown in Figure 2.8. 

After 3 days at 37 °C in the pH 5, 7 and 9 buffers, 15, 47 and 71% hydrolysis had 

occurred, respectively. At each pH, hydrolysis was more rapid initially and then slowed 

and approached a plateau but with higher plateaus at higher pH. The experiments at pH 7 

and 9 were repeated and directly monitored by 1H NMR allowing data points to be 

collected over the first hour of hydrolysis. The data from the early stages of PAD88 

hydrolysis gave reasonably linear first-order kinetic plots (Figure 2A.24), with half-lives 
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at pH 7 and 9 (∼8 and 2.5 h) that were similar to those observed for the small-molecule 

analogs studied by Hennink.47 

 

	  
Figure 2.8. Hydrolysis of PAD88 in 100 mM buffer solutions at pH 5, 7, and 9, at 37°C. 
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The PAD88 hydrolysis at pH 7 presented in Figure 2.8 was faster, and reached a 

higher plateau than seen in Figure 2.7A, because the pH did not drift downwards. 

Hydrolysis continued past the point of zero net charge to give a polymer with a net 

anionic charge. After 45 days at pH 7, when 67.7% of the initial DMAEA units had been 

hydrolyzed (Figure 2.8), the polymer consisted of about 60% anionic AA units and 40% 

cationic units (APM + DMAEA). The PAD88 solution turned slightly cloudy as it reached 

zero net charge, typical behavior for a polyampholyte near its isoelectric point, and then 

cleared again as hydrolysis continued and the polymer gained a net anionic charge.12,50 

 To allow a better comparison with literature data, hydrolysis of the DMAEA 

homopolymer (pDMAEA or PAD100) was examined at room temperature in the pH 5, 7 

and 9 buffers (Figure 2.9). The pH of the solutions was stable throughout the experiment: 

5.05, 7.02, and 9.32 initially, and 5.09, 6.94, and 9.35, respectively, after 21 days of 

hydrolysis. Not surprisingly, hydrolysis was slower at room temperature (22 °C) than had 

been seen for PAD88 at 37 °C. pDMAEA hydrolysis showed a marked pH dependence 

with nearly 50% hydrolysis after 4 days at pH 9 but only 22 and 2% at pH 7 and 5, 

respectively. The curve obtained for pDMAEA in pH 9 buffer is similar to that obtained 

in other studies of pDMAEA (free-base form) dissolved in water.19,20,30 Thus, as observed 

for small-molecule analogs, PAD and TMAEA-containing copolymers, the rate of 

pDMAEA hydrolysis decreases significantly as the pH is decreased, which might have 

implications for some applications such as gene transfection.  
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Figure 2.9. Hydrolysis kinetics of pDMAEA in 100 mM buffer solutions at pH 5, 7, and 
9, at room temperature (22 °C). 

  

In summary, the PAD copolymers showed complex hydrolytic behavior with 

rapid initial hydrolysis that slowed dramatically as the net charge on the polymer chains 

decreased. The composition of the PAD copolymers had a pronounced effect on the rate 

and/or extent of DMAEA hydrolysis observed with more rapid and complete hydrolysis 

seen for APM-rich copolymers because the chains had net positive charge throughout the 

hydrolysis. The rate of PAD and pDMAEA hydrolysis depends on pH, consistent with 

some but not all literature reports. 

2.4.8. PAD-Coated Alginate Capsules 

 The PAD polycations have high charge density initially allowing them to form 

polyelectrolyte complexes, e.g., in coating anionic calcium alginate beads. Subsequent 

hydrolysis of DMAEA units would cause a reduction of cationic charge, and perhaps 

even a shift to net anionic charge, and as such, the polyelectrolyte complex would be 
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expected to dissociate, unless it were covalently crosslinked.  Thus, calcium alginate 

beads were coated with PAD copolymers (8 and 30 kDa), and then maintained at pH 7 

where, if PAD hydrolysis occurred, the capsule shells could disassemble in the absence of 

crosslinking. 

The capsules were examined by conventional bright field and fluorescence 

microscopy just after coating with 8 and 30 kDa PAD-f copolymers (Figures 2A.25 and 

2A.26). The high charge density polycations bound to the anionic calcium alginate 

hydrogel, but the capsule surface became wrinkled for PAD25, and to a lesser extent 

PAD50. Surface wrinkling has been seen for polycation-coated hydrogels,51,52 including 

calcium alginate,7,53 and indicates strong binding to the surface to give a coating that is 

unable to restructure itself when the core of the hydrogel shrinks due to changes in 

osmotic pressure. The results with the PAD copolymers suggest that higher APM content 

leads to stronger binding to alginate. In contrast, the fluorescence images of the capsules 

coated with PAD75 were brighter than those coated with PAD50 or PAD25 indicating that 

greater amounts of the DMAEA-rich PAD75 copolymers had been bound.  

CLSM images of the calcium alginate capsules just after coating with 8 and 30 

kDa PAD-f copolymers are shown in Figures 2.10 and 2.11, respectively. As seen by 

conventional microscopy, there were distinct differences in the nature of the shell formed 

depending on the copolymer composition. The APM-rich PAD21-8k and PAD25-30k 

copolymers were restricted to the surface of the beads (Figures 2.10A and 2.11A) giving 

very thin shells for both MWs (5.2 ± 2.5 and 8.5 ± 3.0 µm). The higher MW PAD45-30k 

was restricted to the surface (Figure 2.11B; 3.8 ± 0.8 µm) but the lower MW PAD42-8k 
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was able to diffuse more deeply into the hydrogel bead (Figure 2.10B) and form a thicker 

membrane (11.6 ± 1.3 µm). The DMAEA-rich PAD75-8k and PAD75-30k copolymers 

diffused furthest into the calcium alginate hydrogel, which led to a greater amount of 

these copolymers being bound to the beads as indicated by the area under the line 

profiles. A significant fraction of the smaller PAD75-8k reached the core of the bead 

(Figure 2.10C) while the larger PAD75-30k was more limited to the surface region of the 

bead but gave a thicker membrane (21.5 ± 2.9 µm) than seen with the other copolymers. 

The more limited diffusion of the larger 30 kDa copolymer into the hydrogel was 

expected but the effect of composition was not. The differing degrees of in-diffusion with 

copolymer composition may be due to different strengths of electrostatic binding of 

primary and tertiary ammonium ions with the carboxylate groups of alginate. This will be 

explored in future studies using isothermal titration calorimetry. The smaller size of the 

primary ammonium ion of APM may allow closer approach to the anion, and with three 

H-atoms, hydrogen-bonding to the carboxylate may be more efficient than with the more 

sterically hindered tertiary ammonium ions of DMAEA. Strong binding of the APM-rich 

copolymers to the anionic alginate prevents these chains from diffusing further into the 

gel and prevents restructuring (or annealing) of the shell when the capsule core shrinks, 

which leads to surface wrinkling.  
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Figure 2.10. CLSM images of PAD21-8kf (A), PAD42-8kf (B), and PAD75-8kf (C) coated 
calcium alginate capsules with the corresponding representative line profiles. Capsules 
were imaged with the same microscope settings. Scale bars are 250µm. 
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Figure 2.11. CLSM images of PAD25-30kf (A), PAD45-30kf (B), and PAD75-30kf (C) 
coated calcium alginate capsules with the corresponding representative line. Capsules 
were imaged with the same microscope settings. Scale bars are 250 µm. 
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hydrogel, calcium alginate beads coated with higher MW PAD75-30k were the focus of 

further experiments. 

 

2.4.9. Hydrolysis of the PAD Coating 

It was expected that hydrolysis of PAD would cause it to dissociate from the 

capsule as the electrostatic interactions were weakened. Figure 2.12 shows CLSM images 

of PAD75-30k coated calcium alginate beads as formed (Fig. 2.12A) and after 9 days in a 

pH 7.8 buffer at room temperature in the dark (Fig. 2.12B and C). The capsule coating is 

no longer clearly visible when imaged at the same detector gain (Figure 2.12B) and when 

imaged at higher gain, fluorescence is seen throughout the supernatant with slightly 

higher intensity at the capsule surface. This indicates that most of the PAD-f has 

dissociated from the surface, consistent with PAD hydrolysis leading to a loss of 

electrostatic binding. After 9 days, about 30-40% of the DMAEA groups would have 

been hydrolyzed if hydrolysis occurred at a similar rate in the polyelectrolyte complex as 

for the free polymer in solution. This would result in a polymer that was still cationic with 

about 20-30% of the monomer units converted to AA. 

	  

Figure 2.12. CLSM images of PAD75-30kf-coated capsules as formed (A), and after 9 
days at pH 7.8 and room temperature taken with the same microscope settings (B), and 
with increased detector gain (C). Scale bars are 250 µm. 
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2.4.10. Electrophoretic Mobility of PAD-coated Polyanionic Microspheres 

 To model the charge reduction occurring for the alginate–PAD complex, PAD 

was coated onto anionic PMSM microspheres (7.92 ± 0.74 µm dia.). The electrophoretic 

mobility of the PMSM microspheres was measured before and after coating with PAD75-

30kf and PAD25-30kf, and after the coated particles were stored at pH 7.2 (Figure 2A.27). 

As expected, the anionic PMSM particles had a negative mobility (-1.0 ± 0.2 10-8m2/Vs) 

that remained relatively unchanged after 11 days in 35 mM HEPES-buffered saline (pH 

7.2). The particles became positive after they were coated with PAD75-30kf and PAD25-

30kf with values of 1.18 ± 0.07 and 1.78 ± 0.08  10-8m2/Vs , respectively. The difference 

between the two PAD coatings is attributed to hydrolysis occurring before the first 

measurement, and possibly differences in the amount of polycation bound. After a week 

at pH 7.2 and 22°C, the mobility of both PAD-coated particles had fallen and the PAD75-

30kf coated particles had a mobility near zero (-0.03 ± 0.03 10-8m2/Vs ) due to hydrolysis 

of the DMAEA-rich copolymer. After 12 days, the mobility of PAD25-30kf coated 

particles remained positive at 0.98 ± 0.06 10-8m2/Vs , whereas PAD75-30kf coated 

particles had a negative mobility at -0.68 ± 0.06 10-8m2/Vs . The pH of the particle 

suspensions remained fairly constant over the course of the experiment. The charge 

reversal of PAD75-30kf coated particles is likely due to both hydrolysis of the DMAEA-

rich copolymer and loss of the hydrolyzed polymer, which would expose anionic groups 

of the underlying PMSM particle. These results are consistent with those seen for the 

analogous alginate-PAD capsules.  
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2.4.11. Covalent Crosslinking of PAD-Coated Capsules with THPC 

 The charge shifting that occurs upon PAD hydrolysis weakens the electrostatic 

interactions holding PAD in polyelectrolyte complexes such as the coating on calcium 

alginate capsules. Hence, in some cases it would be desirable to introduce covalent 

crosslinks into the complex once formed to enhance the mechanical strength and stability 

of the complex. The primary amines provided by the APM units in PAD are good sites 

for crosslinking by reaction with electrophilic polymers or small molecules. In this work, 

the crosslinking agent selected was THPC, which was shown by Chung et al. to be a 

crosslinking agent in hydrogels made from elastin-like proteins.23 

As a proof of concept, calcium alginate beads coated with PAD75-30kf were 

exposed briefly to a 0.1% THPC solution. If all of the PAD75 had been bound to the 

capsules in the coating step, this would be a 3-fold molar excess of THPC and an even 

greater excess of potential reaction sites since each THPC molecule can react with up to 

four amines. It was assumed that only a fraction of the THPC molecules would become 

bound to PAD during the brief exposure and that these groups would continue to react 

after the excess THPC was removed. To demonstrate crosslinking, the capsules were 

treated with citrate to remove calcium and liquefy the capsule core, and then 0.1 M NaOH 

to neutralize the ammonium ions of PAD and disrupt the electrostatic interaction holding 

the shell together. As shown in Figure 2.13, the THPC-treated capsules swelled when 

exposed to citrate (Figure 2.13B) and, while a few capsules tore open from mechanical 

agitation or osmotic stress, most remained intact. After addition of NaOH and 10 min of 

gentle agitation, the capsule shell survived either as part of a whole capsule or as shell 
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fragments (Figure 2.13C). In contrast, capsules that had not been crosslinked with THPC 

swelled when treated with citrate and then dissolved when NaOH was added. 

 

	  
Figure 2.13. Fluorescence microscopy images of PAD75-30kf-coated capsules after 
crosslinking with THPC: as formed (A), after 10 min in 50 mM citrate (B), and after 10 
min in 0.1 M NaOH (C). CLSM images of capsules as formed (D) and after treatment 
with citrate and NaOH (E). Scale bars are 250 µm. 

 

CLSM images taken of the capsules just after crosslinking (Figure 2.13D) 

revealed that THPC treatment had not affected the polymer distribution as it was similar 

to that seen in capsules formed without crosslinking (Figure 2.12A). After being treated 

with citrate and NaOH, the capsules displayed a thin outer-shell that appeared to have 

pulled away from a more diffuse inner region (Figure 2.13E). The inner region, which 

was also visible in the conventional fluorescence microscopy image (Figure 2.13C), may 

be a very lightly crosslinked gel or viscous liquid formed from PAD75 that diffused 

further into the calcium alginate bead. The lower PAD concentration below the capsule 

surface (see Figure 2.11C, line profile) would make crosslinking less efficient. These 

results demonstrate that it was possible to crosslink the PAD coating on the capsules with 
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THPC, which would increase the long-term mechanical strength of the capsule by 

preventing loss of PAD when hydrolysis generates a lower charge density surface. 

Future work will explore cell compatibility of analogous hydrogel films and 

capsules, as a function of MW, composition, and degree of DMAEA hydrolysis. 

2.5. Conclusions 

 The novel charge-shifting PAD polycations have promise as material building 

blocks. The high cationic charge allows ready formation of polyelectrolyte complexes 

with anionic polymers or surfaces, the primary amino groups of the APM units allow easy 

crosslinking and functionalization, and subsequent hydrolysis of the DMAEA units 

reduces cationic charge following assembly. Hydrolysis of DMAEA groups within PAD 

copolymers showed complicated kinetics as it depended on the net charge on the polymer 

chains (copolymer composition, degree of hydrolysis) and the solution pH. The studies 

offered insight into the variable results found in the literature for hydrolysis of polymers 

containing DMAEA or related monomers. The nature of the PAD-coating (amount 

bound, thickness) on calcium alginate beads depended on the composition and MW with 

high APM content and/or MW favoring thin shells. Hydrolysis also occurred for PAD 

that was part of a polyelectrolyte complex, either bound to calcium alginate capsules or 

anionic polymer particles, leading to loss of non-crosslinked PAD coatings. The PAD 

coating on the capsules could be crosslinked with THPC demonstrating that it would be 

possible to generate a strong capsule shell with low charge density. 
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 1H NMR spectrum showing reaction of MeOH with DMAEA; Data for reactivity 

ratio calculations; Fineman-Ross plot; 1H NMR spectra of PAD88, PAD43 and PAD24 in 

D2O; GPC traces of PAD copolymers; 1H NMR spectra from attempted trans-amidation 

experiments; 1H NMR spectrum showing reaction of cysteamine with DMAEA; 

Conversion vs. time and 1st-order kinetic plots for RAFT copolymerizations; 1H NMR 

spectra of PAD copolymers made by RAFT polymerization in D2O; Additional kinetic 

plots for PAD hydrolysis; Microscopic images of PAD-coated calcium alginate capsules; 

electrophoretic mobility data of PAD-coated PMSM particles. This material is available 

at free of charge via the Internet at http://pubs.acs.org 
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2.8. Appendix 

	  

	  
Figure 2A.1. 1H NMR spectrum of 10% w/v DMAEA in MeOH at room temperature 
(22°C), after dilution with MeOH-D4 for analysis, showing about 11.5% and 43.3% 
trans-esterification at 0.5 h and 6.5 h, respectively, as evidenced by the decrease of the 
DMAEA methylene signal d, and increase of the corresponding methylene signal k in 2-
(N,N-dimethylamino)ethanol. 
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Table 2A.1. Monomer feed ratios (f1) and polymer composition (F1) values obtained 
from monitoring APM and DMAEA copolymerizations in situ by 1H NMR spectroscopy. 
(DMAEA monomer 1, APM monomer 2). 

f1 (monomer 
feed)	  

F1 (polymer 
composition)	  

F1 calculated	   f1 (monomer 
feed) 

(continued)	  

F1 (polymer 
composition) 
(continued)	  

F1 calculated 
(continued)	  

0.780 0.669 0.651 0.401 0.344 0.350 

0.800 0.677 0.672 0.415 0.360 0.360 

0.827 0.711 0.702 0.428 0.365 0.370 

0.855 0.732 0.736 0.450 0.386 0.385 

0.887 0.793 0.781 0.472 0.399 0.401 

0.914 0.823 0.822 0.0999 0.101 0.104 

0.941 0.860 0.869 0.0997 0.110 0.104 

0.500 0.430 0.421 0.0982 0.117 0.102 

0.513 0.436 0.431 0.0958 0.0889 0.0998 

0.528 0.432 0.442 0.0965 0.138 0.100 

0.547 0.459 0.455 0.0922 0.103 0.0964 

0.564 0.466 0.468 0.716 0.591 0.590 

0.585 0.471 0.484 0.734 0.612 0.606 

0.609 0.512 0.502 0.756 0.627 0.627 

0.227 0.224 0.216 0.780 0.656 0.650 

0.228 0.221 0.217 0.803 0.651 0.675 

0.229 0.231 0.218 0.833 0.731 0.709 

0.229 0.199 0.218 0.855 0.721 0.736 

0.234 0.226 0.222    

0.235 0.221 0.223    

0.239 0.248 0.226    

0.386 0.343 0.339    

0.393 0.341 0.344    
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Figure 2A.2. Fineman-Ross plot for the copolymerization of APM and DMAEA, where x 
is the monomer feed ratio ([DMAEA]/[APM]) at the beginning of a particular step and y 
is the ratio of the monomers incorporated into copolymer in that step 
(d[DMAEA]/d[APM]). Reactivity ratios of APM and DMAEA were calculated to be 0.86 
and 0.38, respectively. 

	  

	  
Figure 2A.3. Joint confidence region at 95 % confidence for reactivity ratios  r1 = 0.38 
(DMAEA) and r2 = 0.86 (APM)  by a method described by Kitanidis et al.1 
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Figure 2A.4. 1H NMR spectrum of PAD88 in D2O at pH 3-4. 
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Figure 2A.5. 1H NMR spectrum of PAD43 in D2O at pH 3-4. 

	  

	  
Figure 2A.6. 1H NMR spectrum of PAD24 in D2O at pH 3-4. 
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Figure 2A.7. 1H NMR spectrum of PAD43 in D2O after 45 days storage of the solid, 
protonated form.	    
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Figure 2A.8. Monomer mixture of 1:1 APM:DMAEA (10 wt.%) in D2O with no initiator 
at pH 4 was heated at 55°C for 2h, and subsequently heated at 70°C for an additional 2h 
to mimic conditions of polymerizations. 1H NMR spectrum of the sample showed that the 
monomers were stable, showing less than 5 % hydrolysis. 
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Figure 2A.9. A model trans-amidation experiment was carried out using PDMAEA and 
small molecule 3-amino-1-propanol (1 mol eq.) to mimic the primary amino group of 
APM units in the PAD copolymer. The reaction mixture was left for 4 days at room 
temperature, and then dialyzed for 1 day in pH 10-11 water to remove small molecules, 
followed by freeze-drying. The polymer was re-dissolved in D2O and analyzed by 1H 
NMR spectroscopy. The reaction was conducted at high pH, in which trans-amidation 
would be most efficient by allowing the primary amine to be in the nucleophilic, free base 
form. It is important to note that at this pH, ester hydrolysis is a significant, competing 
reaction. If trans-amidation occurs, it would lead to formation of 3-hydroxypropyl 
acrylamide monomer units within the polymer. The small, broad signal labeled l/d may be 
from the -CH2OH methylene protons as a result of trans-amidation and/or from the 
increased broadening of the methylene protons adjacent to the dimethylamino group 
CH2N(CH3)2 due to hydrolysis of the polymer varying the chemical environment of 
remaining side chains. This suggests that while trans-amidation may be possible under 
basic conditions, it does not occur to a significant extent – less than 2 % relative to the 
remaining DMAEA units. 
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Figure 2A.10. GPC traces for PAD88, PAD74, PAD43, and PAD24 prepared by 
conventional free radical polymerization. GPC traces are normalized. 
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Figure 2A.11. 1H NMR spectrum showing evidence of Michael addition of cysteamine to 
DMAEA in a 90:10 APM:DMAEA monomer mixture at pH 3-4 and room temperature. 
The initial concentration of cysteamine was 5 mol% relative to total monomers (50% 
relative to DMAEA) and the spectrum reveals that about 40% of the DMAEA had been 
consumed by the Michael reaction after approximately 20 min. 
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Figure 2A.12. 1H NMR (500 MHz; D2O) spectra revealing the Michael addition of 
cysteamine to DMAEA in a 10:90 APM:DMAEA mixture at pH 3-4 and 25 °C. The 
solution contained 10 wt% monomer and 5 mol% of cysteamine relative to the total 
monomer (DMAEA:cysteamine = 90:5). After 9 min, approximately 6 % DMAEA and 
55% cysteamine had been consumed. 
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Figure 2A.13. Conversion vs. time plots for the RAFT copolymerizations of 25:75, 50:50 
and 75:25 APM:DMAEA monomer mixtures targeting a MW of 8 kDa. 

	  

	  
Figure 2A.14. Conversion vs. time plots for the RAFT copolymerizations of 25:75, 50:50 
and 75:25 APM:DMAEA monomer mixtures targeting a MW of 30 kDa. 
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Figure 2A.15. First-order kinetic plot of the RAFT copolymerization of 25:75, 50:50 and 
75:25 APM:DMAEA monomer mixtures targeting a MW of 8 kDa. 

	  

	  
Figure 2A.16. First-order kinetic plot of the RAFT copolymerizations of 25:75, 50:50 
and 75:25 APM:DMAEA monomer mixtures targeting a MW of 30 kDa. 
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Figure 2A.17. 1H NMR of PAD75-8k in D2O on an AV600 MHz spectrometer with 1024 
scans for end-group analysis. 

 

	  
Figure 2A.18. 1H NMR of PAD50-8k in D2O on an AV600 MHz spectrometer with 1024 
scans for end-group analysis. 
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Figure 2A.19. 1H NMR of PAD25-8k in D2O on an AV600 MHz spectrometer with 1024 
scans for end-group analysis. 

	  
Figure 2A.20. 1H NMR of PAD75-30k in D2O on an AV600 MHz spectrometer with 
1024 scans for end-group analysis. 

PAD25&8k)

10.5)DMAEA)
39.5)APM)
8,845.37)g/mol)
21%)DMAEA)
79%)APM)

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

30
6.

71

22
8.

62

21
.3

1

20
.7

0

5.
00

7.58.0 ppm

S

O
HN

H3N

OO

NH

n m

CN

HO

O
S

a"

b"

c"

d"
e"

f"
g"

h"

i"
j"

k"
l"

m"
m"

n"
o"

p"

n"
o"

n"
o"

p"

HDO"

n" p" o"
k"

l"

m"

f,h"

a,b,c,d,e,g,I,j"

PAD75&30k*

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

51
8.

96

71
6.

77

20
6.

18

19
6.

83

5.
00

7.58.0 ppm

S

O
HN

H3N

OO

NH

n m

CN

HO

O
S

a"

b"

c"

d"
e"

f"
g"

h"

i"
j"

k"
l"

m"
m"

n"
o"

p"

n"
o"

n"
o"

p"

HDO"

n" p" o"

k"

l"

m"

f,h"

a,b,c,d,e,g,I,j"

98.415*DMAEA*
31.959*APM*
20,084.76*g/mol*
75%*DMAEA*
25%*APM*



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   99 

	  
Figure 2A.21. 1H NMR of PAD50-30k in D2O on an AV600 MHz spectrometer with 
1024 scans for end-group analysis. 

	  
Figure 2A.22. 1H NMR of PAD25-30k in D2O on an AV600MHz spectrometer with 1024 
scans for end-group analysis. 
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Figure 2A.23. Hydrolysis kinetics of 1% PAD88 in the presence of 0, 100, 200, and 500 
mM sodium chloride in 50 mM phosphate buffer at pH 7 and 37°C in D2O. 

	  
Figure 2A.24. First order kinetic plots for initial stage of PAD88 hydrolysis in pH 7 and 
pH 9 buffers at 37°C. 

  

0	  

10	  

20	  

30	  

40	  

50	  

60	  

70	  

0	   10	   20	   30	   40	  

DM
AE

A	  
Hy

dr
ol
ys
is
	  (%

)	  

Time	  (days)	  

100	  mM	  NaCl	  

200	  mM	  NaCl	  

500	  mM	  NaCl	  

No	  NaCl	  

y	  =	  0.0014x	  -‐	  0.0088	  
R²	  =	  0.99721	  

y	  =	  0.0048x	  -‐	  0.0159	  
R²	  =	  0.96667	  

0	  

0.02	  

0.04	  

0.06	  

0.08	  

0.1	  

0.12	  

0.14	  

0	   10	   20	   30	   40	   50	   60	   70	  

ln
[A
0]
/[
A]
	  

Time	  (min)	  

pH	  7	  

pH	  9	  



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   101 

	  
Figure 2A.25. Bright field optical microscopy images of capsules coated with PAD20-8k-
f (A), PAD42-8k-f (B), and PAD75-8k-f (C) with the corresponding fluorescence images 
D, E, and F, respectively. The contrast of D was increased by 50 % relative to the original 
image. Scale bars are 250 µm. 

	  
Figure 2A.26. Bright field images of capsules coated with PAD24-30k-f (A), PAD45-30k-f 
(B), and PAD76-30k-f (C), and their corresponding fluorescence images D, E, and F, 
respectively. The contrast of D was increased by 50 % relative to the original image. 
Scale bars are 250 µm. 
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Figure 2A.27. Electrophoretic mobility of PMSM particles uncoated and coated with 
PAD76-30k-f and PAD24-30k-f at various time intervals in HEPES-buffered saline. 
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3.1. Abstract 

 While polycations based on 2-(dimethylamino)ethyl methacrylate and 2-

(dimethylamino)ethyl acrylate are used in applications ranging from biomaterials to 

wastewater treatment, few studies have considered the remarkable differences in the 

hydrolytic stabilities of the respective ester groups. Here, we describe how the nature of 
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non-methyl α-substituents affect the rates of ester hydrolysis of such polymers, with an 

emphasis on the resulting shift of net polymer charge from cationic towards anionic. We 

introduce 2-(dimethylamino)ethyl 2-hydroxymethyl acrylate (DHMA) as a new, very 

hydrolytically labile, cationic monomer that can be used to form homopolymers as well as 

a means to tune copolymer hydrolysis. DHMA synthesis and free radical polymerization 

are described, including reactivity ratios for hydroxyl-protected derivatives of DHMA 

and 2-(dimethylamino)ethyl acrylate (DMAEA). Hydrolyses of PDHMA, P[DHMA-co-

DMAEA], PDMAEA, and PDMAEMA in pH 5 and 7 buffer are reported. The presence 

of the hydroxymethyl α-substituent in PDHMA led to rates of hydrolysis two to three 

orders of magnitude faster than the already rapid hydrolysis of PDMAEA. Furthermore, 

hydrolysis rates of P[DHMA-co-DMAEA] copolymers were shown to increase as the 

DHMA mol fraction increased. As a result, a new route to adjusting the charge-shifting 

rates of such polycations in aqueous media is described. 

 

3.2. Introduction 

 Polycations are used extensively for applications including wastewater 

treatment,1,2 oil recovery,3 and biomaterials.4 While poly[2-(dimethylamino)ethyl 

methacrylate], PDMAEMA, stands out among these due to its low cost and relative ease 

of polymerization,5 there have been only a few studies on the hydrolytic stability of this 

polymer. The nature of the ester linkage is key to the polymer’s biomaterial applications, 

as the net charge of the polymer moves from cationic towards anionic, as hydrolysis 

occurs under physiological conditions.  
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 Hennink et al. reported that PDMAEMA hydrolyzed >2000 times more slowly 

than its monomer under physiological conditions, which was attributed to its hydrophobic 

and crowded methacrylate backbone.6 We recently found the hydrolysis of the acrylic 

analogue, poly[2-(dimethylamino)ethyl acrylate] (PDMAEA), initially proceeded at rates 

comparable to that of 2-(dimethylamino)ethyl isobutryrate, the small-molecule model 

compound of the polymer reported by Hennink. This was attributed to the less 

hydrophobic and more accessible acrylate backbone of PDMAEA.6,7 

There is currently great interest in developing additional degradable analogues of 

PDMAE(M)A for DNA delivery, cell encapsulation, and towards other biomaterial 

applications.7-23 Most reports focus on changing side-chain functionality9,11,12,14,16 and 

comonomer composition,7,18,19,21,22 or incorporating labile linkages in the polymer 

backbone10,13,15,20,23 to tune degradation. To our knowledge, this is the first report 

studying the effect of functional groups in the α-position of DMAE(M)A on the 

hydrolytic stability of the associated polymers.  

The common routes to new (meth)acrylic monomers involve reacting 

(meth)acryloyl chloride or (meth)acrylic anhydride with suitable nucleophiles, or using 

carbodiimide coupling chemistry of (meth)acrylic acid with suitable alcohols or amines. 

While efficient, the resulting polymers are limited to acrylate or methacrylate backbones. 

Mathias et al. in 1987 pioneered the synthesis and polymerization of methyl-α-

hydroxymethyl acrylate (MHMA),24 and later studied the polymerization behaviour of 

various ester25-27 and ether28,29	   derivatives of MHMA, as well as of higher alkyl α-

hydroxymethyl acrylate analogues.30 Recent studies by Joy et al. further explored 
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analogous hydroxymethylation of acrylic monomers in the α-position to increase polymer 

backbone diversity. Hydrophobic acrylates carrying α-hydroxymethyl groups were used 

in RAFT polymerization and as bi-functional monomers to form polyesters and poly(ester 

urethanes),31 as well as in self-emulsion polymer lattices.32 These α-substituted acrylates 

were formed using the Baylis-Hillman reaction (also known as Morita-Baylis-Hillman 

reaction33), which can introduce functional groups to an alkene conjugated to an electron-

withdrawing group, as in an acrylate, involving initial reaction of the alkene with a 

tertiary amine or phosphine catalyst.33-35  

We report here the introduction of an α-hydroxymethyl group into DMAEA to 

study its effect on the rate and mechanism of acrylate ester hydrolysis on the 

corresponding homo- and copolymers. We hypothesized that the hydroxymethyl group in 

2-(dimethylamino)ethyl 2-hydroxymethylacrylate (DHMA) would activate the acrylic 

ester towards hydrolysis by a general increase of hydrophilicity of the backbone, as well 

as through two specific mechanisms shown in Figure 3.1: either by increasing the 

electrophilicity of the acrylic ester by 6-membered ring hydrogen-bonding with α-

hydroxymethyl groups (Figure 3.1A), or via activation of acrylic esters on neighbouring 

monomer units through an intermediate δ-lactonization pathway (Figure 3.1B). 
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Figure 3.1. Possible mechanisms of hydroxymethyl activation of ester hydrolysis in 
DHMA polymers. Activation of the ester via 6-membered ring hydrogen-bonding to the 
carbonyl oxygen (A), and by attack of hydroxymethyl groups on neighbouring monomer 
units, forming 6-membered ring lactones (B). 

 

The expected increase in the rate of ester hydrolysis means the rate of “charge-shifting” 

of DMAE(M)A-type polymers could be tuned for biomaterial applications.7,17-19,21,22 This 

paper focuses on the synthesis of DHMA and protected versions of DHMA, homo and 

copolymerization of some of the monomers, and comparison of the effect of the 

hydrogen, methyl and hydroxymethyl α-substituents (Figure 3.2) on ester hydrolysis and 

charge shifting of a series of polycations.  

 

	  

Figure 3.2. Structures of DMAEA, DMAEMA, and DHMA with hydrogen, methyl, or 
hydroxymethyl in the α-position, respectively. 
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3.3. Experimental 

3.3.1. Materials 

2-(Dimethylamino)ethyl acrylate (DMAEA, 98 %), 2-(dimethylamino)ethyl methacrylate 

(DMAEMA, 98 %),  methyl acrylate (99 %), 37 wt.% formaldehyde solution in H2O with 

10-15% methanol, 35 wt.% deuterium chloride in D2O (≥99 atom % D), 1,4-

diazabicyclo[2.2.2]octane (DABCO, ≥99 %), N,N-diisopropylethylamine (DIPEA, ≥99 

%), N,N-dimethylaminopyridine (DMAP, ≥99 %), triethylamine (TEA, ≥99 %),  N,N’-

Dicyclohexylcarbodiimide (DCC, 99 %), 2-(dimethylamino)ethanol (DMAE, ≥99.5 %), 

tert-butyldimethylsilyl chloride (TBSCl, 97 %), chlorotriethylsilane (TESCl, 99 %), 

chlorotrimethylsilane purified by redistillation (TMSCl, ≥99 %), bromotrimethylsilane 

(TMSBr, 97 %), chloromethyl methyl ether (MOM chloride) (technical grade), 2,2-

dimethoxy-2-phenyl-acetophenone (DMPA, 99 %), and 4 M HCl in 1,4-dioxane were 

purchased from Sigma-Aldrich and used as received. Dichloromethane (DCM) (reagent 

grade), chloroform (CHCl3) (reagent grade), methanol (MeOH) (reagent grade), 1,4 

dioxane (reagent grade), dimethylsulfoxide (DMSO) (reagent grade), acetone (reagent 

grade), acetonitrile (HPLC grade), and potassium hydroxide (KOH) (reagent grade) were 

purchased from Caledon Laboratories Ltd. and used as received unless stated otherwise. 

Benzene (ACS reagent grade) was purchased from Fisher Scientific and used as received. 

2,2’-Azobis(2-methylpropionitrile) (AIBN) was purchased from DuPont and used as 

received. D2O (99.9% D), CDCl3 (99.9 % D), toluene-d8 (99.9 % D) and DMSO-d6 (99.9 

% D) were purchased from Cambridge Isotope Laboratories Inc. and used as received.  
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3.3.2. Synthesis of 2-(Dimethylamino)ethyl 2-(Hydroxymethyl)-Acrylate (DHMA) 

DMAEA (4 g, 28.0 mmol) was added to a 20 mL vial equipped with a magnetic 

stir-bar. Formaldehyde solution (37 wt.% aq., 2.27 mL, 28.0 mmol) was added to the 

stirring reaction mixture, followed by DABCO (1.57 g, 14.0 mmol). DABCO slowly 

dissolved after 5 min of stirring as the mixture became transparent. The yellow, viscous 

reaction mixture was stirred at room temperature (22 °C) for 5 hours. The crude mixture 

was passed through a silica plug using chloroform, and the resulting solution concentrated 

in vacuo by rotary evaporation resulting in a transparent, colourless liquid. The product 

was further purified by column chromatography with silica gel as the stationary phase and 

acetone with 2 % v/v triethylamine as the mobile phase. DHMA was obtained as a clear, 

colourless liquid in 21% yield, and was analyzed by 1H NMR in CDCl3. However, it 

should be noted that percent conversion of DMAEA starting material to DHMA and 

higher oligo[oxymethylene] substituted monomer was high at >90 %. DHMA 1H NMR 

(600 MHz, CDCl3) δ 6.22 (1H, d), 5.75 (1H, d), 4.33 (2H, t), 4.31 (2H, s), 2.63 (2H, t), 

2.30 (6H, s). 

 

3.3.3. Polymerization of DMAEA and DMAEMA 

 DMAEA (1.00 g, 6.98 mmol) and AIBN (12.0 mg, 0.07 mmol) were dissolved in 

10.0 mL 1,4-dioxane in a 20 mL vial fitted with a septum and the reaction mixture was 

purged with nitrogen. The mixture was heated for 11 hours at 70 °C to reach >80 % 

conversion, followed by purification using precipitation into 40-fold excess hexanes. The 

polymer was re-dissolved in 1,4-dioxane, followed by re-precipitation into hexanes. This 
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precipitation cycle was repeated 4 times to yield PDMAEA as a yellow, viscous liquid 

that was dried in vacuo. Polymerization and isolation of PDMAEMA followed the same 

general procedure as PDMAEA. 1H NMR spectra of PDMAEA and PDMAEMA in 

CDCl3 are shown in Figure 3A.1 and 3A.2, respectively. 

 

3.3.4. Polymerization of DHMA 

 DHMA (0.100 g, 0.577 mmol) and AIBN (1.90 mg, 0.015 mmol) were dissolved 

in 1.0 mL of 1,4-dioxane, DMSO, or acetonitrile in a 4 mL vial sealed with a septum and 

the reaction mixture was purged with nitrogen to reduce oxygen levels. The reaction 

mixture was heated at 70 °C in a water bath.  

Alternatively, DHMA was polymerized by photo-initiated radical polymerization 

at lower temperatures (rt and 0 °C). DHMA (0.200 g, 1.15 mmol) and DMPA (6.0 mg, 

0.023 mmol) were dissolved in 1.0 mL of DMSO, 1,4-dioxane, chloroform, acetonitrile, 

toluene, or benzene in a 4 mL vial sealed with a septum, and was purged with nitrogen. 

The reaction mixture was irradiated with four F8T5-BL 350 nm lamps at either room 

temperature or in an ice-water bath. 

Aliquots of the reaction mixture were removed at intervals, diluted in CDCl3 and 

monitored by 1H NMR to measure conversion. The polymerization mixtures required 

typically 24 h of heating or 10 h of irradiation to reach >50 % conversion.  
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3.3.5. Synthesis of Silylether-Protected DHMA  

 DHMA (1.00 g, 5.78 mmol) as a crude mixture following a silica plug as 

described above was dissolved in 30 mL DCM in a round bottom flask equipped with a 

stir bar, maintained at 0 °C using an ice-water bath. TBSCl, TESCl, or TMSCl (5.78 

mmol) and imidazole (0.390 g, 5.78 mmol) were added to the reaction vessel. White 

precipitate (imidazolium chloride salt) was formed within 5 min, after which the reaction 

mixture was allowed to warm up to room temperature and stirred for an additional hour. 

The reaction mixture was filtered and passed through a silica plug using DCM as eluent. 

The product was concentrated and dried in vacuo, resulting in slightly yellow, transparent 

oils that were further purified by column chromatography using silica gel as the stationary 

phase and 10:90 v/v hexanes:acetone as the mobile phase. 1H NMR spectra for TBS-, 

TES-, and TMS-DHMA can be found in the Supporting Information (Figure 3A.3, 3A.4, 

and 3A.5, respectively). TBS-DHMA 1H NMR (600 MHz, CDCl3) δ 6.27 (1H, d), 5.92 

(1H, d), 4.36 (2H, t), 4.30 (2H, t), 2.68 (2H, t), 2.34 (6H, s), 0.92 (9H, s), 0.08 (6H, s). 

TES-DHMA 1H NMR (600 MHz, CDCl3) δ 6.27 (1H, d), 5.95 (1H, d), 4.37 (2H, t), 4.31 

(2H, t), 2.70 (2H, t), 2.36 (6H, s), 0.96 (9H, t), 0.63 (6H, q). TMS-DHMA 1H NMR (600 

MHz, CDCl3) δ 6.27 (1H, d), 5.90 (1H, d), 4.34 (2H, t) 4.28 (2H, t), 2.65 (2H, t), 2.32 

(6H, s), 0.14 (9H, s).  

 

3.3.6. Synthesis of PDHMA using TES-DHMA 

 TES-DHMA (0.200 g, 0.696 mmol) and DMPA (3.6 mg, 0.014 mmol) were 

dissolved in 1 mL of CDCl3 in a Pyrex 5 mm NMR tube. The reaction mixture was 
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irradiated with four F8T5-BL 350 nm lamps at room temperature, or in an ice-water bath 

using 1H NMR to monitor conversion at intervals. Polymerization mixtures were typically 

irradiated for 8 hours to achieve about 70 % conversion. The polymer was simultaneously 

precipitated and deprotected by dropwise addition into 40-fold excess acetone containing 

2 mol equivalents of anhydrous HCl in 1,4-dioxane, resulting in a yellow precipitate. The 

mixture was centrifuged at 4000 rpm for 10 min, and the supernatant decanted. The 

precipitate was re-dissolved in DMSO, re-precipitated into 40-fold excess acetone, and 

subsequently centrifuged. This DMSO/acetone precipitation process was repeated 3 times 

to remove residual monomer, initiator, and other small molecules. PDHMA was obtained 

as a yellow, viscous oil that was dried in vacuo to form a waxy solid, and characterized 

by 1H NMR. GPC analysis of the polymer in 1.0 M acetic acid/sodium acetate pH 4.8 

buffer gave Mn = 870 g/mol, Mw = 1000 g/mol, Mp = 924 g/mol, and PDI of 1.15. 

 

3.3.7. Synthesis of MHMA 

 Methyl acrylate (10.0 g, 0.116 mol) and DABCO (6.51 g, 0.058 mol) were 

dissolved in 80 mL of a 1:1 v/v water:1,4-dioxane in a round bottom flask equipped with 

a magnetic stir-bar. Aqueous formaldehyde solution (9.41 mL, 0.116 mol) was added to 

the stirring reaction mixture at room temperature and the reaction was left to stir 

overnight. The reaction mixture was partitioned with the addition of 50 mL ethyl acetate 

and 50 mL of brine. MHMA was extracted with 4 fractions of ethyl acetate (50 mL). The 

combined ethyl acetate fractions were dried over anhydrous sodium sulfate, filtered, and 

concentrated and dried in vacuo by rotary evaporation, resulting in a clear, colourless 
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liquid. The product was further purified by column chromatography using silica gel as the 

stationary phase, and 60:40 v/v hexanes:ethyl acetate as the mobile phase. MHMA was 

obtained as a clear, colourless liquid in 40 % yield. MHMA 1H NMR (600 MHz, CDCl3) 

δ 6.23 (1H, d), 5.82 (1H, d), 4.30 (2H, d), 3.79 (3H, s), 2.78 (1H, broad).  

 

3.3.8. Synthesis of MOM-ether protected MHMA 

 MHMA (2.00 g, 17.22 mmol) and DIPEA (2.23 g, 17.22 mmol) were dissolved in 

40 mL of DCM in a round bottom flask equipped with a magnetic stir-bar, and cooled to 

0 °C in an ice-water bath. MOM chloride (1.39 g, 17.22 mmol) was added drop-wise to 

the stirring reaction mixture, forming a white vapour upon addition. The yellow, 

transparent reaction mixture was left to stir at 0 °C for 4 hours, followed by overnight 

stirring at room temperature. Sodium bicarbonate and ice were added to the reaction 

mixture to quench any remaining MOM chloride under vigorous stirring for 2 hours. The 

reaction mixture was washed with 3 fractions of 5 % sodium bicarbonate solution (40 

mL), following a wash with brine (40 mL). The DCM layer was dried over anhydrous 

sodium sulfate, filtered, and concentrated and dried in vacuo by rotary evaporation. 

MOM-ether protected MHMA, MOM-MHMA, was obtained as a yellow, transparent oil 

in 85 % yield. MOM-MHMA 1H NMR (600 MHz, CDCl3) δ 6.31 (1H, d), 5.88 (1H, d) 

4.67 (1H, s), 3.77 (3H, s), 3.38 (3H, s). 
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3.3.9. Synthesis of MOM- ether protected α-hydroxymethyl acrylic acid (MOM-HMAA) 

 MOM-MHMA (2.00 g, 12.5 mmol) was dissolved in a 2:1 v/v THF:water mixture 

(40 mL) in a round bottom flask equipped with a magnetic stir-bar. KOH pellets (2.10 g, 

37.5 mmol) were added to the stirring reaction mixture at room temperature and the 

mixture was left to stir overnight. The reaction mixture was carefully acidified to ~pH 2 

using ammonium chloride, following by extraction with 4 fractions of ethyl acetate (40 

mL). The fractions were combined, dried over anhydrous sodium sulfate, filtered, and 

concentrated and dried in vacuo by rotary evaporation. MOM-HMAA was obtained as a 

clear, colourless liquid in quantitative yield. MOM-HMAA 1H NMR (600 MHz, CDCl3) 

δ 11.59 (1H, broad), 6.46 (1H, d), 6.01 (1H, d), 4.69 (2H, s), 4.29 (2H, s), 3.39 (3H, s). 

 

3.3.10. Synthesis of MOM-ether protected DHMA (MOM-DHMA) 

 MOM-HMAA (2.60 g, 17.8 mmol) was dissolved in 35 mL DCM in a round 

bottom flask equipped with a magnetic stir-bar, maintained at 0 °C using an ice-water 

bath. DCC (3.67 g, 17.8 mmol) was added to the reaction flask and was allowed to stir for 

15 min before adding 20 mol% of DMAP (0.435 g, 3.56 mmol), followed by 2-

(dimethylamino)ethanol (DMAE) (1.58 g, 17.8 mmol). The reaction was stirred under 

nitrogen at 0 °C for 4 hours, followed by 2 days at room temperature. The reaction 

mixture was filtered to remove N,N’-dicyclohexylurea (DCU) precipitate, and the filtrate 

was further concentrated by rotary evaporation. The resulting mixture was suspended in 

20 mL of acetonitrile and maintained at -18 °C overnight to further precipitate remaining 

DCU. The mixture was filtered, and the filtrate was concentrated by rotary evaporation. 
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The product was purified by column chromatography using silica gel as the stationary 

phase and acetone with 1 % v/v of triethylamine as the mobile phase. MOM-DHMA was 

obtained as a slightly yellow, transparent liquid in 88 % yield. MOM-DHMA 1H NMR 

(600 MHz, CDCl3) δ 6.31 (1H, d), 5.88 (1H, d), 4.67 (2H, s), 4.27 (2H, s), 4.26 (2H, t), 

3.37 (3H, s), 2.61 (2H, t), 2.28 (6H, s).  

 

3.3.11. Synthesis of PDHMA using MOM-DHMA 

 MOM-DHMA (2.00 g, 9.21 mmol) and DMPA (24.0 mg, 0.092 mmol) were 

dissolved in 10 mL of benzene in a 20 mL vial fitted with a septum and the solution was 

purged with nitrogen. The reaction vessel was placed in an ice-water bath, and the 

mixture was irradiated with four F8T5-BL 350 nm lamps for typically 8 hours to achieve 

>90 % conversion. The polymerization mixture was concentrated to remove benzene, and 

the resulting viscous liquid was re-suspended in distilled water adjusted to pH 3 with 1M 

HCl. The solution was purged with nitrogen until transparent, and the mixture was 

filtered using 0.2 µm filters to remove residual DMPA precipitate, which is insoluble in 

water. The polymer solution was dialyzed using 3.5 kDa molecular weight cutoff 

cellulose acetate dialysis tubing in pH 3 distilled water. Dialysis water baths were 

changed twice daily for 2-3 days and monitored by UV-vis spectroscopy to confirm the 

diffusion of residual monomers from the polymer solution was complete. The polymer 

solution was freeze-dried to remove water, resulting in PMOM-DHMA in the ammonium 

chloride form as a white solid. 1H NMR spectrum of PMOM-DHMA in D2O is shown in 
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Figure 3A.6, and GPC analysis of the polymer in 1 M acetic acid/sodium acetate buffer at 

pH 4.8 gave Mn = 6,830 g/mol, Mw = 12,030 g/mol, Mp = 12,110 g/mol, and PDI = 1.76. 

 Deprotection of PMOM-DHMA was carried out using a procedure modified from 

that described by Dufresne et al.36 First, PMOM-DHMA in the chloride form (0.100 g, 

0.394 mmol) was dissolved in 5 mL of DCM with 4 molar equivalents of triethylamine to 

give a transparent, colourless solution. Hexanes (5 mL) was added to the mixture to 

precipitate triethylammonium chloride, which was removed by filtration. The filtrate was 

concentrated in vacuo by rotary evaporation and resulted in PMOM-DHMA in the free 

base form as a transparent, slightly yellow liquid. PMOM-DHMA was re-dissolved in 5 

mL DCM in a round bottom flask equipped with a magnetic stir-bar and cooled at 0 °C in 

an ice-water bath. TMSBr (0.241 g, 1.58 mmol) was added under stirring, and the 

reaction mixture was left to stir at 0 °C for 2 hours, followed by overnight stirring at room 

temperature. The resulting precipitate was washed with chloroform or DCM. 1H NMR 

analysis of the chloroform/DCM washes show no evidence for any DMAE liberated 

during the reaction, and the 1H NMR spectrum of the polymer in DMSO-d6 (Figure 3A.7) 

similarly showed no evidence of ester hydrolysis. 1H NMR analysis of PDHMA in D2O 

did confirm near quantitative disappearance of MOM-ether peaks (Figure 3A.8). GPC 

analysis of hydrolyzed PDHMA at pH 10 (Mn = 2,400 g/mol , Mw = 3,330, Mp = 3,100, 

and PDI = 1.39) confirmed the decrease in molecular weight of the polymer following 

deprotection of MOM-ether groups and hydrolysis of DMAE side-groups in alkaline 

buffer, while degree of polymerization (DP) values remained the same with 

approximately 25-30 repeat units.  
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3.3.12. Reactivity Ratios 

 Solutions containing TES-DHMA and DMAEA at molar monomer feed ratios of 

18:82, 27:73, 57:46, and 75:25 at 10 % w/v total monomer loading and containing 2 

mol% DMPA in CDCl3 were prepared. The copolymerization solutions were irradiated 

for multiple ca. 30 min time intervals designed to achieve 10-15 % conversion steps as 

measured by 1H NMR. The monomer conversion for each monomer within each 

conversion step was obtained from the decrease in integrated monomer signals, and used 

to estimate reactivity ratios and study compositional drift in the copolymerization. 

Instantaneous comonomer feed ratios and the corresponding instantaneous copolymer 

compositions for each conversion step were plotted, and reactivity ratios were determined 

by fitting the terminal model of the differential copolymer composition equation (eq. 1) 

using the least squares method with the Solver tool in Microsoft Excel, as previously 

described,7 

𝐹! =
𝑟!𝑓!!   +   𝑓!𝑓!

𝑟!𝑓!!   +   2𝑓!𝑓!   +   𝑟!𝑓!!
              (𝟏) 

Where f1 and f2, and r1 and r2, are the instantaneous mole fractions and reactivity ratios, 

respectively, for monomers 1 and 2, and F1 is the instantaneous mol fraction of monomer 

1 (TES-DHMA) in the copolymer being formed.   
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3.3.13. Copolymerizations 

 Preparative copolymerizations of TES-DHMA with DMAEA were carried out 

using the following procedure. Various initial molar monomer feed ratios were prepared 

at 10 % w/v total monomer concentration in CDCl3 with 2 mol% DMPA initiator relative 

to total monomer. The samples were irradiated with four F8T5-BL 350 nm lamps at room 

temperature for approx. 8 hours to reach >60 % conversion, as analyzed by 1H NMR. The 

polymers were precipitated into 40-fold excess acetone containing 2 mol equivalents of 

anhydrous HCl. The mixture was centrifuged, and the supernatant was removed. The 

polymers were re-dissolved in DMSO and re-precipitated into 40-fold excess acetone. 

The precipitation cycle was repeated 3 times.  The polymers were dried in vacuo and 

characterized by 1H NMR in DMSO-d6 (Figures 3A.9-3A.12). Cumulative compositions 

of P[DHMA-co-DMAEA] copolymers were determined by comparing the consumption 

of each monomer after polymerization from the decrease in their 1H NMR vinyl signals of 

the reaction mixture after UV irradiation, as analysis of the copolymer by 1H NMR was 

not possible since the side-chains are identical for each monomer and the methylene 

protons of the hydroxymethyl group overlap with the side-chain peaks.  

 

3.3.14. Hydrolysis Experiments  

  The hydrolysis experiments for the (co)polymers were carried out using 0.5 wt.% 

polymer samples in 100 mM acetate and phosphate buffer solutions in D2O adjusted to 

pH 5 and 7, respectively. The samples were transferred to NMR tubes and maintained at 

room temperature. 1H NMR spectra were recorded at different time intervals on Bruker 
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AV500, AV600, or AV700 spectrometers, and the degree of hydrolysis determined by 

comparing the integrated sharp signals for free small-molecule DMAE relative to those of 

the dimethylamino protons on the polymer and small molecule as the integration internal 

standard. Figure 3A.13 shows a representative 1H NMR spectrum with sample 

calculations for % DMAE appearance. 

 

3.3.15. Gel Permeation Chromatography 

 Gel permeation chromatography (GPC) of the polymers was conducted using a 

Waters GPC consisting of a 717plus autosampler, 515 HPLC pump, 2414 refractive index 

detector, Ultrahydrogel (120, 250, and 500) columns (30 cm × 7.8 mm (inner diameter); 6 

µm particles) using poly[ethylene glycol] standards ranging from 106 Da to 881 kDa 

(Waters Inc.) for calibration. The mobile phase was either 1 M acetic acid-sodium acetate 

buffer at pH 4.8, or 0.5 M NaNO3 buffered with 25 mM 2-

(cyclohexylamino)ethanesulfonic acid (CHES) at pH 10.03 with 10 ppm NaN3 as a 

preservative. 

 

3.3.16. Infrared Spectroscopy 

 Polymer and monomer samples were analyzed by attenuated total reflection 

infrared (ATR) FT-IR spectroscopy using a Thermo Scientific Nicolet 6700 FT-IR with 

Smart iTX optical base. PDHMA was measured as formed, as a waxy solid. PDHMA 

samples after degradation at pH 5 and 7 from 1H NMR kinetic studies were measured by 

placing a droplet of the 0.5 wt.% aq. solutions on the ATR crystal and drying the sample 
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using a stream of nitrogen gas prior to measurements. Monomer samples were analyzed 

neat.  

 

3.4. Results and Discussion 

3.4.1. Synthesis of DHMA via the Baylis-Hillman Reaction 

 DHMA was synthesized by reacting DMAEA with 37 % aq. formaldehyde in 

presence of DABCO acting as the tertiary amine catalyst, as shown in Scheme 1. Mathias 

and subsequent researchers commonly used catalytic amounts of DABCO, though in our 

hands stoichiometric amounts were required in order to obtain significant yields of 

DHMA. This was particularly surprising, given that the starting material, DMAEA, is 

itself a tertiary amine, and is used in base form. 

	  

Scheme 3.1. Synthesis of DHMA by Baylis-Hillman reaction of DMAEA with 
formaldehyde using DABCO as catalyst. 

 

The DHMA yield was fairly low at 21 %, in part due to significant side-reaction. By 1H 

NMR analysis, it was discovered that the hydroxymethyl substituent underwent 

oligomerization to produce oligo[oxymethylene] chains (Figure 3A.14). Singlet peaks 

between 4.5 – 5.0 ppm that were distinct from the methylene protons of 

poly[oxymethylene] indicated that the oligomers varied in chain length between one and 
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ten oxymethylene units, with on average 4 repeat units. The oligomerization is due to the 

reactive nature of formaldehyde and has been noted by previous researchers during the 

Baylis-Hillman reaction.37 Attempts at converting the oligomeric side-chain back to 

hydroxymethyl groups of the oligomer impurity, included placing the crude mixture 

under reduced pressure, refluxing in 1,4-dioxane, and bubbling N2 gas to drive off 

formaldehyde gas, were unsuccessful. Thus, purification of the desired DHMA monomer 

required the use of column chromatography. The 1H NMR spectrum of DHMA is shown 

in Figure 3.3. 

	  

Figure 3.3. 1H NMR spectrum of DHMA in CDCl3 recorded at 600 MHz. 

 

3.4.2. Polymerization of DHMA 

 Polymerization of DHMA was initially attempted with a thermally-initiated 

conventional free radical process using AIBN in DMSO-d6. It was discovered that 

although the monomer was stable in DMSO during heating in the absence of initiator, it 

appeared that the polymer formed underwent a side-reaction that likely involved the 

lactonization as shown in Figure 3.1B, with the hydroxymethyl substituent attacking 
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neighbouring ester groups to form a δ-lactone. Lactonization would explain the 

appearance of free DMAE in this non-aqueous, organic solvent, where hydrolysis can be 

ruled out. Inter-chain trans-esterification was not likely since no crosslinking was 

observed in the polymer solution. Low temperature polymerization of DHMA at room 

temperature and 0 °C using photo-initiated free radical polymerization was attempted in 

various organic solvents to inhibit lactonization. However, significant (>50 %) amounts 

of DMAE were still detected by 1H NMR analysis of the polymerization mixture. Thus, it 

was decided to protect the hydroxyl group of DHMA prior to polymerization.  

 DHMA was protected as tert-butyldimethylsilyl (TBS), triethylsilyl (TES), and 

trimethylsilyl (TMS) ethers. Protection with TBS was successful and subsequent 

thermally-initiated polymerization proceeded without liberation of DMAE, as determined 

by 1H NMR. However, deprotection of the resulting PTBS-DHMA proved challenging as 

complete removal of the bulky tert-butyldimethylsilyl group with HCl also led to some 

acid-catalyzed ester cleavage. TMS-DHMA was not stable during radical polymerization. 

TES-protected DHMA proved to be more promising as the TES groups were stable 

during radical polymerization yet also offered facile deprotection with HCl under mild 

conditions without significant ester cleavage. However, polymerization of TES-DHMA 

incorporating the bulky TES-groups required long reaction times and led to relatively low 

molecular weight polymer. Free radical polymerization of similarly bulky methyl α-

benzylacrylate was reported to have a ceiling temperature of 67 ± 2 °C.38,39 As high 

temperatures typically do not favour the polymerization of sterically hindered monomers 
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due to lower ceiling temperatures,40 the polymerization of TES-DHMA was conducted in 

an ice-water bath using DMPA as photo-initiator.  

 The simultaneous isolation and deprotection of PTES-DHMA was carried out by 

precipitating the polymer solution into a 40-fold excess of acetone containing 2 mol 

equivalents anhydrous HCl. It should be noted that acetone should not be dried prior to 

use, as stoichiomtric amounts of water are required to hydrolyze the silyl ether groups. 

The acetone used was not dried prior to use, and was found to contain approximately 3 

mol% of water, about equimolar compared to the silyl ether groups present. Since water 

was not present in excess, hydrolysis of the esters was not significant. 1H NMR analysis 

of the isolated PDHMA-HCl in DMSO-d6 and showed quantitative removal of the TES 

groups and complete retention of the ester groups (Figure 3.4). This suggests that 

protonation of the tertiary amine in PDHMA prevents lactonization. Further experiments 

regarding lactonization will be discussed in the degradation studies.  

 

	  

Figure 3.4. 1H NMR of PDHMA in DMSO-d6 recorded at 600 MHz. 
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3.4.3. Synthesis and Polymerization of MOM-DHMA 

 As the polymerization of TES-DHMA was limited to low molecular weight 

polymers, MOM-ether protected DHMA was synthesized as a less bulky alternative. 

Treatment of DHMA directly with MOM chloride was not successful as the tertiary 

amine in the side-chain of DHMA is reactive with such alkyl halides. Thus, an alternate 

synthetic route was developed to synthesize MOM-DHMA in an overall yield of 30 %, as 

shown in Scheme 3.2. 

	  

Scheme 3.2. Synthetic route to higher molecular weight PDHMA using MOM-ether 
protected DHMA. 

 

MOM-DHMA was photo-polymerized at 0 °C to favor polymerization. The resulting 

polymer, PMOM-DHMA, was soluble in water, and 1H NMR analysis showed that it was 

stable at pH 3-4 with no appearance of small molecule DMAE after several days in 

solution (Figure 3A.15). GPC analysis of PMOM-DHMA confirmed formation of higher 

MW polymers with Mn of 6,800 g/mol, corresponding to DP of approx. 30 repeat units, 

with a PDI of 1.76.  

 Deprotection of PMOM-DHMA was achieved by treatment with TMSBr was 

quantitative by 1H NMR analysis, while leaving the ester groups intact, as previously 
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reported.36,41 The higher molecular weight PDHMA obtained through MOM-ether 

protection allowed for the study of the effect of molecular weight on degradation of 

polymers derived from α-hydroxymethyl acrylates.  

 

3.4.4. Copolymerization of TES-DHMA and DMAEA 

 Since the copolymerization of silyl ether protected α-hydroxymethyl substituted 

acrylates have not yet been studied, the reactivity ratios of TES-DHMA and DMAEA 

were investigated. TES-DHMA and DMAEA at different initial monomer feed ratios 

were copolymerized at room temperature using photo-initiation. 1H NMR was used to 

track monomer conversion over multiple small conversion steps. Reactivity ratios were 

then estimated by plotting the instantaneous copolymer compositions against the 

corresponding instantaneous comonomer feed ratios for each conversion step. The 

instantaneous copolymer equation was fitted to the above experimental data by changing 

r1 and r2 values using the least squares method with the Solver tool in Microsoft Excel. 

The reactivity ratios obtained were 0.37 and 0.68 for TES-DHMA (r1) and DMAEA (r2), 

respectively. The instantaneous copolymer composition graph is shown in Figure 3.5, and 

a table of the experimental F1/f1 values obtained is given in Table 3A.1. The joint 

confidence region at 95 % confidence level is for the reactivity ratios obtained is provided 

in the Supporting Information (Figure 3A.16).  
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Figure 3.5. The instantaneous copolymer composition graph for copolymerization of 
TES-DHMA and DMAEA. The best-fit line with r1 = 0.37 and r2 = 0.68 is shown. 

 

Reactivity ratios of 0.37 and 0.68 for TES-DHMA and DMAEA, respectively, reflect a 

small tendency towards alternation together with small preference for incorporating 

DMAEA onto the growing polymer chain. This is likely due to the steric effect of the 

bulky TES groups that favour cross-propagation with less sterically hindered DMAEA 

monomer units over homo-propagation. P[DHMA-co-DMAEA] copolymers of various 

compositions were prepared for hydrolysis experiments and their properties are 

summarized in Table 3.1.  

 
Table 3.1. Properties of PDHMA, P[DHMA-co-DMAEA], PDMAEA, and PDMAEMA. 

Polymer 
Name 

Monomer Feeda 
TES-DHMA: 

DMAEA 

Polymer 
Compositionb 

DHMA:DMAEA 

Conv.a
% 

Mnc 
(g/mol) 

Mpc 
(g/mol) 

Mwc 
(g/mol) 

Đc 

PDHMA 100:0 100:0 52 870 1000 920 1.12 

PDHMA78 75:25 78:22 64 930 1100 940 1.18 
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PDHMA50 57:46 50:50 88 1220 1760 1320 1.44 

PDHMA37 27:73 37:63 86 2500 4370 3780 1.75 

PDHMA19 18:82 19:81 88 2010 3010 2680 1.49 

PDMAEA 0:100 0:100 86 11910 24530 22410 2.06 

PDMAEMA N/A N/A 97 17620 49740 37650 2.82 

a Calculated by 1H NMR analysis. b Calculated from monomer consumption as determined by 1H NMR. c 

GPC analysis using PEG standards for calibration with a 1 M acetic acid-acetate buffer (pH 4.8) as mobile 

phase; Mn, Mp, and Mw values rounded to the nearest 10. 

 

3.4.5. Degradation of PDHMA, PDMAEA, and PDMAEMA 

 The hydrolysis of PDHMA was monitored to study the effect of the α-

hydroxymethyl substituents relative to the α-H and α-methyl groups in the corresponding 

acrylate (PDMAEA) and methacrylate (PDMAEMA) backbones. The hydrolysis of 

PDHMA was expected to be higher due to the increased hydrophilicity of the backbone 

near the ester. In addition, hydrogen-bonding of the hydroxymethyl to the ester carbonyl 

oxygen through a six-membered ring (Figure 3.1A) could increase the electrophilicity of 

ester carbonyl and hence hydrolysis. PDHMA, PDMAEA and PDMAEMA hydrolysis 

was monitored at pH 7 and 5 at room temperature (22 °C) through the appearance of 

small molecule dimethylaminoethanol (DMAE) by 1H NMR spectroscopy, and the results 

shown in Figure 3.6 and 3.7, respectively.  
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Figure 3.6. Hydrolysis of PDHMA, PDMAEA, and PDMAEMA in 100 mM phosphate 
buffer at pH 7, room temperature (22 °C). 

	  

Figure 3.7. Hydrolysis of PDHMA, PDMAEA, and PDMAEMA in 100 mM acetate 
buffer at pH 5, room temperature (22 °C). 

The hydrolysis of PDHMA was significantly faster at pH 7 than at pH 5, showing 

reasonably linear first-order kinetics within the first 80 minutes with half-lives of 

approximately 0.8 and 5 hours at pH 7 and 5, respectively (Figure 3A.17), about 350 and 

770 times shorter than corresponding values for PDMAEA (Figure 3A.18). It should be 

noted that first-order analysis of PDHMA hydrolysis at pH 7 is conducted at a later stage 
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of degradation, relative to the analysis of PDMAEA, due to the rapid nature of its 

degradation. This high reactivity of PDHMA ester groups at pH of 5 suggests that the 

electrophilicity has increased significantly due to the presence of the α-hydroxymethyl 

group, increasing the efficiency of water molecules acting as nucleophiles. It is not clear 

at this point if this involves simply increased polarity around the ester due to the 

hydroxymethyl groups, or indeed specific activation of the carbonyl via a 6-membered 

ring hydrogen-bonding (Figure 3.1A).  FT-IR analysis of neat DHMA indeed supported 

hydrogen-bonding interactions of the ester with the hydroxymethyl group as the C=O 

stretch was observed at a lower wavenumber at 1711 cm-1 relative to methyl acrylate 

control at 1725 cm-1 (Figure 3A.19). The C=O stretch of MHMA, a simplified 

hydroxymethyl acrylate monomer, also appeared at a lower wavenumber at 1712 cm-1 

(Figure 3A.19), further suggesting hydrogen-bonding interactions.  

In agreement with prior results, hydrolysis of PDMAEMA was much slower at pH 

5 and 7 relative to PDHMA and PDMAEA, which can be attributed to the crowded and 

hydrophobic methacrylate backbone.6 The hydrolysis of PDMAEMA was monitored 1 

year later and still showed little to no hydrolysis (<3 %), highlighting the stability of the 

methacrylate backbone. 

 These results clearly indicate that the presence of the α-hydroxymethyl substituent 

on the polymer backbone dramatically increases the rate of 2-(dimethylamino)ethyl ester 

degradation. Obtaining data points between 0 and 40 % degradation at pH 7 was difficult 

as the time required for dissolving the sample in the D2O buffer solution and preparing 

the NMR sample became limiting factors. 1H NMR spectra of the polymers obtained in 



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   130 

DMSO-d6 showed no appearance of small-molecule DMAE, confirming that PDHMA in 

the ammonium chloride form was stable in non-protic solvents at room temperature 

(Figure 3.4).  

 DMAE appearance in solutions of PDHMA in the free base form may also arise 

from lactonization (Figure 3.1B), as was seen during attempts to polymerize non-

protected DHMA in DMSO-d6. FT-IR spectroscopy of as-formed PDHMA, and of 

PDHMA after hydrolyses at pH 5 and 7 for about 16 days, was used to test for the distinct 

C=O stretch of δ-lactones at about 1768 cm-1 (Figure 3A.20).42 Similarly, cyclic esters 

such as L-lactide have shown C=O stretches in the range of 1758-1767 cm-1.43 The 

absence of a lactone C=O stretch beyond the acyclic esters at 1720 cm-1 in all as-formed 

and hydrolyzed PDHMA suggests that degradation in aqueous solution likely occurs by 

hydrolysis, and not lactonization (Figure 3.1B). 

 

3.4.6. Degradation of P[DHMA-co-DMAEA] Copolymers 

 P[DHMA-co-DMAEA] copolymers containing 19, 37, 50, and 78 mol% DHMA 

were prepared and the hydrolyses at pH 7 and room temperature (22 °C) were monitored 

by 1H NMR and compared to those of the homopolymers PDHMA and PDMAEA 

(Figure 3.8).  
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Figure 3.8. Hydrolysis of P[DHMA-co-DMAEA] copolymers, PDHMA, and PDMAEA 
in pH 7 phosphate buffered D2O at room temperature (22 °C). 

 

The hydrolyses of P[DHMA-co-DMAEA] again follow a common trend with a rapid 

initial rate, followed by a much slower second stage. Similar two-stage rates of hydrolysis 

have been observed by our group7 and numerous other researchers2,6,44-47 for PDMAEA 

and related polymers. The decrease in rate of hydrolysis of PDMAEA following the 

initial rapid rate coincides with the formation of anionic acrylate units which may 1) 

cause a collapse in polymer conformation due to ion-pair formation (isoelectric point), 

and 2) repel anionic hydroxide ions from attacking remaining DMAE ester groups.6,7,45,48 

In agreement with a recent report, O’Reilly et al. noted that hydrolysis of PDMAEA may 

only reach a maximum of 60 % based on theoretical calculations by Higuchi et al. that 

indicate the electrostatic repulsion of anionic acrylic acid units of the polymer and 

hydroxide increases the activation energy of further ester hydrolysis.45,48 Saveyn et al. 
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also noted that the charge density of quaternized PDMAEA, as well as solution pH, 

influenced the hydrolysis kinetics.2 The increased rate of hydrolysis of PDHMA, and of 

P[DHMA-co-DMAEA] with increasing DHMA mole fraction, is proposed to be due to 

the following: Since a collapse in polymer conformation due to ion-pair formation creates 

a hydrophobic environment for remaining ester groups, hydrolysis of PDMAEA is slowed 

(Figure 3.9A). However, as the hydroxymethyl substituents of DHMA units increase the 

hydrophilicity of the polymer backbone, the polymer may remain partially swollen with 

water, which allows for hydroxide to attack remaining ester groups (Figure 3.9B).  

	  

Figure 3.9. Illustration of PDMAEA (A) and PDHMA (B) representative polymer 
conformations throughout the hydrolysis at pH 7. 

 

Furthermore, the hydroxymethyl substituent of DHMA units may activate the ester 

groups via a 6-membered ring hydrogen-bonding interaction, which would allow weaker 

nucleophiles such as water to attack DMAE esters as suggested above in the results 

obtained for PDHMA hydrolysis at pH 5. Thus, the rate of hydrolysis of DMAE ester 

groups in PDHMA and in P[DHMA-co-DMAEA] copolymers increased with increasing 

DHMA mole fraction. The effect of the hydroxymethyl substituent and the marked 
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increase in the rate of hydrolysis is further highlighted as DMAE ester groups of the 

methacrylate polymer, PDMAEMA, are much more stable (less than 3 % hydrolysis after 

2 weeks) with a more hydrophobic and sterically hindering methyl group as the α-

substituent on the polymer backbone. These results indicate that the rate of hydrolysis of 

DMAE esters can be tuned by varying the amount of hydroxymethyl substituents on the 

polymer backbone, by simply changing the monomer feed ratios to target the desired 

polymer composition.  

 

3.4.7. Effect of MOM-ether Protecting Group and Molecular Weight on Degradation 

During the synthesis of PMOM-DHMA, it was noticed that the polymer was 

indeed water soluble and stable in aqueous solution at pH 3-4. The degradation of 

PMOM-DHMA was also attempted in 100 mM acetate buffer at pH 5, and 1H NMR 

analysis showed that even after 4.5 months, less than 6 % of small molecule DMAE was 

observed (Figure 3A.21). The stability of PMOM-DHMA is in stark contrast relative to 

PDHMA, and is a further indication that the free hydroxymethyl substituent is indeed 

responsible for the very reactive nature of PDHMA. 

Deprotection of PMOM-DHMA yielded PDHMA of higher MW at about 6,000 

g/mol. The degradation of PDHMA-6k at pH 5 and 7 was monitored by 1H NMR under 

the same conditions as PDHMA-1k, and the results are shown in Figure 3.10.  
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Figure 3.10. Effect of molecular weight on the degradation of PDHMA in 100 mM 
acetate buffer at pH 5 and 100 mM phosphate buffer at pH 7, room temperature. 

 

The degradation rates of PDHMA-6k and PDHMA-1k at pH 7 and pH 5 appeared to be 

quite similar, following the same trend of rapid initial rate, followed by a slower second 

stage as mentioned above. At both pH, degradation of PDHMA-6k after the initial rapid 

rate appeared slightly slower than the lower molecular weight polymer, however the 

differences are not significant at less than 10 %. These results are in agreement with 

previous research that found the hydrolysis of analogous PDMAEA to be independent of 

molecular weight in the range of 3,000 to 8,600 g/mol.49 

 MOM-ether protected DHMA allowed for the synthesis of higher MW PDHMA 

homopolymer, and may certainly be used in copolymerizations to synthesize 

multifunctional and degradable polymers for biomaterial applications.  
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3.5. Conclusions 

 The synthesis of DHMA, a novel analogue of DMAEA and DMAEMA, was 

successfully synthesized by the Baylis-Hillman reaction and protected to form a stable 

monomer. TES-DHMA was homo- and copolymerized by photo-initiated conventional 

free radical polymerization. Reactivity ratios of TES-DHMA and DMAEA were 

determined to be 0.37 and 0.68, respectively, indicating a preferential incorporation of 

DMAEA. The hydrolysis of PDHMA revealed that the hydroxymethyl substituent played 

an instrumental role in increasing the rate of DMAE ester hydrolysis, possibly by 6-

membered ring hydrogen-bonding of the ester carbonyl, as well as increasing the general 

hydrophilicity of the polymer backbone. MOM-DHMA was synthesized as a less bulky 

analogue to form higher MW polymer and the hydrolysis of PDHMA appeared to be 

independent of molecular weight between 1,000 and 6,000 g/mol. The results obtained for 

the hydrolysis of PDHMA, PDMAEA, and PDMAEMA, suggests that the hydration of 

the polymer backbone is key in the reactivity of DMAE esters.  The hydrolyses of 

PDHMA and PDMAEA were much faster than those of PDMAEMA, due to the 

hydrophobic nature of a methacrylate polymer backbone that protects the ester linkages. 

The hydrolysis of PDHMA was much faster than PDMAEA due to the α-hydroxymethyl 

substituents on the polymer backbone, which provided a more hydrophilic environment, 

as well as possibly activation of the ester carbonyl via 6-membered ring hydrogen-

bonding, resulting in a more labile and reactive ester.  
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1H NMR spectra of PDMAEA, PDMAEMA, TBS-DHMA, TES-DHMA, TMS-DHMA, 

PMOM-DHMA, P[DHMA-co-DMAEA] copolymers, PDHMA hydrolysis with sample 

calculation, DHMA Baylis-Hillman reaction mixture, and PMOM-DHMA hydrolysis; 
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PDMAEA at pH 5 and 7; FT-IR spectra of DHMA, MHMA, methyl acrylate, PDHMA, 

and PDHMA after degradation. 
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3.8. Appendix  

	  
Figure 3A.1. 1H NMR spectrum of PDMAEA in CDCl3 recorded at 600 MHz. 

	  
Figure 3A.2. 1H NMR spectrum of PDMAEMA in CDCl3 recorded at 600 MHz. 
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Figure 3A.3. 1H NMR spectrum of TBS-DHMA in CDCl3 recorded at 600 MHz. 

 
 

	  
Figure 3A.4. 1H NMR spectrum of TES-DHMA in CDCl3 recorded at 600 MHz. 
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Figure 3A.5. 1H NMR spectrum of TMS-DHMA in CDCl3 recorded at 600 MHz. 

 
 

	  
Figure 3A.6. 1H NMR spectrum on PMOM-DHMA in D2O on a 600 MHz spectrometer 
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Figure 3A.7. 1H NMR spectrum of PDHMA post MOM-ether deprotection in DMSO-d6 
on a 600 MHz spectrometer. 
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Figure 3A.8. 1H NMR overlay in D2O of PMOM-DHMA and PDHMA derived from 
MOM-ether deprotection with TMSBr. PDHMA spectrum showed a disappearance of 
distinct MOM-ether peaks confirming deprotection. Hydrolysis of the ester was seen by 
appearance of small molecule DMAE, as expected in D2O, which does not interfere with 
the appearance of MOM-ether signals. 

	  
Figure 3A.9. 1H NMR spectrum of 78:22 P[DHMA-co-DMAEA] in DMSO-d6 on a 600 
MHz spectrometer. 
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Figure 3A.10. 1H NMR spectrum of 50:50 P[DHMA-co-DMAEA] in DMSO-d6 on a 
600 MHz spectrometer. 

	  
Figure 3A.11. 1H NMR spectrum of 37:63 P[DHMA-co-DMAEA] in DMSO-d6 on a 
600 MHz spectrometer. 

 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

2.
29

14
.6

8

4.
66

4.
69

2.
00

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

6.
11

6.
00

9.
90

2.
79



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   150 

	  
Figure 3A.12. 1H NMR spectrum of 19:81 P[DHMA-co-DMAEA] in DMSO-d6 on a 
600 MHz spectrometer. 

 

	  
Figure 3A.13. Representative 1H NMR spectrum of PDHMA degradation study in 100 
mM acetate buffer in D2O at pH 5 with sample calculation of DMAE appearance %. 

 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

2.
21

5.
14

5.
30

3.
02

2.
00



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   151 

	  
Figure 3A.14. 1H NMR spectrum in CDCl3 of crude reaction mixture of Baylis-Hillman 
reaction of DHMA after 5 hours at room temperature. Significant oligomerization of 
formaldehyde was observed, forming poly[oxymethylene] chains. Roughly about 50 % of 
the product appeared to undergo oligomerization side-reaction. 

 

	  
Figure 3A.15. 1H NMR spectrum of PMOM-DHMA after 4 days in D2O at room 
temperature on a 600 MHz spectrometer showing little to no DMAE formation. 
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Table 3A.1. Experimentally obtained F1 and f1 values. 

F1, monomer 
feed 

F1, copolymer 
composition 

0.866 0.833 

0.868 0.750 

0.553 0.519 

0.147 0.243 

0.877 0.708 

0.557 0.500 

0.140 0.145 

0.889 0.871 

0.564 0.486 

0.139 0.191 

0.334 0.333 

0.740 0.621 

0.758 0.739 

0.891 0.763 

0.760 0.602 

0.328 0.322 

0.775 0.714 

0.329 0.317 
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Figure 3A.16. Joint confidence region at 95 % confidence level for reactivity ratios r1 
(TES-DHMA) and r2 (DMAEA) obtained by a method described by Kitanidis et al.1 

	  

	  
Figure 3A.17. Linear first-order kinetic plots of the initial stages of PDHMA hydrolysis 
in buffered D2O solutions at pH 5 (red triangles) and 7 (blue squares), room temperature 
(22 °C). Analysis for pH 7 covers 39 to 48 % hydrolysis (2nd,3rd, and 4th data points in 
Figure 3.6). Analysis for pH 5 covers 15 to 28 % hydrolysis (2nd to 5th data points in 
Figure 3.6). 
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Figure 3A.18. Linear first-order kinetic plots of PDMAEA in buffered D2O solutions at 
pH 5 (red triangles) and pH 7 (blue squares), at room temperature (22 °C). 

	  

	  
Figure 3A.19. FT-IR spectra of DHMA, MHMA, and methyl acrylate with an inset 
showing expanded C=O region. C=O stretch of α-hydroxymethyl substituted DHMA and 
MHMA monomers appeared at a lower wavenumber relative to methyl acrylate due to 
hydrogen-bonding interaction. 
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Figure 3A.20. ATR-IR spectra of PDHMA as formed, and after degradation at pH 5 and 
7. Lack of C=O stretch of a δ-valerolactone suggests that degradation of PDHMA 
polymers may not occur by lactonization. IR spectra show carbonyl stretch of DMAE 
ester groups at 1720 cm-1 of PDHMA polymer as formed decrease after hydrolysis at pH 
5 and 7. 

	  
Figure 3A.21. 1H NMR of PMOM-DHMA in 100 mM acetate buffer in D2O at pH 5, 
room temperature (22 °C) after 4.5 months. 
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4.1. Abstract  

Synthetic polycations are studied extensively as DNA delivery agents due to their 

ease of production, good chemical stability, and low cost relative to viral vectors. This 

report describes the synthesis of charge-shifting polycations based on N,N-

(dimethylamino)ethyl acrylate (DMAEA) and 3-aminopropylmethacryamide (APM), 

called PAD copolymers, and their use for in vitro DNA delivery into HeLa cells. PAD 

copolymers of varying composition were prepared by RAFT polymerization to yield 
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polymers of controlled molecular weights with low dispersities. Model hydrolysis studies 

were carried out to assess the rate of charge-shifting of the polycations by loss of the 

cationic dimethylaminoethanol side chains. They showed a reduction in net cationic 

charge by about 10 to 50 % depending on composition after 2 days at pH 7, forming 

polyampholytes comprising permanent cationic groups, residual DMAEA, as well as 

anionic acrylic acid groups. HeLa cells exposed for 4 hours to PAD copolymers with the 

greatest charge-shifting ability showed comparable or higher viability at high 

concentrations, relative to the non-charge shifting polycations PAPM and 

polyethyleneimine (PEI) 2 days post-exposure. Cell uptake efficiency of PAD/60bp-Cy3 

DNA polyplexes at 2.5:1 N/P ratio was very high (>95 %) for all compositions, 

exceeding the uptake efficiency of PEI polyplexes of equivalent composition. These 

results suggest that these PAD copolymers, and in particular PAD80 containing 80 mol% 

DMAEA, have suitable rates of charge-shifting hydrolysis for DNA delivery, as PAD80 

showed reduced cytotoxicity at high concentrations, while still retaining high uptake 

efficiencies. In addition, the polyampholytes formed during DMAEA hydrolysis in PAD 

copolymers can offer enhanced long-term cytocompatibility. 

 

Keywords: Polycation; Charge-shifting; Hydrolysis; DNA delivery; Polyampholyte 

 

4.2. Introduction 

 Polycations are used extensively in DNA delivery as non-viral vectors due to their 

ease of production, stability, and low cost, relative to lipid-based vectors.1-4 Although 
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recent research has shown much promise in their ability to deliver nucleic acid payloads, 

there has been growing interest to develop polycations with further increased transfection 

efficiency and lower toxicity. Many studies involve probing the effect of various 

derivatives,5-7  molecular weight,8-12 polymer architecture,8,12-16 and polyplex 

morphology.17 Charge-shifting polycations have emerged as a class of polymers attracting 

significant interest as transfection agents.18-31 These polymers have high cationic charge 

densities but undergo a charge-shifting process making the polymer less cationic. The 

initial high cationic charge density enables efficient binding and protection of anionic 

nucleic acids from nucleases, forming polyplexes. Following cellular uptake, the 

polyplexes can dissociate due to the charge-shift of the polycation, releasing the genetic 

payload for intracellular delivery. Both charge-shifting and reducible polycations based 

on N,N-(dimethylamino)ethyl (meth)acrylate (DMAE(M)A) have shown promising DNA 

release capabilities and improved transfection efficiency.22,23,27,30-32 Further, the 

cytotoxicity of charge-shifting polycations was lower than that of standard synthetic 

polycations. This was attributed to the degradation of polymeric cationic charge and the 

release of byproducts such as dimethylaminoethanol (DMAE) that are non-toxic even at 

high concentrations.22,30 The cytotoxicity of polycations has been attributed to their 

interactions with critical anionic components of the cell including the phospholipid cell 

membrane and RNA/DNA, as well as their ability to trigger pro-apoptotic and pro-

inflammatory signaling.33,34 Thus, charge-shifting polycations may be a desirable 

alternative to standard polycations as they can mitigate the accumulation of cytotoxic 

cationic charges.22,30,32  Recent findings have demonstrated that polyampholytes showed 
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similar antifouling properties to zwitterionic polybetaines35 due their surface 

hydration35,36 and have shown promising properties for transfection as the mixed surface 

charge are reminiscent of certain viruses.37 Thus, charge-shifting polycations that reduce 

their cationic charge to polyampholytes may be more cyto-compatible than highly anionic 

polymers. The extent of cationic charge reduction can be controlled by copolymerization 

with another cationic monomer that does not undergo hydrolysis.	  Copolymerization has 

been used to control charge-shifting hydrolysis in previous studies,28,30,38,39 providing a 

useful handle to target such amphoteric materials. 

While cellular uptake by different types of endocytosis is reasonably understood, 

the mechanism of endosomal escape of polyplexes or their DNA payload is still a topic of 

debate. One of the main theories rests on the “proton-sponge” effect of polycations,40,41 

whereby polyplexes taken up by cells and contained within endosomes are acidified by 

fusion of endosomes with lysosomes. While the proton-sponge effect is commonly used 

to explain the mechanism of release in many polycation-mediated transfection systems, 

this hypothesis has been questioned42-44  and there is research indicating that endosomal 

escape of DNA may instead involve diffusion through defects in the endosomal 

membrane caused by interactions with the polycation.42,43 The lack of understanding of 

endosomal escape, including the role of the polycation, further demonstrates a need for 

new charge-shifting polycations to probe these processes, however these studies will not 

be included in the current report. The work of this report will focus on the development 

and study of polycations based on DMAEA and will probe their potential in improving 

compatibility with cells while maintaining high uptake efficiencies. As for DMAEA 
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homopolymers previously reported,22,23 these should degrade into non-toxic byproducts, 

while retaining high uptake efficiencies. 

The effect of charge-shifting hydrolysis on the cytotoxicity in polycation-

mediated in vitro DNA delivery will be the focus of this study. In this report, we explore 

charge-shifting polycations based on DMAEA hydrolysis as potential DNA delivery 

agents with HeLa cells as a model cell line for which toxicity and delivery studies are 

commonly reported. In particular, poly[3-aminopropylmethacrylamide-co-N,N-

(dimethylamino)ethyl acrylate] (PAD) copolymers38 with different mol% of DMAEA 

were used to study the effect of changing the charge-shifting potential of a series of 

polycations with constant initial charge density, on cytotoxicity and cellular uptake 

efficiency (Scheme 1). 

	  

Scheme 4.1. RAFT polymerization of APM and DMAEA to obtain charge-shifting PAD 
copolymers that undergo hydrolysis with the formation of anionic acrylic acid (AA) units. 
PAD copolymers, initially highly cationic, complex anionic DNA to form polyplexes. 
Charge-shifting of PAD copolymers may facilitate intracellular DNA release due to 
weakening electrostatic interactions. The reduction in net cationic charge may also reduce 
cytotoxicity. 
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4.3. Experimental 

4.3.1. Materials 

N,N-(Dimethylamino)ethyl acrylate (DMAEA, 98 %), 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (CTP, ≥98 %), 4,4-azobis(4-cyanovaleric acid) 

(V-501, >97 %),  deuterium chloride (DCl, 35 % in D2O, 99 % D), and WST-1 (Roche) 

were purchased from Sigma Aldrich and used as received unless otherwise stated. 

Polyethyleneimine (PEI, branched, 25 kDa) was also purchased from Sigma Aldrich and 

was fractionated to obtain a lower molecular weight fraction (4–10 kDa) according to a 

previous report45 and kindly provided by Susanne Przybylski at Fraunhofer IZI, Leipzig. 

(3-Aminopropyl)methacrylamide hydrochloride was purchased from PolySciences and 

was used as received. 1,4-Dioxane (≥99 %) and 12 M HCl aq. solution was purchased 

from Caledon Laboratories, basic alumina (activity I) from Fisher Scientific, and D2O 

(99.9 % D) from Cambridge Isotope Laboratories Inc., and all were used as received. 60nt 

DNA forward and reverse strands were purchased from Biomers.net GmbH, Germany. 

Dulbecco’s modified eagle medium (DMEM) (4.5 g/L glucose, no sodium pyruvate), 

Opti-MEM (HEPES, L-glutamine), fetal calf serum (South American origin), and 

1x Dulbecco’s PBS (DPBS) were purchased from Thermo Fisher Scientific. PE-Annexin 

V Apoptosis Detection Kit I (BD Pharmingen) was purchased from BD Biosciences. 

4.3.2. Synthesis of PAD Copolymers 

 PAD copolymers of 80, 49, 23 and 0 (PAPM) relative mol% of DMAEA was 

prepared as described previously.38 Briefly, reversible addition-fragmentation chain-

transfer (RAFT) polymerization of APM and DMAEA was conducted using CTP as the 
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RAFT agent and V-501 as the initiator, targeting a molecular weight of 30,000 g/mol. In 

20 mL screw cap vials, APM and DMAEA feeds of 15:85, 45:55, 75:25, and 100:0 mol 

ratios (1.8 g total monomer loading) were sequentially dissolved in 6 mL of a 2:1 

water:1,4-dioxane solvent mixture with 1.1 mol eq of HCl using a 6 M stock solution 

added relative to DMAEA. The dissolution of the monomers was carried out in an ice-

water bath to remove the heat of neutralization of the monomers and to minimize 

premature hydrolysis of DMAEA. The reaction mixture was adjusted to pH 3-4 by 

addition of further HCl prior to the addition of CTP and V-501. Small magnetic stirring 

bars were added, and the vials capped with septa. The reaction mixture was purged with 

N2 gas for 45 min at room temperature with stirring, and then placed in an 80 °C oil bath. 

The polymerization proceeded until a targeted total monomer conversion of 

approximately 80 % was reached as confirmed by 1H NMR, which required 1.5 – 2 hours 

of heating depending on composition. The polymer solutions were dialyzed for 4-5 days 

against pH 3–4 distilled water using cellulose acetate tubing with a molecular weight cut-

off of 3500 g/mol. Purified polymer solutions were freeze-dried, resulting in the polymers 

as their hydrochloride salt. Typical isolated yields were approximately 70-80 %. 1H NMR 

spectra of PAD80, PAD49, PAD23, and PAPM in D2O are shown in Figures 4A.1, 4A.2, 

4A.3, and 4A.4, respectively.  

 

4.3.3. NMR Spectroscopy 

 1H NMR spectra were recorded on a Bruker AV600 or AV500 in D2O using the 

residual HDO/H2O signal at 4.80 ppm as the chemical shift reference. 
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4.3.4. Gel Permeation Chromatography 

 Gel permeation chromatography (GPC) of PAD copolymers was conducted using 

a Waters GPC consisting of a 717plus autosampler, 515 HPLC pump, 2414 refractive 

index detector, Ultrahydrogel (120, 250, and 500) columns (30 cm × 7.8 mm (inner 

diameter); 6 µm particles) using poly[ethylene glycol] standards ranging from 106 Da to 

881 kDa (Waters Inc.) for a 15-point, third-order polynomial calibration. The mobile 

phase was a 1 M acetic acid-sodium acetate buffer at pH 4.8. 

 

4.3.5. Model Hydrolysis Studies 

 PAD copolymers were dissolved in 100 mM phosphate or acetate buffered 

solutions at pH 7 and 5, respectively, at a concentration of 0.5 wt.%. Samples were 

maintained at room temperature (22 °C) and 1H NMR spectra were recorded at various 

time intervals. The pH of the PAD80, PAD49, PAD23, and PAPM of the phosphate 

buffered solutions just after dissolution were adjusted to pH 7.11, 7.06, 7.14, and 7.15, 

respectively, prior to analysis. The pH of the PAD80, PAD49, PAD23, and PAPM of the 

acetate buffered solutions just after dissolution were adjusted to pH 5.03, 5.01, 4.99, and 

5.00, respectively, prior to analysis. The pH did not drift significantly (less than 0.09 pH 

units) after hydrolysis. Hydrolysis percentages were calculated by comparing the 

integrations of the peaks at 3.9 and 4.5 ppm corresponding to the CH2O methylene 

protons of small molecule byproduct DMAE and remaining ester side-chain of the 
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polymer, respectively. A representative 1H NMR spectrum showing the integration and 

calculation of percent hydrolysis is shown in Figure 4A.5. 

 

4.3.6. Hybridization of DNA 

 60nt DNA forward and reverse strands (60nt-fw:  5´-NH2- 

GCTTTCTTCTCTAAATACATCTTCACGTCGATATCACCATAACTCAGGTAAGG

AGGTCAA-3´; 60nt-fw-Cy3: 5´-Cy3- 

GCTTTCTTCTCTAAATACATCTTCACGTCGATATCACCATAACTCAGGTAAGG

AGGTCAA-3´; 60nt-rv: 5´-

TTGACCTCCTTACCTGAGTTATGGTGATATCGACGTGAAGATGTATTTAGAGA

AGAAAGC-3´) were purchased from Biomers.net GmbH, Germany. Freeze-dried 

oligonucleotides were dissolved in Millipore water and concentrations were measured by 

UV/vis spectroscopy using a NanoDrop ND-1000 Spectrophotometer from Peqlab 

Biotechnologie GmbH, Germany. Complimentary 60nt forward and reverse strands were 

combined in an equimolar ratio (relative to each strand) in 1x PBS. The oligonucleotides 

were hybridized using the following thermocycler program: 95 °C for 2 min, 71.6 °C for 

15 min, following a drop to 4 °C. 60bp DNA labelled with Cy3 was prepared in the same 

procedure using a 60nt forward strand end-modified with a Cy3. 60bp and 60bp-Cy3 

DNA solutions were stored at -20 °C and defrosted to room temperature prior to use. 

4.3.7. Preparation PAD–DNA Polyplexes 

 Polyplex solutions were prepared at 1:1, 2:1, 5:1, 10:1 and 20:1 mol ratios of 

polycation to DNA repeat units, resulting in ammonium cation nitrogen to phosphate 
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anion (N/P) ratios of 0.5:1, 1:1, 2.5:1, 5:1, and 10:1, respectively. DNA solutions were 

prepared in Opti-MEM for a targeted final concentration of 300 nM according to DNA 

strand. Polycation solutions were dissolved in DPBS and sterile filtered through a 0.2 µm 

syringe filter prior to further dilutions, targeting the desired mol stoichiometry relative to 

DNA for equi-volume mixing. For a typical transfection experiment in a 96-well plate, 50 

µL of the DNA solution was added to each polycation solution (50 µL) and pipetted up 

and down vigorously 10 times using Greiner Bio-One filtered pipette tips. Polycation and 

polyplex solutions were prepared freshly prior to all transfection experiments. 

 

4.3.8. Dynamic Light Scattering 

 Freshly prepared polyplex solutions (100 µL) were added to ZEN0400 

microcuvettes for dynamic light scattering (DLS) measurements (n = 10) at room 

temperature with a Malvern Zetasizer Nano ZSP using a 173° backscatter angle. 

 

4.3.9. Cell Culture 

 HeLa cells, purchased from the American Type Culture Collection (ATCC), USA 

were cultured in DMEM (4.5 g/L glucose, without sodium pyruvate) containing 10 % 

fetal calf serum (FCS). Cells were cultured as a monolayer at 37 °C in a humidified 

atmosphere with 5 % CO2. 
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4.3.10. Transfection 

 HeLa cells were seeded into a tissue cultured 96-well plate at a density of 10,000 

cells per well. Plated cells were incubated for 2 days at 37 °C with 5 % CO2 and reached 

approximately 70-80 % confluency prior to transfection. Cells were washed with 100 µL 

1x DPBS and 100 µL of freshly prepared polyplex solution was added to each well. Each 

sample was prepared in triplicates. Following the addition of the polyplex solution, the 

plate was incubated at 37 °C with 5 % CO2 for 4 hours. The supernatant was removed and 

the cells were washed with 100 µL of 1x DPBS to remove residual polyplexes, and 150 

µL of FCS-containing DMEM were added to each well. 

 

4.3.11. Cell Viability 

 Viability of transfected HeLa cells was measured after 1 and 2 days following 

transfection using the WST-1 cell proliferation assay. The assay was performed according 

to the supplier’s (Roche) protocol with minor modifications. Absorbance was measured 

after 1 hour incubation at 37 °C using a Tecan Infinite M1000 plate reader at 450 nm, 

using 690 nm as the reference wavelength. Cells were incubated with 7 % (v/v) DMSO in 

full medium as a positive control. 

 

4.3.12. Cellular Uptake Efficiency 

 Cellular uptake of PAD–DNA (60bp-Cy3) polyplexes was measured by flow 

cytometry using an IntelliCyt iQue Screener. After 4 hours of incubation, cells were 

washed with 1x DPBS to remove residual polyplexes, followed by the addition of 50 µL 
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of 0.05 % trypsin-EDTA solution and incubation at 37 °C for 3-5 min for cell 

detachment. FCS-containing DMEM (200 µL) was added to each well. The cell 

suspensions were transferred into 1.5 mL tubes and centrifuged at 1150 rpm for 5 min. 

The supernatant was discarded and the cell pellet was re-suspended in 100 µL of DMEM 

and then transferred into a 96-well v-bottom plate for analysis by flow cytometry. A 

minimum of 10,000 event counts was recorded for each sample. Measurements were 

analyzed using IntelliCyt ForeCyt software. Fluorescence of the populations was 

measured with the FL2 channel (585/40 nm). As cells uptake fluorescent polyplexes, 

there is an increase in fluorescence intensity relative to the auto-fluorescence of untreated 

cells. Auto-fluorescence gates were the same for all samples. Cellular uptake efficiency 

was represented as the percentage of cells showing Cy3 fluorescence relative to the auto-

fluorescence of untreated HeLa cells. 

 

4.3.13. Apoptosis Assay 

 The Annexin V Apoptosis Detection Kit I (BD Pharmingen) was used to identify 

cell populations as non-, early-, and late-stage apoptotic. During early-stage apoptosis, 

phosphatidylserine (PS) groups translocate from the inner leaflet to the outer leaflet of the 

plasma cell membrane. PE-Annexin V selectively binds to PS groups exposed on the 

outer leaflet of the cell membrane, indicating early-apoptosis. 7-Amino-actinomycin (7-

AAD) is a counter stain that binds to double-stranded DNA in late-stage apoptotic cells 

that have compromised cell membranes. Thus, non-apoptotic cells do not stain positive 

for either PE-Annexin V or 7-AAD, early-apoptotic cells stain positive for only PE-
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Annexin V, and late-apoptotic cells stain positive for both PE-Annexin V and 7-AAD. A 

preliminary test was conducted on HeLa cells 1 day after exposure to 60bp DNA 

polyplexes with PAD copolymers and PEI at 1:1 and 10:1 N/P ratios. Cells were seeded 

in a 24-well plate at a density of 150,000 cells per well. Preparation of polyplexes and 

transfection of cells was performed as described for transfection in a 96-well plate. After 

24 hours, the supernatant of each well was collected into 1.5 mL microcentrifuge tubes 

prior to washing to retain dead cells for analysis that may be in suspension. Transfected 

cells were then washed with 1x DPBS and detached with 100 µL of 0.05 % trypsin-

EDTA after incubation at 37 °C for 3-5 min. FCS-containing DMEM (200 µL) was added 

to each well. The cell suspensions were transferred into microcentrifuge tubes containing 

the corresponding supernatant and centrifuged at 1150 rpm for 2.5 min. The cells were 

washed twice with ice-cold DPBS (100 µL) and re-suspended in 100 µL of 1x Annexin 

binding buffer. The concentration of each cell suspension was determined using a Luna-II 

automated cell counter with Erythosin B as the cell stain and 100,000 cells of each sample 

were transferred to a 96-well v-bottom plate (total volume 50 µL per well). PE-Annexin 

V (5 µL) and 7-AAD (5 µL) were added to each well and incubated at room temperature 

for 20 min in the absence of light. Following incubation, the samples were measured by 

flow cytometry using an IntelliCyt iQue Screener. PE-Annexin V was detected using the 

FL2 channel (585/40 nm) and 7-AAD was detected using the FL3 channel (>670 nm) 

with 25 % compensation to adjust for overlapping emission characteristics. 

Measurements were analyzed using IntelliCyt ForeCyt software. Gates for the apoptosis 

Annexin V and 7-AAD fluorescence were the same for all samples. 
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4.3.14. Statistical Analysis 
	  

Sample means were compared using a one-way ANOVA analysis with Bonferroni 

post hoc test for multiple comparisons. Differences for which p < 0.05 were considered 

statistically significant. 

4.4. Results and Discussion 

4.4.1. Synthesis of PAD Copolymers 

 PAD80, PAD49, PAD23, and PAD0 with 80, 49, 23, and 0 mol% DMAEA, 

respectively, were synthesized using methods described previously.38 Herein, PAD0 will 

be referred to as PAPM, and was synthesized as a control polycation that does not 

undergo charge-shifting hydrolysis. It was hypothesized that polyplexes made with 

charge-shifting polycations would be less toxic to HeLa cells relative to standard 

polycations such as PAPM and PEI, the latter currently the gold standard polycation 

transfection agent. In particular, branched PEI of 25 kDa from Sigma Aldrich was 

fractionated to obtain a lower molecular weight fraction (4–10 kDa) of PEI, which has 

shown higher transfection efficiency and lower toxicity in several cancer cell lines.45 

Thus, the relative order of cytotoxicity was anticipated to be as follows: PAPM > PEI > 

PAD23 > PAD49 > PAD80. In addition, the polyampholytes with cationic/anionic charge-

ratios approaching 80/20, 49/51, and 23/77 formed by hydrolysis may be even more cell 

compatible than the corresponding polyacrylic acids formed during hydrolysis of 

DMAEA homopolymers described by Monteiro.22,23 
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 RAFT polymerization to form the PAD copolymers resulted in reasonably low 

dispersities, (Table 4.1) as well as controlled molecular weights as shown by their GPC 

traces in Figure 4.1. Properties of the PAD copolymers are summarized in Table 4.1, and 

their 1H NMR spectra shown in Figures 4A.1, 4A.2, 4A.3 and 4A.4. 

	  

Figure 4.1. GPC traces of PAD80, PAD49, PAD23, and PAPM with a 1 M acetic 
acid/sodium acetate buffer at pH 4.8. 

 

Table 4.1. Properties of PAD Copolymers. 

Polymer [M]:[CTP]:[V-501] Conv. 
(%)a 

Mn, NMR
a 

(g/mol) 
Mn, GPC

b 

(g/mol) Đb APM : 
DMAEAa 

PAD80 209:1:0.22 90 40,100 26,600 1.26 20:80 
PAD49 204:1:0.17 92 32,200 27,200 1.38 51:49 
PAD23 206:1:0.17 81 29,700 28,100 1.39 77:23 
PAPM 209:1:0.26 63 22,100 23,300 1.17 100:0 

a Data obtained from 1H NMR analysis in D2O with 1024 scans. b Data obtained 
from GPC analysis with 1 M acetic acid/sodium acetate buffer at pH 4.8 as the 
mobile phase, using PEG standards for molecular weight calibration. 

 

The Mn calculated by NMR end group analysis for PAD80 was higher than those for the 

other copolymers, which may be due to degradation of the end group during polymer 
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purification. In this case, results obtained by GPC analysis would provide more accurate 

molecular weight information for polymer comparisons. In this study, polymer end 

groups were not removed since the toxicity of the cationic polymer typically outweighs 

the effect of the end group. However, it should be noted that end group removal might 

provide marginal improvements in cytocompatibility.46 

 

4.4.2. Hydrolysis of PAD Copolymers 

 The hydrolysis of DMAEA groups in PAD80, PAD49, PAD23, and PAPM were 

monitored at pH 7 and room temperature (22 °C) by 1H NMR spectroscopy, and the 

results are shown in Figure 4.2 in terms of % hydrolysis of their respective initial 

DMAEA units. These conditions are approximations as in true transfection experiments, 

DMAEA hydrolysis will be affected by presence of lipases, being part of a polyplex, and 

by the local pH ranging from pH 7 in media and cytosol to as low as pH 5 within 

lysosomes. In addition, an increase in temperature to 37 °C will also increase the rate of 

hydrolysis as shown previously for PAD copolymers and related DMAEA polymers.31,38 
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Figure 4.2. Hydrolysis of PAD80, PAD49, PAD23, and PAPM at pH 7, room temperature 
(22 °C). 

	  

Figure 4.3. Net cationic charge with hydrolysis of PAD80, PAD49, PAD23, and PAPM at 
pH 7, room temperature (22 °C). 

 

The hydrolysis of PAD copolymers at pH 7 is rapid initially, with all compositions 

showing first-order kinetics over the first day corresponding to half-life times of 2-3 days 

(Figure 4A.6). After about one day, however, the rates of hydrolysis slow down for all 

compositions. This slower, second stage of hydrolysis was noted previously, and was 

attributed to charge repulsion of hydroxide anions from anionic acrylic acid units formed 

after each DMAEA unit hydrolyses (Donnan exclusion).6,38,39,47,48  
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The data is re-plotted in terms of polymer net cationic charge % in Figure 4.3. Net 

cationic charge is defined here as mol % cationic monomer – mol % anionic monomer, or 

% APM + % DMAEA - % AA. For example, after approximately 2 days, all 3 polymers 

showed around 30 % hydrolysis of their respective DMAEA groups (Figure 4.2), which 

corresponds to net cationic charges of about 55 %, 67 %, and 84 % for PAD80, PAD49, 

and PAD23, respectively. After one week, the net cationic charges dropped to 31 %, 45 % 

and 72 % (Figure 4.3), respectively. As expected, PAPM did not show any hydrolysis 

even after 20 days (data not shown), as methacrylamides are much more hydrolytically 

stable than acrylates. 

 The hydrolysis of PAD copolymers should be slow enough to allow for prior 

complexation with DNA to form polyplexes, followed by cellular uptake by interaction of 

the cationic polyplex with the anionic cellular membrane. The latter would require the 

polymer to remain net cationic for at least 4 hours, which is in line with the results 

obtained in Figures 4.2 and 4.3 that show less than 5 % hydrolysis. During incubation 

after uptake of the polyplexes, the endosomes become more acidic (pH 4 - 5) by uptake of 

HCl and fusion with lysosomes. Under these conditions, DNA should ideally remain 

condensed in polyplexes for protection from lysosomal nucleases.21,23,30,31 This would 

make DMAEA hydrolysis ideal since we recently showed that DMAEA ester hydrolysis 

is slowed in the range of pH 3-5.38,39 The rate of hydrolysis of PAD copolymers at pH 5 

was markedly slower than at pH 7, with all compositions showing approximately 16 % 

hydrolysis after nearly 10 days (Figure 4A.7). PAD copolymers may thus retain enough 

amino groups, both from APM as well as from DMAEA groups, for pH buffering as well 
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as for disruption of the endosomal membrane to enable escape by out-diffusion.24 Once 

the polyplexes have escaped from the endosomes, the environment of the cytosol with a 

pH of 7 should allow for accelerated hydrolysis of DMAEA units within PAD 

copolymers. We recently showed that in presence of adequate amounts of buffer, the rates 

of hydrolysis of DMAEA units in such copolymers increase significantly with pH.38,39 

The release of DNA from the polyplexes may then occur in the cytosol, during transport 

to the nucleus, or in the nucleus itself. In addition to providing a potential release 

mechanism for DNA, charge-shifting hydrolysis may reduce the long-term cytotoxicity of 

the polymer by decreasing polymeric cationic charge. In the present work, the size and 

cellular uptake efficiencies of DNA polyplexes incorporating a range of charge-shifting 

PAD copolymers were assessed, and the viability of cells after exposure to charge-

shifting PAD copolymers determined using standard polycations as controls. The 

hydrolysis experiment serves as a model to better understand the effect of pH in the 

complex intracellular environment and provides useful insight towards polymer stability 

for further mechanistic studies.  

 

4.4.3. Size Determination of Polyplexes 

 Dynamic light scattering (DLS) was used to measure the size of polyplexes made 

from PAD copolymers and 60bp DNA. Polyplex solutions were prepared using the same 

procedure as a transfection experiment with no further dilutions. Polyplexes made with 

PAD copolymers and PEI all showed broad size distributions as shown in a representative 
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graph for the 2.5:1 N/P ratio (Figure 4.4). The results for the range of concentrations are 

summarized in Figure 4.5. 

	  

Figure 4.4. Size distribution for polyplexes of PAD copolymers, PAPM and PEI with 
60bp DNA at a 5:1 mol ratio, from dynamic light scattering. 

	  

	  

Figure 4.5. Diameters of Polyplexes of PAD copolymers, PAPM, and PEI with 60bp 
DNA at 1:1, 2.5:1, 5:1, and 10:1 N/P ratios, determined using dynamic light scattering. 
Error bars represent the standard deviation from 2 polyplex batches with 10 
measurements each. 

 

The average diameters of the polyplexes ranged from 400 – 1400 nm. At the 1:1 N/P 

ratio, the polyplexes were similar between all of the polymers around 1100 nm. However, 
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at higher polymer loadings, polyplexes with DMAEA-rich PAD copolymers (i.e. PAD80) 

resulted in smaller particles (~700 nm) than those with DMAEA-poor PAD copolymers 

and PAPM (~1400 nm). This trend may be due to the different interactions of tertiary and 

primary ammonium cations of the polymers with phosphate anions of DNA. The 

relatively large size of polyplexes obtained may also be due to the overall concentration 

used during complexation, and can be changed to obtain smaller particles. Although the 

size of polyplexes is known to affect cellular uptake, many other variables can affect 

cellular uptake that go beyond the scope of this report.49 Thus, the effects of polyplex 

diameters on cell uptake and viability were not further explored in this study. 

 

4.4.4. Cell Viability 

 Cell viability of HeLa cells after 1 and 2 days post-exposure to the polyplexes was 

measured using the WST-1 proliferation assay (Figures 4.6 and 4.7, respectively). 
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Figure 4.6. HeLa cell viability one day post-exposure to 60bp DNA with PAD 
copolymers, PAPM, and PEI at 1:1, 2.5:1, 5:1, and 10:1 N/P ratios. HeLa cells were 
treated with DMSO (7 % (v/v) in FCS-containing DMEM) as a positive control. 

	  

	  

Figure 4.7. HeLa cell viability two days after exposure to polyplexes of 60bp DNA with 
PAD copolymers, PAPM, and PEI at 1:1, 2.5:1, 5:1, and 10:1 N/P ratios. HeLa cells were 
treated with DMSO (7 % (v/v) in FCS-containing DMEM) as a positive control. 
Statistical significance for PAD copolymer samples at 5:1 and 10:1 N/P ratios are shown. 
* p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001. 
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One day after exposure to the polyplexes, viability of HeLa cells appeared to decrease 

with increasing polycation concentrations for all of the polymers. There is no discernable 

effect of APM/DMAEA ratios, while PEI shows higher cell viabilities than the PAD 

copolymers.  Interestingly, two days after exposure to polyplexes, viability of HeLa cells 

shows an effect of PAD composition: HeLa cells treated with PAD80 showed higher 

viabilities than cells treated with PAD49, PAD23, and PAPM. This effect was more 

pronounced for polymer/DNA ratios of 5:1 and 10:1 N/P. 

 Similar viability results across the range of compositions of PAD copolymers after 

one day are not surprising given the relatively slow rate of charge-shifting hydrolysis. 

Since PAD copolymers maintain enough cationic charge to bind DNA, it is likely that the 

initial net cationic charge of the polyplexes that cells are exposed to would be similar for 

all PAD copolymers. Thus, the initial cytotoxicity for the polyplexes, and any excess free 

polycation, should be similar for the different compositions. This seems to be the 

challenge in the field of synthetic polymers for transfection as cationic charge is 

necessary for the condensation and uptake of DNA, however the polymers are also 

cytotoxic at high concentrations due disruption of the cellular membrane. 

 At two days post-exposure, viability appeared to be higher for cells exposed to 

polyplexes made from PAD copolymers with greater charge-shifting ability. In some 

cases, particularly at lower N/P ratios, cells treated with polyplexes showed viabilities 

greater than untreated cells (i.e. viability >100%). It is unclear why this was the case, 

however, the trends observed between polymer composition and concentration (N/P 
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ratios) remains evident. The results suggest that cells are better able to recover after 

exposures to these copolymers, which may be due to the degradation of cytotoxic cationic 

charge. Hydrolysis data showed that after two days, the net charge of PAD80, PAD49, and 

PAD23 were approximately 55, 67, and 84 % net cationic, respectively (Figure 4.2). Thus, 

it is likely that improved recovery of cell viability may be due to the charge-shifting 

hydrolysis of the PAD copolymers. This trend matches that observed by other researchers 

for related charge-shifting polycations.22,27 Given the poor cell viability observed at the 

10:1 N/P ratio for all polycations, subsequent transfection experiments were conducted at 

more optimal concentrations (1:1, 2.5:1, and 5:1 N/P ratios). 

 

4.4.5. Cellular Uptake 

 HeLa cells were exposed to polyplexes made from PAD copolymers, PAPM, and 

PEI with DNA fluorescently labelled with Cy3 (60bp-Cy3). The cells were analyzed by 

flow cytometry following the 4-hour incubation period with polyplexes. Gating examples 

of the dot plots obtained are provided in the Supporting Information (Figures 4A.8, 4A.9, 

4A.10, 4A.11, 4A.12, and 4A.13), and the results are summarized in Figure 4.8. 
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Figure 4.8. Cellular uptake efficiency of 60bp-Cy3 DNA with PAD copolymers, PAPM, 
and PEI at 1:1, 2.5:1, and 5:1 N/P ratios. 

 

Uptake efficiency of 60bp-Cy3 DNA at the 1:1 N/P ratio is higher for PAPM than the 

PAD copolymers. The nominal net charge of the polyplex with 2:1 PAD to DNA mol 

ratio should be neutral, however, as some hydrolysis has occurred, it may actually be 

slightly negative. This may be why the uptake efficiency of PAPM polyplexes is higher at 

this low polycation:DNA ratio, as endocytosis of neutral particles would be more likely 

than of anionic particles. 

 At the 2.5:1 N/P ratio, uptake efficiency appeared to be very high (>95 %) for all 

PAD copolymers and PAPM. At 5:1 N/P, uptake efficiency of PAD80 polyplexes 

remained high at 92 %, however uptake efficiency began to decrease for PAD copolymers 

containing less DMAEA. Similarly, only 70 % of the cells showed fluorescence when 

treated with PAPM polyplexes at 5:1 N/P. These decreases in cellular uptake efficiency 

correlate with the cytotoxicity data obtained using the WST-1 assay. HeLa cells treated 

with PAD copolymer polyplexes richer in APM showed a subpopulation that was thought 
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to correspond to apoptotic cells. This was confirmed by conducting an Annexin V 

apoptosis assay at 1:1 and 10:1 N/P ratios that showed a high percentage of apoptotic 

cells (>80 %) in this subpopulation (Figures 4A.14, 4A.15, and 4A.16). As this 

subpopulation was more prominent at higher concentrations (10:1 N/P), this is in 

agreement with the increased cytotoxicity observed at higher polymer concentrations 

from the WST-1 assay. Thus, the decrease in cellular uptake efficiency of PAPM 

correlates with the toxicity of the corresponding polyplexes. This could be due to cationic 

charges of PAPM and PAPM-rich polyplexes that are unable to undergo charge-shifting 

hydrolysis, causing cell death and thereby reducing the number of cells in the region of 

healthy, fluorescent cells. Similarly, PAD80 polyplexes showed the highest uptake 

efficiency at the 5:1 N/P, which may be due to PAD80 having the greatest charge-shifting 

ability and hence a greater proportion of healthy, Cy3-positive cells.  

 Cellular uptake efficiency of PEI polyplexes appeared to be significantly lower 

than PAD copolymer polyplexes at 1:1 and 2.5:1 N/P ratios (Figure 4.8). At the highest, 

5:1 N/P ratio, PEI shows comparable uptake efficiency to PAD copolymers used at the 

2.5:1 ratio. These results for PAD copolymers are promising as PEI is currently the gold-

standard polycation used in the field due to its high transfection efficiency. 

 

4.5. Conclusions 

PAD copolymers of varying composition were synthesized by RAFT 

polymerization to obtain polymers with controlled molecular weights and dispersities. 

Model hydrolysis studies of the polymers using 1H NMR spectroscopy provided useful 
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information on the evolution of the net charge of the polymers at pH 7, suggesting a route 

for potential intracellular dissociation of complexed DNA for controlled release from 

PAD80 and PAD49 polyplexes. HeLa cells transfected with PAD copolymer polyplexes 

showed very high viability at the 1:1 and 2.5:1 N/P ratios of all of the compositions. 

However, at higher polymer loadings, HeLa cells transfected with PAD copolymers of 

higher DMAEA composition showed higher viability than cells treated with non-charge-

shifting PAPM. The higher viability associated with PAD copolymers is correlated to the 

charge-shifting ability of the polymers which likely reduces cytotoxicity, particularly 

long-term, as cells recovered well 2 days after exposure. Cellular uptake efficiency of 

PAD copolymer polyplexes was very high (>95 %) at the 2.5:1 N/P ratio, out-performing 

PEI polyplexes which required double the polycation loading to achieve a similar level of 

uptake efficiency. Overall, PAD copolymers of higher DMAEA content (PAD80 and 

PAD49) used at the 2.5:1 N/P ratio appear as promising candidates for further cell 

transfection experiments including gene expression.   

In conclusion, the findings in this report suggest that charge-shifting cationic 

copolymers are a promising class of synthetic polymers suitable for in vitro DNA 

delivery.  Future work will involve exploring gene transfection efficiency and mechanism 

of intracellular release of DNA from polyplexes with these charge-shifting copolymers, 

both with HeLa and other cell lines. 
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The supporting information is available free of charge via the Internet at 

http://pubs.acs.org. 1H NMR spectra of PAD80, PAD49, PAD23, and PAPM; 1H NMR 

spectrum of a representative example of hydrolysis showing integration and calculation of 

percent hydrolysis; First-order kinetic plot of PAD copolymer hydrolysis; Hydrolysis plot 

of PAD copolymers and PAPM at pH 5; Dot plots from flow cytometry analysis of 

cellular uptake of 60bp-Cy3 DNA polyplexes; Dot plots from flow cytometry analysis of 

apoptosis assay post-exposure to PAD80–60bp polyplexes at 1:1 and 10:1 N/P ratios, and 

untreated cells. 
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4.8. Appendix 

	  
Figure 4A.1. 1H NMR spectrum of PAD80 in D2O recorded with 1024 scans. The inset 
shows the dithiobenzoate end group used for Mn calculations. 

 

	  
Figure 4A.2. 1H NMR spectrum of PAD49 in D2O recorded with 1024 scans. The inset 
shows the dithiobenzoate end group used for Mn calculations. 

 



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   194 

	  
Figure 4A.3. 1H NMR spectrum of PAD23 in D2O recorded with 1024 scans. The inset 
shows the dithiobenzoate end group used for Mn calculations. 

 

	  
Figure 4A.4. 1H NMR spectrum of PAPM in D2O recorded with 1024 scans. The inset 
shows the dithiobenzoate end group used for Mn calculations. 

 
 



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   195 

	  
Figure 4A.5. 1H NMR spectrum of PAD80 in 100 mM phosphate buffer at pH 7.02 after 
approximately 11 days at room temperature. A sample calculation for the percent 
hydrolysis is shown using the methylene CH2O protons of DMAE small-molecule 
byproduct (m) and remaining ester protons (h). 
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Figure 4A.6. First-order kinetic plot of initial hydrolysis of PAD80, PAD49, and PAD23 
within the first day. Half-life values obtained were 3.2, 2.4, and 2.3 days for PAD80, 
PAD49, and PAD23, respectively. 

 

	  
Figure 4A.7. Hydrolysis of PAD80, PAD49, PAD23, and PAPM at pH 5, room temperature 
(22 °C) 
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Figure 4A.8. Dot plot of untreated HeLa cells showing auto-fluorescence of the 
population. Fluorescence intensity (FL2-A) of Cy3 was measured as a function of the 
forward scattering size of the events (FSC-H). 

 

	  
Figure 4A.9. Dot plot of HeLa cells transfected with PAD80–60bp-Cy3 DNA polyplexes 
at the 5x concentration (2.5:1 N/P ratio). Fluorescence intensity (FL2-A) of Cy3 was 
measured as a function of the forward scattering size of the events (FSC-H). 
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Figure 4A.10. Dot plot of HeLa cells transfected with PAD49–60bp-Cy3 DNA polyplexes 
at the 5x concentration (2.5:1 N/P). Fluorescence intensity (FL2-A) of Cy3 was measured 
as a function of the forward scattering size of the events (FSC-H). 

 

	  
Figure 4A.11. Dot plot of HeLa cells transfected with PAD23–60bp-Cy3 DNA polyplexes 
at the 5x concentration (2.5:1 N/P). Fluorescence intensity (FL2-A) of Cy3 was measured 
as a function of the forward scattering size of the events (FSC-H). 
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Figure 4A.12. Dot plot of HeLa cells transfected with PAPM–60bp-Cy3 DNA 
polyplexes at the 5x concentration (2.5:1 N/P). Fluorescence intensity (FL2-A) of Cy3 
was measured as a function of the forward scattering size of the events (FSC-H). 

 

	  
Figure 4A.13. Dot plot of HeLa cells transfected with PEI–60bp-Cy3 DNA polyplexes at 
the 5x concentration (2.5:1 N/P). Fluorescence intensity (FL2-A) of Cy3 was measured as 
a function of the forward scattering size of the events (FSC-H). 
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Figure 4A.14. Dot plot of untreated HeLa cells as a function of forward scattering size 
(FSC) and side scattering granularity (SSC) showing main population 1 and 
subpopulation 2 (A). Dot plot of main population 1 as a function of fluorescence of PE-
Annexin V in the FL2 channel and 7-AAD fluorescence in the FL3 channel (B). Dot plot 
of subpopulation 2 as a function of fluorescence of PE-Annexin V in the FL2 channel and 
7-AAD fluorescence in the FL3 channel (C). The majority of subpopulation 2 (82 %) 
stains positive for both Annexin V and 7-AAD, which correlates to late-apoptotic cells. 
Main population 1 consists primarily of non-apoptotic cells that stain negative for PE-
Annexin V and 7-AAD (98 %). 

 
 

	  
Figure 4A.15. Dot plot of 2x (1:1 N/P) PAD80–60bp treated HeLa cells 24 hours post-
exposure as a function of forward scattering size (FSC) and side scattering granularity 
(SSC) showing main population 1 and subpopulation 2 (A). Dot plot of main population 1 
as a function of fluorescence of PE-Annexin V in the FL2 channel and 7-AAD 
fluorescence in the FL3 channel (B). Dot plot of subpopulation 2 as a function of 
fluorescence of PE-Annexin V in the FL2 channel and 7-AAD fluorescence in the FL3 
channel (C). The majority of subpopulation 2 (81 %) stains positive for both PE-Annexin 
V and 7-AAD, which correlates to late-apoptotic cells. Main population 1 consists 
primarily of non-apoptotic cells that stain negative for PE-Annexin V and 7-AAD (98 %). 
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Figure 4A.16. Dot plot of 20x (10:1 N/P) PAD80–60bp treated HeLa cells 24 hours post-
exposure as a function of forward scattering size (FSC) and side scattering granularity 
(SSC) showing main population 1 and subpopulation 2 (A). Dot plot of main population 1 
as a function of fluorescence of PE-Annexin V in the FL2 channel and 7-AAD 
fluorescence in the FL3 channel (B). Dot plot of subpopulation 2 as a function of 
fluorescence of PE-Annexin V in the FL2 channel and 7-AAD fluorescence in the FL3 
channel (C). The majority of subpopulation 2 (86 %) stains positive for both PE-Annexin 
V and 7-AAD, which correlates to late-apoptotic cells. Main population 1 consists 
primarily of non-apoptotic cells that stain negative for PE-Annexin V and 7-AAD (87 %). 
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5.1. Abstract 

 Polycations are used extensively in applications ranging from enhanced oil 

recovery to biomaterials. Poly[N,N-(dimethylamino)ethyl acrylate] (PDMAEA) has 

attracted interest for biomaterial applications because of its rapid hydrolysis, however, the 

mechanism of hydrolysis and the conditions that affect degradation often appear amiss in 

the field. In this report, a detailed 1H NMR spectroscopy study of the hydrolysis of 

PDMAEA was carried out between pH 0 and 14. In contrast to a widely held view, the 

rates of hydrolysis of this polymer were found to be highly pH dependent with half-lives 

varying from years to minutes as a function of pH. The extent of hydrolysis was also 

found to be pH dependent, with a distinct plateau at about 50–60 % hydrolysis at pH 7 
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due to the electrostatic repulsion of anionic carboxylate groups and hydroxide. This was 

contrasted with the acid-catalyzed mechanism where hydrolysis of PDMAEA at pH 0.3 

did not show a plateau in the extent of hydrolysis, reaching 88 % hydrolysis after 8 days 

at 70 °C. In addition, the effects of neighboring functional groups on DMAEA hydrolysis 

in copolymers were explored, with anionic, neutral/hydrophilic, and cationic comonomers 

found to affect the rates of hydrolysis up to 20-fold at pH 7. Finally, two novel analogues 

of DMAEA with an additional dimethylamino group in different positions of the side-

chain were synthesized and polymerized to probe the effect of this added tertiary amine 

on the hydrolysis of the ester linkages. Poly[1,3-bis(dimethylamino)-2-propyl acrylate] 

(PBDMAPA) hydrolyzed more than 500 times faster at pH 7 than its linear isomer 

poly[2-((2-(dimethylamino)ethyl)(methyl)amino)ethyl acrylate] (PDEMEA). These 

results further highlight the importance of the intramolecular interactions of the 

dimethylamino substituent of PDMAEA and the effect of proximity and steric hindrance 

of the amino group as well as neighboring functional groups of comonomers.     

 

5.2. Introduction 

 Polycations are used extensively in applications including industrial wastewater 

treatment,1,2 enhanced oil recovery,3 and biomedical applications.4 In particular, 

polycations with the ability to convert their cationic charge to neutral or anionic groups, 

called “charge-shifting” polycations, are receiving increasing attention in the biomaterials 

field.5-21 Charge-shifting polycations strongly bind to polyanions in their initial cationic 

state, but then undergo a charge-shifting process that reduces net cationic charge and 
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leads to dissociation of the polyelectrolyte complex. This property has the potential to be 

exploited in biomedical applications including DNA delivery,8-11,13-19,21,27,28 and cell 

encapsulation.6 N,N-(Dimethylamino)ethyl acrylate (DMAEA) stands out as one of the 

most commonly used monomers to develop such charge-shifting materials. The 

hydrolysis of the DMAEA units in poly[DMAEA] (PDMAEA) to acrylic acid (AA) units 

was first investigated by McCool and Senogles in 1989.22 In 2011, Monteiro and co-

workers first reported results that suggested that the rate of this charge-shifting hydrolysis 

of PDMAEA appeared to be independent of solution pH between pH 5 and 10.23 This 

work stimulated a number of studies looking to take advantage of the pH independent 

hydrolysis of PDMAEA.24-28  In one of these studies, pH-independent hydrolysis was 

reported to occur over an even wider pH range (pH 1-10).27  This reported pH-

independent hydrolysis stands in contrast to the typical behavior of esters,29,30,31 including 

closely related small-molecule DMAE esters.5 In addition, we have observed pH-

dependent hydrolysis for some DMAEA-containing polymers.6,7 Thus, it seemed 

worthwhile to examine the hydrolysis of DMAE esters in polymeric systems in greater 

detail. 

 Researchers have hypothesized that the hydrolysis of DMAEA may be self-

catalyzed, e.g. involving intramolecular interactions of the dimethylamino substituent 

with the ester carbonyl in both base- and acid-catalyzed mechanisms (Figure 5.1).5 The 

hydrolysis of DMAEA analogues, including versions with a methylated quaternary 

ammonium,2,23 longer alkyl spacer,5 and an α-hydroxymethyl substituent,7 appear to be 

remarkably sensitive to the nature and position of the neighboring functional groups, 
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including hydrogen-bonding groups. To the best of our knowledge, the effect of an 

additional dimethylamino substituent on the rate of hydrolysis had not yet been explored. 

In addition, the effect of functional groups located on neighboring monomer groups on 

the hydrolysis of DMAEA needs to be understood. Clarifying the mechanism of DMAEA 

hydrolysis in polymeric systems, as well as the factors that affect the rate and extent of 

this hydrolysis, becomes increasingly important as research advances with such 

degradable polyacrylates in biomaterial applications, especially in DNA delivery for gene 

therapy. 

In this study, we report on three aspects of the hydrolysis of PDMAEA-type 

polymers. The first and major focus is on describing in detail the effect of pH on the rate 

and extent of ester hydrolysis in PDMAEA homopolymers. Second, we describe the 

effects of neutral/hydrophilic (2-hydroxyethyl acrylate (HEA)) and charged comonomers 

(acrylic acid (AA) and 3-aminopropylmethacrylamide (APM)), on the rate and extent of 

hydrolysis. Finally, 1,3-bis(dimethylamino)propyl acrylate (BDMAPA) and 2-((2-

(dimethylamino)ethyl)(methyl)amino)ethyl acrylate (DEMEA) were synthesized as novel 

analogues of DMAEA with an additional tertiary amino group and the hydrolysis of the 

corresponding polymers was studied (Figure 5.2). 

	  

Figure 5.1. Proposed interactions of the dimethylamino substituent with the ester of 
PDMAEA under basic and acidic conditions via 5- or 7-membered rings, respectively. 
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Figure 5.2. BDMAPA and DEMEA as analogues of DMAEA to probe effect of the 
dimethylamino group on the hydrolysis of PDMAEA. Effect of anionic, 
neutral/hydrophilic, and cationic comonomers on the hydrolysis of DMAEA units using 
AA, HEA, and APM, respectively. 

 

5.3. Experimental 

5.3.1. Materials 

All materials were used as received unless otherwise stated. N,N-(Dimethylamino)ethyl 

acrylate (98 %), 1,3-bis(dimethylamino)-2-propanol (97 %), 2-{[2-

(dimethylamino)ethyl]methylamino} ethanol (98 %), 2-hydroxyethyl acrylate (96 %), 

acrylic acid (99 %),  acryloyl chloride (>97 %), methacryloyl chloride (97 %), 

triethylamine (≥99 %), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTP, >98 

%), 4,4-azobis(4-cyanovaleric acid) (V501, >97 %), 2,2-dimethoxy-2-

phenylacetophenone (DMPA, 99 %), 2,2’-azobis(2-methylpropionamidine) 

dihydrochloride (Vazo-56, 97 %), sodium hydroxide pellets (≥97 %), 37 % deuterium 

chloride solution (99 %D), D2O (>99 %), and N,N-dimethylformamide (99.9 %) were 
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purchased from Sigma-Aldrich. Acrylic acid was purified by vacuum distillation prior to 

use. Azobis(isobutyronitrile) (AIBN) (>99 %) was purchased from Dupont and used as 

received. CDCl3 (99.9% D), C6D6 (99.9 % D), D2O (99.9 % D), and DMSO-d6 (99.9 % 

D) were purchased from Cambridge Isotope Laboratories Inc. Dialysis tubing (3.5 kDa) 

was purchased from Spectrum Laboratories. Benzene (ACS reagent grade) was purchased 

from Fisher Scientific. 1,4-Dioxane, dimethylsulfoxide (DMSO), and 12 M HCl aq. 

solution was purchased from Caledon Laboratory Chemicals. 

 

5.3.2. Polymerization of DMAEA 

 DMAEA was passed neat through a plug of basic alumina prior to use. DMAEA 

(5 g, 34.9 mmol) and AIBN (57 mg, 0.349 mmol) were dissolved in 50 mL of 1,4-

dioxane in a 100 mL round bottom flask equipped with a magnetic stir-bar. The reaction 

vessel was sealed with a septum and the polymerization mixture was purged with N2 gas 

for 1 hour with stirring at room temperature (22 °C). The reaction vessel was then heated 

in an oil bath at 70 °C for 17 h, and then quenched in an ice-water bath and exposed to 

air. 1H NMR analysis of the polymerization mixture in CDCl3 showed >90 % conversion. 

The polymerization mixture was precipitated into 40-fold excess of 1,4-dioxane 

containing 1 mol eq. of anhydrous HCl, resulting in precipitation of solid white 

PDMAEA as the hydrochloride salt. The mixture was centrifuged at 3500 rpm for 5 min 

and the supernatant was discarded. The polymer isolated by centrifugation and then 

dissolved in 40 mL distilled water and the pH was adjusted to pH 3–4, followed by 

dialysis with cellulose acetate tubing (3.5 kDa molecular weight cutoff (MWCO)) against 
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distilled water at pH 3–4. The polymer solution was dialyzed for 2 days with several 

water bath changes (pH 3–4) and then freeze-dried, resulting in an off-white, glassy solid. 

The 1H NMR spectrum of PDMAEA in the hydrochloride salt form in D2O (pH 3-4) was 

recorded on a Bruker AV600 (Figure 5A.1) and confirms both the homopolymer structure 

and the absence of residual monomer. 

 

5.3.3. Reversible-Addition Chain-Transfer (RAFT) Polymerization of DMAEA 

 DMAEA was passed neat through a plug of basic alumina prior to use. DMAEA 

(1.8 g, 12.6 mmol) was dissolved into 2:1 water:1,4-dioxane at 30 % w/v with 1 mol eq. 

of HCl added that was cooled in an ice-water bath during the addition. The pH of the 

solution was adjusted to pH 3.52, followed by the addition of the CTP (13.5 mg, 0.048 

mmol) and V501 (2.7 mg, 0.0097 mmol). The reaction vessel was equipped with a 

magnetic stir bar, sealed with a septum, and purged with N2 for 45 min at room 

temperature. The reaction mixture was kept under positive N2 pressure and placed into a 

70 °C oil bath for 2 hours, followed by quenching into an ice-water bath and exposure to 

air. The polymer was purified by dialysis using cellulose acetate tubing with a MWCO of 

3.5 kDa against distilled water adjusted to pH 3-4 over 2 days, with twice daily water bath 

changes (pH 3-4). The polymer solution was freeze-dried, resulting in PDMAEA in the 

hydrochloride salt as a pink solid. Herein, PDMAEA obtained by RAFT polymerization 

will be referred to as PDMAEA-30k. 1H NMR spectrum of PDMAEA-30k was recorded 

in D2O (pH 3-4) on a Bruker AVN500 with 512 scans for end group analysis of the 

dithiobenzoate group  (Figure 5A.2). 
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5.3.4. Synthesis of 1,3-bis(dimethylamino)-2-propyl acrylate (BDMAPA) 

1,3-Bis(dimethylamino)propanol (5 g, 34.9 mmol) and triethylamine (TEA) (5.30 

g, 52.4 mmol) were dissolved in 100 mL dichloromethane (DCM) in a round bottom flask 

equipped with a magnetic stir-bar and maintained at 0 °C with an external ice bath. 

Acryloyl chloride (4.74 g, 52.4 mmol) was added dropwise over 10 min to the stirred 

reaction mixture, which turned orange/red. After addition was complete, the reaction was 

left to stir for another 2 h at 0 °C, followed by an additional 2 h at room temperature.  The 

reaction mixture was washed 4 times, each with 40 mL saturated sodium bicarbonate and 

40 mL saturated brine solution. The organic layer was dried with anhydrous sodium 

sulfate, filtered, and concentrated in vacuo to give an orange oil containing some 

precipitate. 1H NMR analysis showed that the solution and precipitate both consisted of 

the pure monomer. The yield obtained was 87 %. 1H NMR (CDCl3, 600 MHz) δ 6.37 (1H, 

dd), 6.11 (1H, dd), 5.78 (1H, dd), 5.17 (1H, tt), 2.50 (2H, dd), 2.46 (2H, dd), 2.24 (12H, 

s); 13C NMR (CDCl3, 600 MHz) δ 165.9, 130.8, 128.9, 70.2, 61.3, 46.2.  (Figure 5A.3). 

HRMS (ESI/TOF) m/z: [M+H]+ Calcd for C10H20N2O2 201.1598; Found 201.1597. 

 

5.3.5. Polymerization of BDMAPA 

BDMAPA (0.5 g, 2.50 mmol) and 1 mol% DMPA (6.4 mg, 2.5 µmol) were 

dissolved in 2.5 mL benzene in a 4 mL vial sealed with a septum. The reaction mixture 

was purged with N2 for 20 min. The reaction vessel was placed in an ice-water bath and 
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irradiated with four F8T5-BL 350 nm lamps for approximately 8 h to achieve >70 % 

conversion as determined by 1H NMR. The polymer was isolated by precipitation into 

approximately 40 mL hexanes followed by centrifugation. The viscous liquid was re-

dissolved in DMSO followed by precipitation into hexanes. This cycle was repeated 4-5 

times until residual monomer and other small molecules were removed as seen by 1H 

NMR. The 1H NMR spectrum of PBDMAPA in D2O (pH 3–4) was recorded on a Bruker 

AV600 (Figure 5A.4). 

 

5.3.6. Synthesis of 2-((2-(dimethylamino)ethyl)(methyl)amino)ethyl acrylate (DEMEA) 

 2-((2-(Dimethylamino)ethyl)(methylamino)ethanol (DEME) (2.0 g, 13.7 mmol) 

and TEA (1.67 g, 16.4 mmol) were added to 40 mL DCM in a 100 mL round bottom 

flask equipped with a stir bar, maintained at 0 °C. Acryloyl chloride (1.49 g, 13.7 mmol) 

was added drop-wise to the stirring reaction mixture over 5 min, resulting in a yellow 

solution. The reaction mixture was stirred at 0 °C for another 2 h, followed by overnight 

stirring at room temperature. The reaction mixture was washed 4 times, each with 

saturated sodium bicarbonate and brine. The organic layer was dried with anhydrous 

sodium sulfate, filtered, and concentrated in vacuo, resulting in DEMEA as an orange 

liquid in 85 % yield. 1H NMR (CDCl3, 600 MHz) δ 6.34 (1H, dd), 6.07 (1H, dd), 5.75 

(1H, dd), 4.19 (2H, t), 2.65 (2H, t), 2.48 (2H, t), 2.36 (2H, t), 2.26 (3H, s), 2.17 (6H, s); 

13C NMR (CDCl3, 600 MHz) δ 166.2, 130.8, 128.5, 62.4, 57.3, 56.2, 55.8, 45.8, 42.9. 

(Figure 5A.5). HRMS (ESI/TOF) m/z: [M+H]+ Calcd for C10H20N2O2 201.1598; Found 

201.1597. 
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5.3.7. Polymerization of PDEMEA 

 DEMEA (0.5 g, 2.5 mmol) and 1 mol% Vazo-56 was dissolved in 2.5 mL distilled 

water at pH 3–4 in a 4 mL vial sealed with a septum. The reaction mixture was purged 

with N2 for 20 min. The reaction vessel was heated to 55 °C for 28 h to achieve 67 % 

conversion as determined by 1H NMR. The polymer was purified by dialysis using 

cellulose acetate tubing with a MWCO of 3.5 kDa against distilled water at pH 3–4 over 2 

days with several water bath changes (pH 3–4). The polymer solution was then freeze-

dried, resulting in an off-white solid. 1H NMR spectrum of PDEMEA as the 

hydrochloride salt in D2O (pH 3–4) was recorded on a Bruker AV700 (Figure 5A.6). 

 

5.3.8. Copolymerization of DMAEA and 2-Hydroxyethyl Acrylate (HEA) 

 The drift in DMAEA and HEA copolymerizations was assessed to confirm that a 

random copolymer sequence was formed. DMAEA/HEA copolymerizations (10 wt.% 

total monomer loading in DMSO-d6, 1 mol% AIBN) with initial monomer feeds of 

15:85, 38:62, 60:40, 78:22, and 91:9 mol ratios, respectively, were followed using a 

Bruker AVN500 MHz spectrometer. Samples were heated at 55 °C in a water bath and 

analyzed by NMR at various time intervals. Incremental relative monomer consumptions 

of each monomer were calculated for low conversion steps (5–10 %) by integrating the 

vinyl signals of DMAEA (6.31 ppm) and HEA (6.37 ppm) with respect to the combined 

dimethylamino singlet of DMAEA in both the monomer and polymer (ca. 2.2 ppm). 

Reactivity ratios were estimated by fitting the instantaneous copolymer composition 
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equation to the data obtained by the least squares method as previously reported6 (Figure 

5A.7). 

Preparative copolymerizations of DMAEA and HEA with initial monomer mol feed 

ratios of 83:17, 50:50, 21:79, and 0:100, respectively, were carried out at a concentration 

of 1 g total monomer in 20 mL of 1,4-dioxane with 1 mol% of AIBN. The reaction 

mixtures were heated at 70 °C for 3 h followed by quenching in an ice-water bath and 

exposure to air. The homopolymerization of HEA was heated for 16 h at 70 °C. 1H NMR 

analysis of the polymerizations showed total monomer conversions of approximately 25, 

50, 82, and 97 % conversion for P[DMAEA-co-HEA] (PDH) 83:17, 50:50, 21:79, 0:100, 

respectively. Each polymerization solution was added to approximately 80 mL of 

hexanes, followed by centrifugation. The supernatant was removed, and the remaining 

yellow oils were dissolved in 10 mL distilled water and adjusted to pH 3–4 with 1 M HCl. 

The polymer solutions were dialyzed using cellulose acetate tubing (3.5 kDa MWCO) 

against distilled water at pH 3–4. Dialysis water baths were replaced twice daily for 2 

days, and then the polymer solutions were freeze-dried. The PDH copolymers were 

analyzed by 1H NMR spectroscopy (Figures 5A.8, 5A.9, and 5A.10), showing relative 

mol compositions of 77:23, 46:54, and 19:81 DMAEA:HEA, called PDH77, PDH46, and 

PDH19, respectively. Herein PDH0 will be referred to as PHEA. The 1H NMR spectrum of 

PHEA in D2O is shown is Figure 5A.11.  

5.3.9. Copolymerization of DMAEA with Acrylic Acid (AA) 

 The drift in DMAEA and AA monomer feed ratios were assessed experimentally 

due to their anticipated different reactivities. DMAEA/AA copolymerizations of 10 wt.% 
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total monomer loading in DMSO-d6 with 1 mol% AIBN with initial monomer feeds of 

77:23, 48:51, and 25:75 mol ratios, respectively, were conducted using a 500 MHz 

Bruker Avance spectrometer. The samples were heated to 55 °C and 1H NMR spectra 

were recorded in approximately 5–10 min intervals. Incremental relative monomer 

consumptions of each monomer were calculated for low conversion steps (5–10 %) by 

integrating the vinyl signals of DMAEA and AA with respect to the combined 

dimethylamino singlet of DMAEA in both the monomer and polymer (ca. 2.2 ppm). The 

drift in monomer consumption is shown in Figure 5A.12, and reactivity ratios were 

estimated by fitting the instantaneous copolymer composition equation to the data 

obtained by the least squares method as previously reported6 (Figure 5A.13).  

 A preparative scale copolymerization of DMAEA and AA (1 g total monomer 

loading) with a 49:51 initial monomer feed ratio, respectively, was conducted in DMSO 

as described above. The reaction mixture was heated to 55 °C for 3.7 h for low 

conversion (~42 %) to limit drift in monomer feed and copolymer composition. The 

polymer was precipitated into approximately 80 mL of hexanes, followed by 

centrifugation. The solid was dissolved in 10 mL distilled water and the pH was adjusted 

to pH 3–4 with 1 M HCl. The solution was transferred into cellulose acetate tubing (3.5 

kDa MWCO) for dialysis against distilled water at pH 3–4. Dialysis baths were replaced 

twice daily for 4 days, and then the polymer solution was freeze-dried. The polymer was 

analyzed by 1H NMR spectroscopy (Figure 5A.14) showing relative mol composition of 

58:42 of DMAEA and AA, respectively, called PDA58. 
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5.3.10. Gel Permeation Chromatography 

 Gel permeation chromatography (GPC) was conducted using a Waters GPC 

consisting of a 717plus autosampler, 515 HPLC pump, 2414 refractive index detector, 

Ultrahydrogel (120, 250, and 500) columns (30 cm × 7.8 mm (inner diameter); 6 µm 

particles) using poly[ethylene glycol] standards ranging from 106 Da to 881 kDa (Waters 

Inc.) for a 15-point, third-order polynomial calibration. The mobile phase was a 1 M 

acetic acid–sodium acetate buffer at pH 4.8. 

 

5.3.11. Hydrolysis of PDMAEA 

 The hydrolysis of PDMAEA (0.5 wt.%) was conducted in D2O solutions ranging 

from pH 0.31 to 13.31. The pH values were recorded with a Corning pH meter 440 and 

VWR SympHony pH electrode calibrated with pH 4.00, pH 7.00, and pH 10.00 buffers. 

Initial polymer solution pH values were measured after PDMAEA was dissolved in the 

corresponding acid, base, or buffer solution. Where needed, 1 M DCl or 1 M NaOD were 

added to the corresponding solution to adjust the pH. The solution used, and the 

corresponding pH values, are listed as follows: 1 M DCl (pH 0.31), 100 mM DCl (pH 

0.92), 100 mM phosphate (pH 2.00 and 7.05), 100 mM acetate (pH 3.90 and 4.98), 100 

mM borate (pH 9.02), 100 mM NaOD (12.45), 1 M NaOD (pH 13.31). The hydrolysis of 

PDMAEA-30k was conducted at pH 7.00 in 100 mM phosphate buffered solution. As the 

hydrolysis solutions were prepared in D2O, the pD of the solutions can be approximated 

by adding 0.4 from the recorded pH value.32 The solutions were transferred to 5 mm 

NMR tubes, maintained at room temperature (22 °C) and 1H NMR spectra were recorded 
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at various time intervals on a Bruker AV600. Percent hydrolysis of DMAEA was 

calculated by comparing the integrations of the CH2O– methylene signal of the ester in 

the polymer (ca. 4.5 ppm) and the alcohol of dimethylaminoethanol (DMAE) small-

molecule byproduct (ca. 3.9 ppm), as shown in Figure 5A.15. Pseudo-first order kinetic 

graphs were plotted using the data points within the initial 20 % hydrolysis, with the 

exception of the hydrolysis experiment at pH 13.31, where the data points within the 

initial 50 % hydrolysis were analyzed. Initial rates of hydrolysis (kinitial) were obtained 

from the slopes of the linear trend lines of the pseudo-first order kinetic plots (Figures 

5A.16, 5A.17, and 5A.18).   

 

5.3.12. Hydrolysis of PBDMAPA and PDEMEA 

 Hydrolysis of PBDMAPA and PDEMEA at 0.5 wt% was conducted at pH 5, 7, 

and 9, using 100 mM acetate, phosphate, and borate buffers, respectively. Initial pH 

values of the polymer solutions were measured as described above. The samples were 

maintained at room temperature (22 °C), and 1H NMR spectra were recorded at various 

time intervals. For PBDMAPA, percent hydrolysis was calculated by comparing the ratio 

of the methine CH–O proton of the ester in the polymer (ca. 5.4 ppm) to that of the small 

molecule alcohol by-product 1,3-bis(dimethylamino)-2-propanol (ca. 4.4 ppm), as shown 

in Figure 5A.19. For PDEMEA, percent hydrolysis was calculated by comparing the 

methylene CH2–O signal of the ester in the polymer (ca. 4.2 ppm) to that of the small 

molecule alcohol 2-{[2-(dimethylamino)ethyl]methylamino} ethanol (ca. 3.8 ppm), as 

shown in Figure 5A.20. 
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5.3.13. Hydrolysis DMAEA Copolymers 

 The hydrolysis of DMAEA copolymers at 0.5 wt% was conducted in 100 mM 

phosphate buffer at pH 7, room temperature (22 °C). Initial pH values of the polymer 

solutions were measured as described above.  1H NMR spectra were recorded at various 

time intervals. Percent hydrolysis of DMAEA copolymers was calculated as described for 

PDMAEA with the exception of PDH copolymers where the methylene CH2O– of HEA 

units overlaps partially with DMAEA units. Thus, percent hydrolysis was calculated 

using the dimethylamino- singlet of the DMAE in the polymer and small molecule (ca. 

2.9 ppm) as an internal standard for 6 protons, as shown in Figure 5A.21 for a 

representative example. Hydrolysis of PDMAEA calculated through this method gives 

similar results. 

 

5.4. Results and Discussion 

5.4.1. Polymerizations 

 The polymerization of DMAEA was conducted in aqueous conditions at pH 3–4 

to prevent premature hydrolysis. Purification of PDMAEA by dialysis was also conducted 

at pH 3–4 followed by isolation of the polymer by freeze-drying, resulting in the polymer 

in the hydrochloride salt form where the polymer is stable as confirmed by 1H NMR 

where the integrations of the pendant side-chains correlate with the integrations of the 

polymer backbone (Figure 5A.1). A sample of PDMAEA with a higher MW and 
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narrower MW distribution was prepared by RAFT polymerization to study the possible 

effect of molecular weight (MW) on hydrolysis. CTP and V501 were selected as the 

RAFT agent and initiator, respectively, and allowed for a controlled polymerization as 

indicated by the low dispersity obtained (Đ = 1.25). End group analysis of the 

dithiobenzoate group by 1H NMR (Figure 5A.2) showed a degree of polymerization (DP) 

of about 254, corresponding to a MW (Mn) of approximately 36,400 g/mol, which was in 

close agreement with 31,200 g/mol as the Mn obtained by GPC analysis. 

 The polymerization of BDMAPA was particularly challenging as initial attempts 

to polymerize the monomer in similar conditions stated above for DMAEA was not 

successful due to significant hydrolysis, especially with the elevated temperatures 

required for thermal initiated radical initiators such as Vazo-56 and AIBN. 

Polymerization of BDMAPA was then attempted in organic solvents such as 1,4-dioxane, 

DMSO, acetonitrile, and toluene, however only low MW polymers (~2000 g/mol) were 

obtained (Figure 5A.22). It was suspected that chain-transfer to the BDMAPA group 

(monomer or polymer-bound) might be occurring by abstraction of the tertiary hydrogen 

atom. This would result in a more stable tertiary radical over the propagating secondary 

radical of the acrylate polymer. Thus, DMPA photo-initiated polymerization at 0 °C in 

benzene was attempted to minimize chain-transfer and ester degradation. These 

conditions provided polymers of reasonable MWs with Mn around 9000 g/mol with ester 

units intact.  

 Interestingly, the polymerization of DEMEA, which is a constitutional isomer of 

BDMAPA, did not suffer the same instability issues. Thus, polymerization was conducted 
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in conditions similar to those used for DMAEA and resulted in a polymer MW (Mn) of 

15200 g/mol, similar to that seen for PDMAEA. As DEMEA does not contain tertiary 

hydrogen atoms available for hydrogen abstraction, this gave some support to the 

suggestion that chain-transfer was responsible for the low MW polymers formed during 

polymerization of BDMAPA. 

 DMAEA and AA were anticipated to have differing reactivity especially in 

aqueous conditions due to the pH sensitivity of AA that affects the reactivity of the 

monomer.33 Thus, copolymerization was conducted in organic solvent and reactivity 

ratios were determined by following relative monomer consumption within small 

conversion steps throughout copolymerization. At high DMAEA compositions, there was 

very little drift observed (~4 %) in remaining relative DMAEA monomer feed after about 

60 % conversion. With increasing mol feeds of AA, drift in monomer consumption was 

more evident, particularly at higher conversion beyond ~40 %, with about 10 % drift in 

DMAEA feed after 60–70% conversion. The data obtained was used to estimate 

reactivity ratios by the Least Squares method, giving r1 and r2 values of 1.29 and 0.49 for 

DMAEA and AA, respectively, indicating a slight preference for incorporation of 

DMAEA in copolymerizations. Joint confidence regions at 95 % confidence level for the 

reactivity ratios obtained for DMAEA/AA are provided in the Supporting Information 

(Figure 5A.23). Thus, preparative copolymerization of DMAEA and AA was conducted 

and limited to low conversion (~40 %) to prevent significant drift in composition. 

Copolymerization of DMAEA and AA with an initial feed ratio of 49:51 resulted in a 
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copolymer with 58:42 mol composition, respectively, which is in agreement with the 

reactivity ratios obtained.  

Little compositional drift was expected to occur during copolymerization of 

DMAEA with HEA since they are both acrylates. This was confirmed as similar 

reactivity ratios were obtained for DMAEA and HEA, 1.13 and 0.94, respectively, and as 

copolymer compositions were not very different to the initial monomer feed ratios. Joint 

confidence regions at 95 % confidence level for the reactivity ratios obtained for 

DMAEA/HEA are provided in the Supporting Information (Figure 5A.24). 

A summary of polymer properties including composition, conversion, MW, and 

dispersity is included in Table 1. 

 

Table 5.1. Summary of polymer properties. 

Polymer name DMAEA 
Monomer Feed 

(mol%)a 

DMAEA Copolymer 
Composition 

(mol%)a 

Conv. 
(%)a 

Mnb 

(kg/mol) 
Đb 

PDMAEA 100 100 91 15.3 2.12 
PDMAEA-30k 100 100 95 31.2 1.25 

PBDMAPA - - 77 9.1 1.49 
PDEMEA - - 67 15.2 2.11 

PDA58 49 58 42 33.5 1.81 
PDH77 83 77 25 7.3 1.79 
PDH46 50 46 50 7.3 1.56 
PDH19 21 19 82 9.3 3.35 
PHEA - - 97 1.5 1.46 

a Data obtained from 1H NMR analysis. b Data obtained from GPC analysis with 1 M 
acetic acid-acetate at pH 4.8 as the mobile phase using PEG standards for MW calibration. 
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5.4.2. Hydrolysis of PDMAEA – Effect of pH 

 The hydrolysis of simple esters like ethyl acetate (EtAc) has a strong dependence 

on pH, and exhibits a V-shaped log kobs vs. pH plot where acid- and base-catalyzed 

processes dominate on the low and high pH sides of the minimum, respectively (Figure 

5A.25).29,30,31 N,N-Dimethylaminoalkyl esters, such as DMAEA and DMAE isobutyrate 

(DMAEIB), also show pH-dependent hydrolysis but their log kobs vs. pH plots are slightly 

more complex as protonation of the amino group, which occurs near the pKa (∼8.4), 

enhances hydroxide-catalyzed hydrolysis but slows acid-catalyzed hydrolysis (cf. EtAc) 

as shown in Figure 5A.25.5 Protonation of the dimethylamino group may make the 

DMAE unit a better leaving group, lead to increased hydroxide concentration near the 

ester, or enable H-bonding between the ammonium ion and ester group, as shown in 

Figure 5.1.5 But, protonation of the amino group could lead to electrostatic repulsion of 

protons that would retard hydrolysis at low pH when it is acid-catalyzed.  

The hydrolysis of PDMAEA was studied at various pH ranging from 13.31 to 0.31 at 

room temperature (22 °C), and the results are summarized in Figure 5.3. The initial pH 

value of each polymer solution was recorded after dissolution of the polymer in the 

buffer, and after any (minimal) pH adjustment back to target values. 
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Figure 5.3. Hydrolysis of PDMAEA at pH 13.31 to 0.31 at room temperature (22 °C). 
Natural pH refers to a 0.5 wt% solution of PDMAEA (free-base form) in unbuffered D2O. 

	  
The initial rates of hydrolysis were calculated from data at ≤20% hydrolysis for most of 

the curves shown in Figure 5.3. In the case of hydrolyses at pH 13.31 and 12.45, which 

were very rapid, the initial rate constants were obtained from data up to 50 % hydrolysis. 

The data showed linear pseudo-first order kinetics (Figures 5A.16-5A.18), and the 

obtained initial rate constants (kinitial) plotted as a function of pH are shown in Figure 5.4. 
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Figure 5.4. Log k vs. pH plot for initial pseudo first order rates (kinitial) of PDMAEA 
hydrolysis. 

 

The data in Figures 5.3 and 5.4 clearly show that the hydrolysis of PDMAEA is 

pH dependent with the initial rate falling by five orders of magnitude between pH 13.3 

and pH 3.9. This corresponds to hydrolysis half-lives of about 14 min and 2.7 years, 

respectively. The rate of hydrolysis increased with increasing pH at pH >4, in agreement 

with a hydroxide-mediated mechanism of ester hydrolysis under these conditions. The 

rate of hydrolysis appeared to reach a minimum around pH 3–4 and then increased again 

as pH was lowered further, which is consistent with an acid-catalyzed mechanism of ester 

hydrolysis at pH <3. The half-life obtained at pH 0.31 was approximately 9 days, which 

is on a similar timescale to the half-life of about 3.5 days at pH 7.05.  

The initial rates of hydrolysis obtained for PDMAEA in this study are similar to 

rates reported by Hennink and co-workers5 for the hydrolysis of the small-molecule 

analogue DMAEIB across the range of pH, both showing a minimum rate of hydrolysis 
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around pH 4 in addition to a slight shoulder in rates around pH 8 likely corresponding to 

the pKa of the ammonium (Figure 5A.25). At first glance, the similarity is not surprising 

because the repeat unit of PDMAEA is nearly identical to DMAEIB, however, polymeric 

esters are often much more resistant to hydrolysis than similar small-molecule esters. For 

instance, PDMAEMA is several orders of magnitude more stable to hydrolysis than the 

monomer.5 That this effect is not seen with the polyacrylate is thought to be due to 

reduced steric hindrance, and greater hydrophilicity along the polymer backbone, cf. the 

polymethacrylate. 

Figures 3 and 4 clearly show that the hydrolysis of PDMAEA is pH dependent as 

expected for such ester groups. The reports of pH-independent hydrolysis,23,27 were 

probably the result of inadequate pH control during dissolution and hydrolysis, in 

particular using solutions with too little buffer capacity to deal with the pH changes 

caused by dissolution of PDMAEA. A 1% solution of the free-base form of PDMAEA in 

neat, buffer-free D2O has pH 8.5–9 not 7. A similar pH (i.e., 8.5-9) would have been 

obtained when 30-40 mg of PDMAEA (210-280 µmol amine) was dissolved in 0.75 mL 

of a pH 5.5 acetate buffer in D2O (150 mM; 13.5 µmol acetic acid) because the solution 

has a 15-20-fold excess of amine wrt acid.23,27 The likely reason for reports of “pH 

independent” rates of hydrolysis is that each of the solutions had a similar pH, and one 

that was often quite different than the initial pH of the solvent or buffer system. 

The hydrolysis of PDMAEA in the free-base form in neat, commercial D2O was 

repeated in this study as described by others. The pH in the resulting solutions is 

sometimes described as "natural pH", and was measured by us to be 8.54 initially, drifting 
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up to 8.74 after about 5 days (~57 % hydrolysis). As seen in Figure 5.3, the hydrolysis at 

this natural pH in an un-buffered system overlays very closely with the 100 mM borate-

buffered system at pH 9.02. The drift from initial pH in this borate-buffered hydrolysis 

experiment did not exceed 0.1 pH units. Thus, it is useful to have sufficient buffering 

capacity to deal with potential changes in pH as the result of hydrolysis.   

 

5.4.3. Hydrolysis of PDMAEA – Extent of Hydrolysis 

 The initial rates of hydrolysis of PDMAEA observed here are very similar to those 

reported for the small-molecule analogue N,N-(dimethylamino)ethyl isobutyrate.5 

However, it was noticed in this study, as well as earlier ones, that PDMAEA hydrolysis 

slows dramatically as it approaches approximately 50–60 % hydrolysis at pH 7. This 

degree of hydrolysis corresponds to a polymer chain with approximately zero net charge 

at pH 7 (i.e., equal numbers of carboxylate and ammonium ions). This slowing near 50 % 

hydrolysis has been hypothesized to be due, in part, to the growing electrostatic repulsion 

of hydroxide anions by the carboxylates formed after DMAE ester hydrolysis.5,7,22,25 In 

contrast, at low pH where hydrolysis is acid-catalyzed, hydrolysis would not be expected 

to plateau because the polymer is cationic throughout polymerization and water is the 

principal nucleophile (Figure 5.5). Protonation of the esters in the acid catalyzed 

mechanism is likely more difficult than for simple neutral esters (small-molecule or 

polymeric) because of repulsion from the ammonium ions. The hydrolyses of PDMAEA 

at pH 7 and pH 0.31 were conducted at 70 °C as accelerated experiments to study the 

extent of hydrolysis, and the results are shown in Figure 5.6.  
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Figure 5.5. (A) Anionic repulsion of hydroxide anions may limit the extent of DMAEA 
hydrolysis at pH 7 under base-catalyzed mechanism. (B) Acid-catalyzed mechanism of 
hydrolysis at pH 0.3 involves neutral water as the nucleophile and decrease of proton– 
DMAEA electrostatic repulsion with progressive hydrolysis. 

	  

Figure 5.6. Hydrolysis of PDMAEA at pH 0.3 and pH 7 at 70 °C. 

 

The hydrolysis of PDMAEA at pH 7 was rapid initially but then slowed and reached a 

plateau near 60 %, similar to experiments at room temperature, however it took just a day 

due to the higher temperature. At pH 0.3, the initial rate of hydrolysis was slower than at 

pH 7 as expected from the rates obtained at room temperature. However, it did not 

plateau near 60 %, as seen at pH 7, and crossed the pH 7 curve reaching 88 % hydrolysis 

after 8 days. The main nucleophile at low pH is water, a neutral species, so the charge on 

the polymer and electrostatic repulsion are not important. At high pH, the hydrolysis rates 
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for polyacrylamides are called “auto-retarded” as the carboxylate anions formed initially 

repel the approach of more hydroxide.34,35 These results are consistent with the plateau in 

hydrolysis observed here for PDMAEA under more basic conditions being caused by 

repulsion of hydroxide anions by carboxylate units of the polymer. As the acid-catalyzed 

hydrolysis of PDMAEA neared completion, this suggests that the extent of hydrolysis for 

PDMAEA and related charge-shifting polymers can be controlled by pH, and the 

hydrolysis of such acrylic polymers may proceed quantitatively under strongly acidic 

conditions.  

It should be noted that the ionic strengths of the solutions varied somewhat over 

the pH range. The ionic strength of the solution has the potential to play an important role 

in both the rate and extent of PDMAEA hydrolysis as it can affect electrostatic 

interactions or polymer conformation. However, a previous study found little effect upon 

addition of up to 500 mM sodium chloride on the hydrolysis of APM-DMAEA 

copolymer with 88% DMAEA in a phosphate buffer (50 mM, pH 7) at 37 °C.6 

 

5.4.4. Hydrolysis of PDMAEA – Effect of MW 
	  
 The PDMAEA-30k was synthesized by RAFT polymerization to study the 

possible effect of MW and broad dispersity on hydrolysis. GPC traces for PDMAEA 

synthesized from conventional free radical (PDMAEA-15k) and RAFT polymerization 

are shown in Figure 5A.26 and the results of hydrolysis studies at pH 7 are shown in 

Figure 5A.27. Polymer MW and dispersity were not anticipated to have a significant 

effect as other studies have shown little effect on PDMAEA hydrolysis for MWs ranging 
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from about 3,000 to 10,000 g/mol.23,27 In the current study, the hydrolysis of PDMAEA-

30k showed the same initial rate of hydrolysis as PDMAEA-15k of lower MW and 

broader dispersity. After about 1 day, the hydrolysis of PDMAEA-30k appeared to follow 

the same trend as PDMAEA-15k, though slightly slower. The hydrophobic 

dithiobenzoate end group of PDMAEA-30k may cause a slight reduction to the 

hydrophilicity on average in the vicinity of the ester groups, leading to a decrease in the 

rate of hydrolysis. On the whole, the results suggest that MWs of up to ca. 30,000 g/mol 

do not significantly affect the rate of hydrolysis of PDMAEA, which is in agreement with 

previous studies.23,27 

5.4.5. Hydrolysis of PBDMAPA and PDEMEA: Effect of Dimethylamino Substituent 

 PBDMAPA and PDEMEA are analogues of PDMAEA with an additional tertiary 

amine in the side-chain. In PBDMAPA, the additional amine is in a symmetrical 

branched structure with the same proximity to the ester group, whereas the side-chain of 

PDEMEA is linear with the additional amine positioned further from the ester (Figure 

5.2). The polymers of these constitutional isomers were studied to extend our probe of the 

effect of pendant dimethylamino groups on the reactivity of the ester. The hydrolyses of 

PBDMAPA, PDMAEA, and PDEMEA, were conducted at pH 7, room temperature, and 

the results are shown in Figure 5.7. 
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Figure 5.7. Hydrolysis of PBDMAPA, PDMAEA, and PDEMEA at pH 7, 22 °C. 

 

The hydrolysis of PBDMAPA was much faster than for PDMAEA, approaching complete 

hydrolysis within several days. In contrast, the hydrolysis of PDEMEA is much slower 

than that of PDMAEA, reaching only about 16 % hydrolysis after 25 days. The initial 

rates of hydrolysis of PBDMAPA and PDEMEA obtained within the first 20 % 

hydrolysis showed reasonably linear pseudo-first order kinetics (Figure 5A.28 and 

5A.29). The initial rate of hydrolysis of PBDMAPA was more than 500 times faster than 

PDEMEA and more than 20 times faster than PDMAEA. The stark difference in the rate 

of hydrolysis of the constitutional isomers was surprising. The branched structure of the 

side-chain of BDMAPA units may allow both dimethylamino groups to interact with the 

ester, or it is possible that interaction with neighboring or more remote ester groups 

becomes more likely. The proximity of both amino groups to the backbone may result in 

a more polar environment around the ester groups. In contrast, the linear structure of the 

DEMEA side-chain makes the inner amino group more sterically hindered while 
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interaction of the terminal amino group with the ester would require the formation of an 

8- or 10–membered ring. These results suggest that the hydrolysis of DMAE esters is 

strongly influenced by the intra-molecular interaction of the dimethylamino group with 

the ester. This may in future be tested further by probing the reactivity of more sterically 

hindered dialkylaminoethyl acrylates. 

 Another possible reason for the slow hydrolysis of PDEMEA was revealed in the 

1H NMR spectrum of the polymer in D2O at pH 3-4 (Figure 5A.6). The chemical shift of 

the inner methyl group is significantly lower (ca. 2.5 ppm) than that for the terminal 

methyl groups (ca. 3.0 ppm), suggesting that the terminal amine is preferentially 

protonated. This amine may be in a more hydrophilic environment as it is further from the 

polymer backbone making it easier to protonate than the inner amine. This is in contrast 

to PBDMAPA, where the equivalent amino groups will spend an equal amount of time 

protonated. This is reflected in the 1H NMR spectrum of PBDMAPA (Figure 5A.4) as the 

signal for the methyl groups appears at ca. 3.0 ppm as a broad signal, which indicates 

protonation of the amine groups that is in rapid exchange with each other. For PDEMEA, 

having the ammonium cation at the terminal position suggests that there may be a 

correlation between the potential inductive effects of the ammonium cation and the 

reactivity of the ester, which may be another possible explanation for its decreased 

reactivity towards hydrolysis relative to PBDMAPA. This effect of the ammonium cation 

is in agreement with the comparison of DMAE esters relative to simple esters like EtAc 

(Figure 5A.25). Future work may involve probing the effects of methylated, quaternized 

ammonium derivatives of the PDMAEA, PDEMEA, and PBDMAPA, to study the 
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potential electron-withdrawing effects of the cation through induction in the absence of 

the acid and base interactions of the tertiary ammonium and amine with the ester. 

 

5.4.6. Effect of Comonomer on DMAEA Hydrolysis 

 Copolymers of DMAEA with acrylic acid (AA) and 2-hydroxyethylacrylate 

(HEA) were synthesized and their hydrolysis behavior was compared to that of a 

DMAEA/3-aminopropylmethacrylamide (APM) copolymer that was reported earlier. 

This allowed us to probe the effect of anionic, neutral/hydrophilic, and cationic 

comonomers, respectively, on the hydrolysis of DMAEA. The hydrolysis of P[DMAEA-

co-AA] (PDA), P[DMAEA-co-HEA] (PDH), and P[DMAEA-co-APM] (PAD) with 

DMAEA contents of 58, 46, and 49 mol%, respectively, was studied at pH 7 and room 

temperature (22 °C) (Figure 5.8). PAD49 had been synthesized and its hydrolysis reported, 

in a previous study.36 

	  

Figure 5.8. Hydrolysis over time of PDH46, PAD49, PDA58, and PDMAEA at pH 7, room 
temperature (22 °C). Data for PAD49 from ref.36 
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The hydrolysis of DMAEA within PDA58 was distinctly slower than in PDMAEA and the 

other copolymers, reaching only 14 % percent hydrolysis after 20 days. This was not 

surprising because at that point the copolymer had a composition of 50:50 DMAEA/AA, 

the same composition at which hydrolysis of the homopolymer PDMAEA reached a 

plateau. As discussed above, the origin of the limiting extent of hydrolysis of PDMAEA 

at pH 7 is further confirmed here by the slow hydrolysis of PDA58, emphasizing the effect 

of neighboring anionic groups on hydroxide-mediated ester hydrolysis. The net-charge of 

the polymer would also be close to neutral, which may result in a more hydrophobic, 

collapsed polymer conformation that would prevent hydroxide from attacking remaining 

DMAE esters.6,7 In addition to the electrostatic repulsion of hydroxide anions, the anionic 

carboxylates of AA units might ion-pair with the protonated dimethylammonium cation 

of DMAEA units, which may also disrupt the intra-molecular activation pathways of 

DMAE esters and slow hydrolysis. 

Dilution of the DMAEA with about 50% of neutral, hydrophilic HEA had little 

effect as the PDH46 hydrolysis curve overlays very closely with the PDMAEA curve 

(Figure 5A.30). This was somewhat surprising as it was anticipated that HEA 

comonomers would decrease the charge density on the polymer chain and reduce the 

impact of the negative charges formed during hydrolysis. PDH77 behaved similarly to 

PDH46, but PDH19, which has 81% HEA, allowed a greater extent of DMAEA hydrolysis 

after 21 days (61% vs. ∼50% for PDMAEA, PDH46 and PDH77). It was also interesting 

that there was little formation of ethylene glycol (<1%; Figure 5A.31) that would result 
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from the hydrolysis of 2-hydroxyethyl esters of HEA units. This suggests that the DMAE 

group does not promote the hydrolysis of neighboring esters. As a control, the 

homopolymer of HEA (PHEA) was studied at pH 7 in the presence and absence of 

triethylamine (~ 1 eq. relative to HEA units). PHEA did not show significant signs of 

hydrolysis after 20 days in either case (Figure 5A.31), suggesting that tertiary amines 

(ammonium ions) that are not attached to the polymer do not catalyze ester hydrolysis 

under these conditions. Thus, the hydrolysis of DMAEA was not significantly affected by 

the presence of a neutral, hydrophilic comonomer. In addition, the presence of DMAEA 

does not appear to affect the stability of neighboring acrylate esters, suggesting that its 

hydrolysis may be promoted through intra-side-group interactions. This may also include 

increased reactivity of DMAE esters though inductive effects when in the positively 

charged ammonium form, potentially rendering the corresponding alcohol a better leaving 

group relative to ethylene glycol for HEA esters. 

 Interestingly, the hydrolysis of DMAEA within PAD49 showed a faster rate of 

hydrolysis relative to PDMAEA, likely because the polymer remains cationic throughout 

hydrolysis of the DMAEA groups, unlike PDH and PDA copolymers, which may attract 

hydroxide anions and facilitate further DMAE ester hydrolysis. The increased rate of 

DMAEA hydrolysis in PAD49 might also be due to the neighboring amide groups of 

APM, which are more hydrophilic than esters and further may hydrogen-bond with the 

DMAEA ester group. Reactivity ratios of 0.37 and 0.89 for DMAEA and APM, 

respectively,6 suggest that DMAEA units are likely to be next to APM units and thus may 

experience amide hydrogen-bonding interactions with the ester. Another possibility, 
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attack of the primary amine on the ester to form an amide and release DMAE, was 

examined in our previous study,6 but there was no evidence that this was an important 

pathway. The hydrolysis of PAD49 also examined at pH 5 where attack by a primary 

amine would be even less likely (Figure 5.9). 

	  

Figure 5.9. Hydrolysis of PAD49 and PDMAEA at pH 5, room temperature (22 °C). 

 

The hydrolysis of PAD49 and PDMAEA were slower at pH 5 than pH 7 as expected, 

however the hydrolysis of DMAEA within PAD49 remained significantly faster than in 

the homopolymer PDMAEA. These results suggest that the accelerated rate of DMAEA 

hydrolysis is not due to reaction with the primary amine, but instead is due to the higher 

cationic charge-density in the later stages of hydrolysis, increased backbone 

hydrophilicity, and/or H-bonding between the amide and ester groups. Future experiments 

to probe the accelerated rate of DMAEA hydrolysis within PAD copolymers will include 

copolymerization with the methacrylate version of APM to test the effect of the 

neighboring amide, as well as the tertiary amine and quaternary ammonium versions.   
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5.5. Conclusions 

 The hydrolysis of PDMAEA was studied in carefully pH-controlled experiments 

from pH 0 to 14, and was shown be highly pH dependent with half-lives ranging from 

years to minutes. The initial rates of PDMAEA hydrolysis closely matched rates observed 

for small-molecule analogue N,N-(dimethylamino)ethyl isobutyrate, however the extent 

of hydrolysis appeared to also depend on pH and ionization state of AA units that form on 

the polymer. This effect was further probed by studying the effect of comonomers on the 

hydrolysis of DMAEA. At pH 7, AA units decreased the rate of DMAEA hydrolysis, 

likely due to repulsion of hydroxide anions as well as possible electrostatic interaction of 

AA units with cationic dimethylammonium cations of DMAEA. The latter would disrupt 

the activation pathways of DMAE esters. Neutral and hydrophilic HEA as the 

comonomer did not affect DMAEA hydrolysis, whereas cationic APM accelerated the 

hydrolysis, which may be due to the higher net-cationic charge of the polymer that 

attracts hydroxide anions for further hydrolysis of DMAE esters. The effect of the 

dimethylamino group of DMAEA was probed with novel analogues, BDMAPA and 

DEMEA, which contain an additional amino group in the pendent side chain. The 

hydrolysis of PBDMAPA was much faster than PDMAEA likely due to the increased 

interaction of the additional amino group to the ester, whereas hydrolysis of PDEMEA 

was much slower, likely due to the increased steric hindrance of the inner amino group.  

The results of this report demonstrate the importance of pH and neighboring 

functional groups on the rate and extent of PDMAEA hydrolysis. The mechanism of 
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PDMAEA hydrolysis provides useful insight towards the application of such charge-

shifting polycations, as well as fundamental information to design degradable polymers. 
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5.8. Appendix 

	  

Figure 5A.1. 1H NMR spectrum of PDMAEA in D2O (pH 3-4) recorded at 600 MHz. 
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Figure 5A.2.	  1H NMR spectrum of PDMAEA by RAFT polymerization in D2O (pH 3-4) 
recorded at 500 MHz with 512 scans. End group analysis of dithiobenzoate group showed 
DP of approximately 254. 
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Figure 5A.3. 1H (A) and 13C (B) NMR spectra of BDMAPA in CDCl3 recorded at 600 
MHz. The protons at position e are diastereotopic, which leads to two distinct signals, 
each a doublet of doublets. 
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Figure 5A.4. 1H NMR spectrum of PBDMAPA in D2O (pH 3-4) recorded at 600 MHz. 
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Figure 5A.5. 1H (A) and 13C (B) NMR spectra of DEMEA in CDCl3 recorded at 600 
MHz. 
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Figure 5A.6. 1H NMR spectrum of PDEMEA in D2O (pH 3-4) recorded at 700 MHz. 

 
 
 
 



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   248 

 
Figure 5A.7. Instantaneous copolymer composition plot showing experimental data 
points (blue diamonds) from various DMAEA/HEA feed ratios. The solid black line 
shows the best fit of the copolymer equation to the experimental data obtained using the 
least squares method with the Solver tool in Microsoft Excel. Reactivity ratios were 
estimated to be r1 = 1.13 (DMAEA) and r2 = 0.94 (HEA).  

	  
Figure 5A.8. 1H NMR spectrum of PDH77 in D2O (pH 3-4) recorded at 600 MHz. 
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Figure 5A.9. 1H NMR spectrum of PDH46 in D2O (pH 3-4) recorded at 600 MHz. 

 

	  
Figure 5A.10. 1H NMR spectrum of PDH19 in D2O (pH 3-4) recorded at 600 MHz. 
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Figure 5A.11. 1H NMR spectrum of PHEA in D2O (pH 3-4) recorded at 600 MHz. 
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Figure 5A.12. Remaining mol fraction of DMAEA relative to AA throughout 
copolymerizations at 55 °C in DMSO-d6 as a function of total monomer conversion. 

 

	  
Figure 5A.13. Instantaneous copolymer composition plot showing experimental data 
points (blue diamonds) from various DMAEA/AA feed ratios. The solid black line shows 
the best fit of the copolymer equation to the experimental data obtained using the least 
squares method with the Solver tool in Microsoft Excel. Reactivity ratios were estimated 
to be r1 = 1.29 (DMAEA) and r2 = 0.49 (AA). 
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Figure 5A.14. 1H NMR spectrum of PDA58 in D2O (pH 3-4) recorded at 600 MHz. 

	  

	  
Figure 5A.15. A representative 1H NMR spectrum of PDMAEA hydrolysis at pH 7 with 
a sample calculation showing percent hydrolysis. 
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Figure 5A.16. Pseudo-first order kinetic plot of the initial rates of PDMAEA hydrolysis 
at pH 0.92, 2.00, 3.90, and 4.98	  at 22 °C. The y-axis shows the natural log of the ratio of 
initial ester concentration ([A]0) to the concentration of ester at time t ([A]). 

 
 

	  
Figure 5A.17. Pseudo-first order kinetic plots of PDMAEA hydrolysis at pH 7.05, 9.02 
and 0.31 at 22 °C. The y-axis shows the natural log of the ratio of initial ester 
concentration ([A]0)  to the concentration of ester after hydrolysis with time ([A]). 
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Figure 5A.18. Pseudo-first order kinetic plots of PDMAEA hydrolysis at pH 13.31, 12.45 
and 12.42 at 22 °C. The y-axis shows the natural log of the ratio of initial ester 
concentration ([A]0)  to the concentration of ester after hydrolysis with time ([A]). 

 

	  
Figure 5A.19. A representative 1H NMR spectrum of PBDMAPA hydrolysis at pH 7 
with a sample calculation showing percent hydrolysis. 

 

y	  =	  72.881x	  +	  0.016	  
R²	  =	  0.98348	  

y	  =	  21.434x	  +	  0.0127	  
R²	  =	  0.96879	  

y	  =	  30.294x	  +	  0.0066	  
R²	  =	  0.98361	  

0	  

0.1	  

0.2	  

0.3	  

0.4	  

0.5	  

0.6	  

0.7	  

0.8	  

0	   0.005	   0.01	   0.015	  

ln
[A
] 0
/[
A]
	  

Time	  (days)	  

pH	  13.31	  

pH	  12.45	  

pH	  12.42	  



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   255 

	  
Figure 5A.20. A representative 1H NMR spectrum of PDEMEA hydrolysis at pH 7 with 
a sample calculation showing percent hydrolysis. 

 

	  
Figure 5A.21. A representative 1H NMR spectrum of PDH50 hydrolysis at pH 7 with a 
sample calculation showing percent hydrolysis. The HEA esters remain largely intact as 
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there is little change in peaks j and k and only a tiny ethylene glycol peak (<1 %) (sharp 
singlet at 3.65 ppm). 

	  

	  
Figure 5A.22. GPC traces of PBDMAPA prepared by conventional free radical 
polymerization in 1,4-dioxane and by photopolymerization at 0 °C in benzene. The 
polymers have Mn values of approximately 2800 g/mol (Mp = 2900 g/mol) and 9100 
g/mol, respectively. Mn for the PBDMAPA polymerized in 1,4-dioxane is given as an 
estimate as the peak overlaps with the solvent peak after ~ 32 min. GPC traces similar to 
the one obtained for PBDMAPA made in 1,4-dioxane were seen for polymerization in 
acetonitrile, DMSO, and toluene. 
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Figure 5A.23. Joint confidence region at 95 % confidence level for reactivity ratios 
obtained for DMAEA/AA using a method described by Kitanidis et al.1  

	  
	  

	  
Figure 5A.24.	   Joint confidence region at 95 % confidence level for reactivity ratios 
obtained for DMAEA/HEA using a method described by Kitanidis et al.1	  
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Figure 5A.25. Log kobs vs. pH for hydrolysis of ethyl acetate,2,3,4 N,N-
dimethylaminoethyl isobutyrate (DMAEIB),5 and PDMAEA at ∼22-25 °C. van de 
Wetering et al found that the kobs for DMAEIB hydrolysis decreased ∼2.5-fold with a 10 
°C decrease in T, so their k values determined at 37 °C were divided by 2.5 to generate 
the ∼25 °C-curve shown in this figure. 

	  

	  
Figure 5A.26. GPC traces of PDMAEA prepared by conventional free radical 
polymerization and PDMAEA-30k prepared by RAFT polymerization. 
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Figure 5A.27. Hydrolysis of PDMAEA-15k by conventional free radical polymerization 
and PDMAEA-30k by RAFT polymerization at pH 7, room temperature (22 °C). 

	  

	  
Figure 5A.28. Pseudo-first order kinetic plot of PBDMAPA hydrolysis at pH 7 at 22 °C. 
The y-axis shows the natural log of the ratio of initial ester concentration ([A]0) to the 
concentration of ester after hydrolysis with time ([A]). 
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Figure 5A.29. Pseudo-first order kinetic plot of PDEMEA hydrolysis at pH 7 at 22 °C. 
The y-axis shows the natural log of the ratio of initial ester concentration ([A]0) to the 
concentration of ester after hydrolysis with time ([A]). 

 
 

	  
Figure 5A.30. Hydrolysis of DMAEA within PDH copolymers and PDMAEA at pH 7. 
PHEA showed less than 1 % ester hydrolysis after about 20 days at pH 7 as monitored by 
appearance of small-molecule ethylene glycol. 
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Figure 5A.31. 1H NMR spectrum of PHEA with ~ 1 mol eq. of triethylamine (TEA) 
added to model the tertiary amino group of DMAEA that is not covalently bound to the 
ester. After 20 days in 100 mM phosphate buffer pH 7.03 at room temperature, less than 1 
% of ethylene glycol (g) was measured.	  
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CHAPTER 6: Summary and Future Work 

6.1. Chapter 2 

	   Charge-shifting polycations based on copolymers of 2-(dimethylamino)ethyl 

acrylate (DMAEA) and 3-aminopropylmethacrylamide (APM), called PAD, were 

synthesized as building blocks for polyelectrolyte complexes with alginate. Hydrolysis of 

DMAEA within PAD copolymers showed kinetics that was dependent on pH, 

temperature, and copolymer composition. PAD copolymers of 8 and 30 kDa with varying 

compositions were synthesized by RAFT polymerization and used as coating materials 

with calcium alginate beads. PAD copolymers with MW of 30 kDa were shown to form 

capsule membranes over the lower MW copolymers that diffused throughout the alginate 

core. Hydrolysis of the coatings was demonstrated as the reduction in net cationic charge 

led to the dissociation of the polyelectrolyte complex with anionic alginate beads and 

PMSM polymer particles. Covalent crosslinking of PAD copolymers as polyelectrolyte 

complexes was demonstrated with THPC. The results of this chapter demonstrate that 

PAD copolymers may be used to efficiently form polyelectrolyte complexes, capable of 

covalent crosslinking, followed by hydrolysis to reduce net cationic charge of the 

material.  

 Future work may involve exploring other crosslinking mechanisms and the cyto- 

and bio-compatibility of alginate–PAD capsules.  

  



Ph.D. Thesis – Samantha Ros                 McMaster University – Department of Chemistry 

	   264 

6.2. Chapter 3 

	   The reactivity of polymers based on DMAEA was investigated with a novel 

analogue that introduced hydroxymethyl groups as part of the polymer backbone. The 

synthesis of 2-(Dimethylamino)ethyl 2-(hydroxymethyl)acrylate (DHMA) and the 

(co)polymerization of stable, alcohol-protected versions of DHMA was described. The 

hydrolysis of PDHMA was found to be very rapid in comparison to PDMAEA and 

PDMAEMA, which may be due to intra-molecular hydrogen-bonding interaction of the 

alcohol with the ester carbonyl via a 6-membered ring conformation in addition to 

increased hydrophilicity. The incorporation of the hydroxymethyl groups into the 

polymer backbone was used to tune the rate of hydrolysis by changing copolymer 

composition of DHMA and DMAEA. The work in this chapter highlight that the 

reactivity of acrylic esters is highly sensitive to neighboring groups though various 

hydrogen bonding, steric, hydrophilic, and hydrophobic interactions, which can be used 

to design degradable polymers. 

 Future work may explore copolymers of DHMA with comonomers such as 

DMAEMA and acrylic acid to further probe the mechanism of hydrolysis and properties 

of the polymers. Other derivatives of hydroxymethyl acrylates with varying pendant side 

chains may also be explored to probe reactivity of the ester with other functional groups 

in addition to potential applications involving controlled release of conjugated drugs. 	  
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6.3. Chapter 4 

 PAD copolymers with low to high compositions of DMAEA were synthesized by 

RAFT polymerization as described in Chapter 2 to study the effect of charge-shifting 

hydrolysis of the polycations as DNA delivery vehicles. The hydrolysis of PAD 

copolymers was conducted to model the intracellular environments of the cytoplasm at 

pH 7 and the endo-lysosomal vesicles at pH 5. Hydrolysis was found to be significantly 

slower at pH 5 than at pH 7, which suggests that DNA can be protected in polyplexes 

while in the endosome, and then potentially be released from the polyplexes after 

endosomal escape where charge-shifting hydrolysis can continue in the cytoplasm. HeLa 

cells exposed to PAD–DNA polyplexes were shown to have very high uptake efficiencies 

that exceeded PEI as the gold standard polycation for transfection. In addition, cells 

exposed to PAD copolymers with greater charge-shifting ability were shown to have 

improved viabilities 2 days after exposure relative to standard polycations. The results in 

this chapter provide fundamental hydrolysis kinetics not fully acknowledged in the 

literature for related charge-shifting polycations that may be useful in interpreting the 

intracellular fate of polycations. Further, it was demonstrated that charge-shifting 

polycations with initial high cationic charge density could efficiently condense and 

deliver DNA into cells and subsequently improve cytocompatibility after hydrolysis.  

 Future work may explore the gene knockdown efficiency with transfection of 

siRNA, in addition to studies that probe the intracellular fate of the polycation. Charge-

shifting polycations with faster rates of hydrolysis may also be explored to tune DNA 

release and cytocompatibility.  
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6.4. Chapter 5 

 PDMAEA was studied to probe the mechanism of hydrolysis as a function of pH 

and neighboring functional groups on the pendant side chain and of comonomers. The 

hydrolysis of PDMAEA was studied between pH 14 – 0, and showed clear pH 

dependence with half-lives based on initial rates ranging from years to minutes. These 

results are in stark contrast to numerous reports in the literature that claim pH 

independent hydrolysis. This disparity was addressed in this chapter, and was likely due 

to poor pH control with too little or no buffer present for the conflicting studies. The 

extent of hydrolysis was found to depend on the mechanism, as hydroxide mediated 

hydrolysis reaches a limiting extent of ~50-60 % due to the repulsion of the incoming 

nucleophile. The acid-catalyzed mechanism of hydrolysis was found exceed the limiting 

extent to reach ~90 % as there was no repulsion of the neutral nucleophile water. The 

hydrolysis of PDMAEA was further probed with novel analogues with an additional 

amine group in the pendent side chain, which showed a strong influence of the 

dimethylamino group of DMAEA and the interactions with the ester that result in its 

unique reactivity. It was further demonstrated that charge of comonomers strongly 

affected the rate of DMAEA hydrolysis at pH 7, as anionic groups repel hydroxide ions, 

preventing further hydrolysis, whereas cationic groups may attract hydroxide ions and 

promote hydrolysis. In addition, collapsed and swollen polymer conformations of the 

anionic and cationic copolymers, respectively, may affect the accessibility of the esters 

towards hydrolysis. The results of this chapter provide clear evidence of pH dependent 
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hydrolysis of DMAEA polymers, in addition to highlighting the sensitivity of 

polyacrylate ester reactivity with neighboring groups. 

 Future work may explore the effect of comonomers with other charges such as 

permanent quaternary ammonium cations and sulfonate anions, as well as the effect of 

(meth)acrylate and (meth)acrylamide comonomers on hydrolysis. The effect of other 

dialkylamines and trialkylammonium cations in the pendent side chain may also be 

explored. 

 

 


