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Abstract 

Polymers are extensively employed in drug delivery for a wide variety of purposes; 

specifically, the use of drug delivery systems which include bioadhesive polymers 

has been investigated for decades. Whilst there have been recent examples of 

phospholipid and cholesterol-based amphiphilic polymers for drug delivery and cell 

membrane modification purposes, no drug formulation based on membrane-

inserting polymers has proven successful when applied in vivo to more complex 

systems. 

An important aspect of this PhD work is that, although its overall aim was to design 

membrane-inserting polymers for drug encapsulation and release, it allowed for a 

thorough investigation of the interactions between membrane-inserting polymers 

and lipid bilayers. This aspect is critical for further progress in the membrane-

binding polymers field, as no previous study has conducted a systematic 

investigation on the effect that polymers with membrane inserting chain-ends 

have when they associate with lipid bilayer membrane. Accordingly, this PhD work 

describes the design, synthesis and characterisation of polymers presenting 

different membrane components such as cholesterol, a 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) phospholipid, at their alpha chain end, or multiple 

units of long fatty acid chains. These polymers were synthesised by reversible 

addition−fragmentation chain-transfer (RAFT) polymerisation with different chain 

lengths and by employing hydrophilic and functional monomers, to produce tools 

to explore polymer-membrane interaction.  

We demonstrated that amphiphilic polymers containing cell membrane lipids at 

their polymer chain-end readily interacted with lipid bilayer membranes, as 

confirmed by a range of in vitro experiments. Conversely, analogous hydrophilic 

control polymers missing those functional chain-ends showed a negligible degree 

of interaction with these membranes. Further elucidation of the mechanisms, 



 

iii 

 

kinetics and thermodynamics of these processes was achieved by investigating 

the interaction of the described polymers with synthetic model membranes. This 

thesis work further expanded on this aspect by also including an initial in silico 

modelling of these phenomena, providing an initial understanding of these 

polymer-membrane interactions. These also provide a structure-function 

relationship for the membrane-inserting materials synthesised in terms of their 

effect on membrane fluidity, kinetics and thermodynamics of membrane 

association and dissociation.  

As membrane-binding polymers could help retention of formulations in vivo 

following oral administration, we worked on two potential delivery systems. We 

first focused on nitrofurantoin, an antibiotic used to treat infections in the urinary 

tract with a fast intestinal absorption and fast elimination. The encapsulation 

experiments for this drug were based on the formation of an ionic interaction 

between the acid-bearing polymers and the drug, which contains a basic nitrogen 

atom. This approach yielded promising initial results, but inconsistencies in terms 

of reproducibility prompted the adoption of covalent drug encapsulation. For this 

purpose, we used mesalazine, an immunomodulatory drug employed in the 

treatment of inflammatory bowel diseases. We synthesised a mesalazine-bearing 

N-alkyl acrylamide monomer and employed this novel monomer to produce drug-

conjugated polymers. The membrane-interacting polymers loaded with 

mesalazine were still able to interact with membranes and showed a pH-

dependent drug release. 
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Chapter 1   

 Literature review and scope of the research 
 

This chapter will provide insight into the research question behind the research, 

and our approach to tackle current challenges in sustained oral drug delivery. 

Despite many efforts, currently there are no true long-acting (more than 48h 

sustained drug delivery) oral drug delivery systems. Therefore, a novel cell 

membrane binding approach, which conceptually mimics the mechanism by which 

in nature glycosylphosphatidylinositol anchors link proteins to biological barriers, 

was adopted for this study. In this study, membrane-binding polymers were 

designed and synthesised by RAFT polymerisation, which allows for precise control 

over the polymeric structure.  
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1 Introduction 

One of the most prominent issues for modern healthcare is the lack of patients’ 

adherence to prescribed dosing regimens. This is crucial for effective therapy1, 

particularly for the treatment of bacterial infections and chronic diseases. These 

therapies generally tend to be characterised by repeated administrations per day, 

often spanning weeks (antibiotics) up to years for chronic conditions management. 

The classic approach of repeated administrations often results in reduced patient 

compliance and thus efficacy of the treatment. In addition, improper dosing 

throughout a therapy leads to poor healthcare outcomes, and ultimately increase 

the rates of hospitalization. These factors account for an increase in healthcare 

spending, which could be avoidable if adherence to medications could be 

improved2. Long-acting formulations have therefore been extensively investigated 

for a wide variety of drugs, especially for the oral drug delivery route. 

Patient compliance would improve with the achievement of a controlled drug 

release platform, capable of delivering a treatment over the course of one day, or 

multiple days with one single administration3. Therefore, this would naturally 

increase the adherence to therapy (particularly for multi-dose drugs) and would 

benefit healthcare, especially in countries where no easy access to medication is 

available4. A single unit dosage form would allow the patients to receive the full 

treatment without the necessity for multiple interactions with the medication 

provider. Additionally, multiple unit dosage forms require repeated 

administrations before reaching a “steady-state” plasmatic level concentrations5, 

thus delaying the onset of beneficial effects for the patient.  

As it can be observed in the illustration in Figure 1.1, repeated administration of 

a multi-dose drug (red curve) causes fluctuations in the plasmatic concentration 

of the active. This approach to therapy can cause the plasmatic concentration to 

reach levels below the minimum effective concentration (MEC) to above the 



Chapter 1 

3 

 

minimum toxic concentration (MTC). These fluctuations in plasmatic concentration 

are influenced by ADME (Absorption, Distribution, Metabolism, Excretion), that 

can change intra- and inter-patient6–8. Controlled single unit dosage form (blue 

curve) ideally could help maintain the plasmatic concentration in the therapeutic 

window for a prolonged period of time9. 

Thanks to these advantages, there has been extensive research over the years in 

the field of extended drug release platforms. This is especially true for the 

treatment of difficult to manage conditions such as psychiatric disorders10 and 

epilepsy11. Over time, a wide variety of successful and unsuccessful approaches 

have been implemented: from solid implants12 to floatation stomach devices13, to 

mucoadhesive formulations14,15. 

 

1.1 Oral administration 

Oral administration represents the most widespread route for drug delivery, given 

its low invasiveness and high patient compliance16. Low sterility requirements and 

ease of production make oral administration also an industry-favourite, since it is 

the cheapest to manufacture17. However, it presents very well-known challenges, 

Figure 1.1 Graph showing the different plasmatic concentration profiles achieved by 
repeated administration of a drug (red curve) versus controlled release single unit 
administration (blue curve), in relation to minimum effective concentration (MEC) and 
minimum toxic concentration (MTC)  
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from variations in bioavailability18 (inter- and intra-patient) to rapid physiological 

transit time in the gastrointestinal (GI) tract19. Since the digestive system is 

subject to peristaltic movements that are physiologically used for the bolus transit, 

any formulation is transported downstream and excreted. This limits the residence 

time of oral formulations in the small intestine (where optimal drug absorption 

occurs) to 2-6 hours20, thus challenging the development of a long-acting oral 

drug delivery formulation. The total transit time for a formulation in the GI tract 

highly varies between individuals, and depends on the fed/fasted state of the 

subject (29.81 ± 14.52 h)20. The transit time of a formulation can highly influence 

the biodistribution of a drug, as different areas of the intestine offer different drug 

absorption characteristics21; as an example, shorter transit times in areas where 

absorption is high (such as the small intestine) can decrease the bioavailability for 

a drug22. Additionally, the mucus barrier present in the intestine is a significant 

hurdle for long-release formulations. This barrier is designed to protect the 

intestinal epithelium and –effectively- the body from exogenous particulate, such 

as pathogens and nanoparticles, while enabling the absorption of nutrients.  

To address these challenges and produce a long-lasting oral drug delivery 

formulation, different approaches have been explored. Some of these have shown 

promising results in vitro, but most did not produce the expected results when 

translated in vivo23. These are a prime example of the principle postulated by Tom 

Connors, where an elegant working hypothesis is only sometimes successful in 

the clinic24,25. 

 

1.1.1 Floatation devices 

These systems (Figure 1.2) have exploited floatation in order to achieve 

permanence in the stomach26, using gelling-effervescent polymers such as 

Eudragit E® and Carrageenan27. However, these systems could not achieve gastric 
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residence over 12 hours, and are heavily influenced by the variability in gastric 

content and the position assumed by the patient (supine or standing)28.  

 

Figure 1.2 Representation of a floating drug delivery device, showing the different phases 
of the process (A) penetration of the water through the external layers; (B) CO2 generation 
and floating; (C) dissolution and release of the drug. The representation also highlights the 
different structures: a) standard release solid formulation; b) effervescent layer; c) 
swellable layer and d) expanded swellable membrane layer and e) medium surface 
(Ichikawa et al.29) 

 

1.1.2 Janus mucoadhesive devices 

Another system – a mucoadhesive-omniphobic double-faced Janus device, with 

one side adhering to the mucus layer and the opposite side with non-interacting 

antifouling properties –  was designed to possess mucus adhesive properties to 

achieve prolonged gastric retention30 (Figure 1.3). This should have been 

achieved by mimicking natural bioadhesion mechanisms, through which bacteria 

accomplish residence in the GI tract31. However, this type of formulation failed to 

achieve the predicted long-acting drug delivery in vivo, despite the promising in 

vitro results. This could be explained by the rapid turnover rate of the enteric 

mucus (2 hours)32, as mucus adhering formulation tend to be removed by this 

physiological mechanism. 
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Figure 1.3 Schematic of a Janus adhesive-omniphobic device, (Lee et al.30). The omniphobic 
layer minimises interaction with particulate in the digestive tract, therefore minimising 
dislodgement. 

 

1.1.3 Swellable matrix tablets 

Swellable matrix tablets (Figure 1.4) are capable of achieving prolonged 

residence in the stomach by increasing in size when in contact with liquid33, and 

provide a steady drug release (zero order kinetics) from the resulting swollen 

matrix. These systems are usually formed by hydrophilic polymers34 or a 

combination of hydrophilic/hydrophobic polymers35. However, residence beyond 

24 hours is hindered by the physiological GI tract movements, which disrupt the 

settlement of these materials. 
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Figure 1.4 Representation of drug release from a swellable matrix solid dosage form, 
Timmins et al.36 . 

 

1.1.4 Osmotic pumps 

Another oral formulation used to achieve prolonged drug release is represented 

by osmotic pumps (Figure 1.5): due to their large size, these formulations are 

eliminated slowly by the digestive system and gradually release the contained 

drug37. Though many designs exist, their structure can be described as a hard 

shell (semi-permeable membrane) with a laser-drilled orifice and two internal 

layers. The upper layer, adjacent to the delivery orifice, consists of a formulation 

of the active pharmaceutical ingredient of choice, and a bottom polymeric push 

layer. Following oral administration the formulation gets in contact with bodily 

fluids, water gradually enters the osmotic pump formulation through the 

semipermeable membrane, and swelling of the bottom polymeric push layer 

slowly induces drug release through the delivery orifice. However, these systems 

cannot achieve residence beyond 24 hours and the release can be influenced by 

the composition of the gastric content28. This could result in potential toxicity if 

the system releases its contents too quickly, on in lack of efficacy if the system 

releases the drug too slowly. 
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Figure 1.5 Schematic representation of a simple osmotic pump system. 

 

1.1.5 Polymeric nanofibers 

Specific polymer solutions can be subject to electrospinning, which uses an 

electrical field to produce filaments of polymeric fibres38. This process can be 

tweaked to obtain nanofibers with specific architectures (Figure 1.6). Given the 

tuneable nature of polymers, these systems can be used to achieve longer 

permanence in the GI tract (through swelling and anchoring39) and to incorporate 

slowly-releasing drugs. However, the scaling up of these systems is problematic38 

and crystalline drugs might cause instability/heterogeneity in the filaments 

produced40. 

The aforementioned systems exemplify the abundant and ingenious approaches 

that have been implemented in the past for achievement of extended oral drug 

delivery. Recent approaches are focusing on the production of mucus penetrating 

formulations41 to elude the sweeping and protective functions performed by the 

mucus. 

Osmotic Pump Delivery Systems: How do they work?

Several types (with different architecture design) available

Polymeric push layer

Semipermeable
membrane

Drug core
Delivery orifice

Expanded push layer

BEFORE ADMINISTRATION DURING ADMINISTRATION

Drug release
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Figure 1.6 Schematic representation of drug-loaded polymeric nanofibres with different 
encapsulation procedures and release mechanisms (Torres-Martinez et al.42). 
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1.2 Project hypothesis – use of glycosylphosphatidylinositol 

anchors mimics to achieve prolonged formulation residence 

times 

The inspiration for this PhD work stems from a cell adhesion mechanism present 

in nature. In eukaryotic cells, a number of proteins are bound to membranes via 

glycosylphosphatidylinositol (GPI) anchors43,44. These structures (Figure 1.7) 

contain a phosphatidylinositol moiety (linked through the phosphate group to two 

or three long lipid chains), bound to a glucose/mannose oligosaccharide linker, 

which in turn is connected to the surface protein45. The types of known protein 

anchored to cell through GPI anchors are very diverse in nature and function, 

ranging from enzymes (alkaline phosphatase, acetylcholinesterase46) to mediators 

of cell-cell interaction (neural cell adhesion molecule47), and antigens (CD5248, 

 

Figure 1.7 Schematic representation of a GPI-anchored protein (not to scale), highlighting 
the defining structural elements for a GPI anchor. 
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Thy-149). The glycan linker of the anchor is highly conserved throughout the 

different GPI anchor classes, and except for the core glucosamine has a high 

degree of complex variations in carbohydrate composition45. However, when 

designing synthetic analogues of GPIs, the glycan may not be critical for 

membrane-binding50, as it appears to merely provide a means to covalently link 

the membrane-inserting lipid chains of GPIs to the protein, as well as to control 

the protein mobility on the membrane bilayer51. The anchoring moieties (lipid 

chains) can be highly varied in length, unsaturation and number of lipids (2 to 

3)45. 

The GPI anchor is added post-translationally to the proteins in the endoplasmic 

reticulum and the resulting GPI-anchored protein is transferred via vesicles to the 

plasmatic membrane52. These anchors are often located in more ordered domains 

of the cell plasma membrane53, and studies postulated that these are a 

fundamental component of lipid rafts54 (Figure 1.8). Recent studies have also 

shown that these glycosylphosphatidylinositol structures possess properties 

beyond simple anchoring of proteins to cell surface, and may be involved in cell 

signalling55 and even development of prionic diseases56.  

Figure 1.8 Schematic representation of cell membrane organisation highlighting lipid 
ordered domains (rafts, in green), with GPI-anchored proteins (in purple) 
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GPI anchors insert only partially in cell lipid bilayers of cells, as the lipid chains do 

not extend through the full membrane length and thus only interact with it 

relatively weakly, the anchored proteins associate with cell membranes in a 

reversible manner, and over time they can move from cell to cell45. This type of 

functionality has not been explored yet for drug delivery purposes and may 

represent a new approach in tackling the issue of producing an oral controlled 

drug release platform. Studies have demonstrated that externally-introduced GPI-

anchored proteins readily interact with cells.55,57 Therefore, an exogenous polymer 

equipped with GPI anchor mimicking moieties may be able to interact directly with 

the cell membrane and reside on it for extended periods of time. 
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1.3 Polymers 

This study aimed at producing formulations which, by mimicking the GPI 

membrane-anchoring mechanism, could prolong their residence time in the GI 

tract by adhering to intestinal epithelial cells. This will allow controlled drug release 

over an extended period of time. To achieve these goals, the choice of materials 

naturally fell on polymers. These materials are extensively used for drug delivery 

purposes, as their functionalities and physico-chemical properties can be tailored 

to grant the specifics required by each application. The extreme adaptability and 

tuneability of polymers is particularly suited for drug delivery application58: pH 

sensitive59, redox-responsive60, controlled targeted delivery61 and 

thermoresponsive62 polymers are few amongst the countless other examples. 

In previous literature, polymers equipped with membrane-interacting moieties 

have been investigated for a broad range of applications, from membrane 

functionalisation63 to drug delivery purposes64 (Table 1.1). Membrane-interacting 

polymers are usually designed with one or more lipophilic membrane anchors such 

as distearoyl phosphatidylethanolamine (DSPE) or cholesterol. These moieties can 

be placed at the polymer chain end65–67 or as part of the polymer repeating units68. 

Usually, these lipophilic groups are natural components of the cell membrane, 

such as cholesterol or phospholipids, and ideally enable rapid polymer interaction 

with target cell membranes. Dipalmitoyl phosphatidylethanolamine (DPPE) 

anchors have been used for the design of membrane-anchoring glycomaterials to 

understand the glycocalyx role in neural differentiation of cells69. 
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Table 1.1 Examples of membrane-interacting polymers in recent literature, employed for a 

variety of purposes 

Polymer 

Membrane

-binding 

moiety 

Purpose Ref 

 

DSPE 
Protein 

delivery 

65 

 

Cholesterol Drug delivery 64 

 

Palmitoyl 

Lysine 

Cell surface 

modification 

70 

 

Cholesterol Imaging 66 

 

DPPE 
Glycocalyx 

remodelling 

69 

 

DPPE 

GPI 

investigation 

50 
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Finally, work in the Bertozzi’s group extensively focussed on understanding the 

function of the GPI anchor45, and for this purpose have produced GPI-mimicking 

polymers51. Their efforts unveiled that the glycan core was not important for 

membrane interaction, and that the synthesised GPI-mimicking polymers were 

involved in cell lipid recycling50. 

The membrane-interacting moieties are lipophilic by nature, therefore the polymer 

backbone needs to be relatively hydrophilic to avoid poor solubility in physiological 

media and to decrease macrophage uptake71. As highlighted in the examples in 

Table 1.1, this is usually achieved by introducing a hydrophilic polymer such as 

polyethylene glycol (PEG, which is widely employed for its stealth properties72.  

For this study, we designed the polymers based on the concepts proposed by 

Ringsdorf73 (Figure 1.9), with the following characteristics: i)GPI-mimicking 

membrane-inserting moieties, to enable intestinal epithelial cell membrane 

binding, ii) ionisable groups (ionomers), to bind the drug molecules in a reversible 

manner through ionic interactions, and iii) hydrophilic repeating units, which 

improve the colloidal stability of the formulations in aqueous environments. The 

principles guiding the selection of monomers for this PhD work are in Chapter 2.  

 

Figure 1.9 Ringsdorf design model for pharmacologically active polymers, adapted from 
Ringsdorf, 197573. 
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1.3.2 Free radical polymerisation 

The materials synthesised in this work were prepared by controlled radical 

polymerisation (CRP). To better understand this class of polymerisation 

techniques, the mechanism of free radical polymerisation (Scheme 1.1) must be 

briefly discussed first. Free radical polymerisation utilises a source (homolitical 

initiator, light) that produces a radical (initiation), which in turn reacts with a C=C 

double bond in a vinyl monomer. This results in the formation of a new radical 

species, which in turn continues to react with other monomers in the same fashion 

in a process known as chain growth, or propagation74. The polymerisation ends 

when the growing chain reacts with another growing chain, resulting in either 

coupling when a new sigma bond is generated between these two chains to 

generate a new macromolecule with molecular weight equal to the sum of the 

reacting chains, or disproportionation when one of the two chains extract a 

hydrogen radical H. from the other, resulting in the oxidation of one chain ends 

and in the reduction of the other. This irreversible termination reactions lead to 

broadening of molecular weight distributions resulting in dispersity values Ð 

typically > 1.6. 

 

Scheme 1.1 Conventional free radical polymerisation reaction steps, from initiation to 
propagation to termination. 

 

Scheme 1.2 Conventional free radical polymerisation reaction steps, from initiation to 
propagation to termination. 
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1.3.3 Controlled radical polymerisation (CRP) 

CRPs, also known as “living” radical polymerisations, and reversible-deactivation 

radical polymerisation, allow for good control of polymer molar mass and low 

dispersity Ð by minimsing irreversible termination processes. This is achieved by 

establishing an equilibrium between the “active” and the “dormant” species in the 

growing polymer (Scheme 1.2).  

The equilibrium established proceeds in cycles, increasing the length of the 

growing polymer each time, resulting in a slow and controlled chain growth. The 

active species reacts with monomers, but the equilibrium is shifted towards 

dormant P-X species. Therefore, as illustrated in Equation 1.1, the ratio between 

rate of propagation (rp) and rate of termination (rt) depends on the concentration 

of monomer [M] and concentration of the active polymer [P·]. 

 

𝑟𝑝

𝑟𝑡

=
𝑘𝑝[𝑃 ·][𝑀]

𝑘𝑡[𝑃 ·]2
≅ 𝑘

[𝑀]

[𝑃 ·]
 

Equation 1.1 Dependence of the ratio between rp and rt on the monomer/active polymer 
concentrations. 

If the concentration of active radical species [P·] is low, the rate of termination is 

kept low; when the monomer starts to deplete, termination increases. Therefore, 

the equilibrium between active and dormant species helps preventing termination, 

which will start increasing the closer to 100% is the conversion rate. Additionally, 

when the reaction is complete and Pn-X is formed, the active Pn· species can be 

generated again by restarting the reaction with addition of more radical source for 

Scheme 1.3 Equilibrium between dormant (P-X) and active (P.) species in CRP reactions. 

 

Scheme 1.4 Equilibrium achieved in CRP reactions after initiation. 
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RAFT polymerisation, or additional monomer for NMP, ATRP and SET. This ability 

to resume the reaction from polymers made by CRP and elongate them allows for 

easy synthesis of block co-polymers75.  

1.3.4 RAFT polymerisation 

In this study, the synthesis of bespoke polymers was carried out by reverse 

addition-fragmentation chain transfer (RAFT) polymerisation76, a type of CRP77. 

The main difference that RAFT has over other reversible deactivation radical 

polymerisation (RDRP) processes is that this equilibrium involves a reversible 

fragmentation of a chain transfer agent (CTA), which acts here as the dormant 

species (Scheme 1.3). The CTA is a compound presenting a dithiocarbonyl 

moiety, which mediates the polymerisation process and is conserved through the 

process, allowing for design of polymers with discrete groups at the alpha and 

omega chain ends of the polymers.  

In RAFT polymerisation, the propagation process is dominant over irreversible 

termination, so it is possible to achieve very narrow distributions in molar mass 

of the polymers. Additionally, RAFT is a controlled radical polymerisation and 

therefore it creates chains that can be elongated by adding further monomer. 

Scheme 1.5 RAFT polymerisation initiation and equilibrium, showing the initiator I after 

activation transferring the radical to a monomer M, that propagates the reaction to form 
an initial Pn, which then reacts with the chain transfer agent (CTA) to start the equilibrium 
between active and dormant species. 
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Recent development of this technique reported by the Perrier group78 now allows, 

for highly reactive hydrophilic monomers, to reach conversions very close to 100% 

whilst maintaining high chain-end fidelity. This in turn allows for the synthesis of 

block copolymers by sequentially adding monomers once full conversion of the 

previous monomer has been achieved, avoiding lengthy purification – e.g. by 

precipitation and/or dialysis – of block copolymer intermediates. Unlike other 

RDRP processes, RAFT polymerisation uses radical initiators as a source of 

radicals. This allows fine control over the number of living chains generated by 

the initiation mechanism, and the number of “dead” chains can be limited by 

controlling the CTA/initiator ratio79. 

 

1.4 Encapsulation of drugs in polymeric formulations 

In order to encapsulate the drug and achieve a controlled release from the 

formulation, in this PhD work two different approaches were investigated: 

ionomeric coupling and covalent binding. 

 

1.4.1 Ionomeric encapsulation 

This type of encapsulation employs the formation of an acid-base pair between 

the drug and the polymer. This approach avoids the strategy of covalently binding 

the drug to the polymer chain80, which might alter the profile of the drug81 and 

requires additional testing to prove the efficacy and safety of the released drug. 

Ionomeric encapsulation can potentially be applied to a wide variety of drugs, as 

long as these possess suitable ionisable groups. Within our group it has been 

previously shown82 that by using 2-(methacryloyloxy)ethyl-3-chloro-4-

hydroxybenzoate monomers this approach can achieve sustained release of a drug 

from a formulation.  
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Due to its uniquely suitable characteristics, nitrofurantoin was chosen for the initial 

encapsulation tests with the polymers. This drug is an antibiotic which, despite 

having been in use for the treatment of urinary infections since 195383 has had 

“virtually no development of resistance”84. Additionally, it was chosen as model 

due to its currently quite unfavourable dosing regimen (4 administrations per 

day5) and the presence of a mildly basic nitrogen (pKa 7.285). Figure 1.10 

illustrates the interaction between nitrofurantoin and a polymer acid side chain. 

 

Figure 1.10 Schematic of the acid-base interaction between nitrofurantoin (in yellow) and 

the acidic side chain (red) of a polymer. 

 

Additional drugs that were initially considered for the system for a future 

implementation were flucloxacillin and acyclovir (Structures in Figure 1.11). Both 

drugs have characteristics similar to nitrofurantoin (demanding dosing regimen 

and ionisation capacity). Acyclovir has a basic functionality and needs to be 

administered 3–5 times per day5. Flucloxacillin possesses an acid moiety, which 

would be able to form ionic bonds with basic side chains present in a potentially 

developed polymer, and its dosing regimen is 4 times per day5. 
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Figure 1.11 Structures of Flucloxacillin (left) and acyclovir (right), two potential candidates 
for ionotropic encapsulation 

 

1.4.2 Covalent encapsulation 

During the later stages of this study, we decided to also investigate covalent 

encapsulation of drugs within the polymers. This approach can potentially modify 

the activity of the encapsulated drug due to the introduction of a novel covalent 

polymer-drug bond. However, as stated previously, this approach might cause an 

alteration in the toxicological and activity profiles of the drug81 and requires 

additional testing to prove the efficacy and safety of the released drug. 

 

Figure 1.12 Structure of Mesalazine (left) and the Mesalazine-based monomers previously 
employed in literature, methacryloyloxyethyl 5-amino salicylate (MOES) and N-

methacryloylaminoethyl 5-amino salicylamide (MAES) 

 

The drug chosen for covalent encapsulation is mesalazine (Figure 1.12), an 

immunomodulator salicylate5 that has been previously employed to produce 

mesalazine-based monomers (MAES and MOES, Figure 1.12) and successfully 

polymerised86,87.  
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1.5 Supramolecular aggregation and mucus 

Due to the amphiphilic properties of these membrane-inserting polymers, in water 

it is expected that above their critical aggregation concentration (CAC) they will 

tend to self-assemble into supramolecular aggregates.  

To interact with the membrane of intestinal epithelial cells, these supramolecular 

assemblies must cross the mucus. This physiological barrier has a three-

dimensional structure with pores roughly 100 nm diameter in size, hence mucus-

penetrating supramolecular aggregates need to be produced with smaller size. 

However, particle net charge is also important for effective diffusion through 

mucus pores. The presence of sialic acid and sulfonic acid moieties confers the 

mucus a net negative charge88. Therefore, mucus-penetrating aggregates with a 

positive charge tend to be immobilised in the mucus layer, while negatively 

charged aggregates are more capable of crossing this layer and interacting with 

the underlying epithelium89. 

 

1.6 Project aims and objectives 

This PhD project has two main aims: 

1) Utilise membrane-binding polymers as a novel approach to extended oral 

drug delivery and  

2) provide a better understanding on the effect that insertion of polymers has 

on the physico-chemical properties of lipid bilayers in both artificial and cell 

plasma membranes.  

To this aim, in this work novel membrane-inserting polymers have been designed 

to possess different membrane-interacting moieties (cholesterol, phospholipid and 

long chain hydrocarbons), as well as a control polymer devoid of membrane-

interacting fragments. The polymers were also designed to possess a hydrophilic 
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backbone with different functionalities (acid, hydrophilic) and different chain 

lengths.  

These polymers were employed in the characterisation of their interaction with 

cell membranes (Caco-2 cells) and synthetic bilayer membrane models. To the 

best of our knowledge studies focussing on the systematic characterisation of how 

the structure of membrane-inserting polymers affect their interaction with cells 

and cell membrane models are scarce, hence this PhD work addresses a current 

lack of information in this field. 

Finally, these membrane-inserting polymers were tested for their potential in drug 

delivery. These initial studies were carried out by ionomerically binding a 

nitrofurantoin to membrane-interacting polymers possessing multiple acid 

functionalities, and with the synthesis of membrane-interacting drug-polymer 

conjugates. 

 

Accordingly, these aims were achieved through the delivery of the following 

objectives: 

I. Design and synthesis of (co)polymers with different degrees of 

polymerisation, monomer composition and membrane-inserting anchor (or 

lack thereof) 

II. Testing these materials with Caco-2 cells to assess their effect on cell 

membrane fluidity, cell toxicity and polymer uptake 

III. Characterisation of the polymer-synthetic bilayer membrane interaction 

and proposal of a mechanistic model for the polymer-membrane 

interaction 

IV. Proof-of-concept synthesis of polymer-drug conjugates and confirmation 

of membrane interaction capabilities for these novel polymers. 
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Chapter 2   

 Synthesis and characterisation of membrane-
binding amphiphilic polymers 

 

This chapter will describe the synthesis and characterisation of the functional 

materials that have been used throughout the study: amphiphilic cholesterol-

based polymers, amphiphilic DOPE-based polymers, lipid monomer-based 

amphiphilic polymers and PABTC-based hydrophilic control polymers. These 

materials were chosen due to their potential for inserting in lipid bilayer 

membranes, with the PABTC-based polymers, devoid of membrane binding 

capabilities, used as a control materials. This chapter describes the synthesis and 

the characterisation of these (co)polymers, as well as their low molecular weight 

precursors, namely RAFT agents, monomers and a novel maleimide-based 

fluorescent dye used to fluorescently tag these materials. 
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2.1 Introduction 

As discussed in the first chapter, membrane-binding and specifically GPI-

mimicking polymers are materials that can be employed in a new approach to 

drug delivery, or to understand biological phenomena. Therefore, the first part of 

the project focused on the production and characterisation of these amphiphilic 

polymers, as well as “control” polymers, devoid of any membrane-interacting 

capability. 

The polymers were synthesised by RAFT polymerisation1,2, which allowed for the 

production of polymers with narrow dispersity and finely controlled chain length. 

Most importantly, this type of reversible-deactivation radical polymerisation 

(RDRP) allowed specific moieties to be placed at the alpha end of polymer chains, 

while leaving a thiocarbonylthio group at the other (omega) chain end, available 

for further chemical modification. Specifically, here amphiphilic polymers were 

produced with a cholesterol or with a 1,2-dioleyl-sn-glycero-3-

phosphoethanolamine (DOPE) moiety at the alpha end. These specific groups were 

chosen as both are found in natural and synthetic membranes and offered 

potential for interaction with cell membranes. Additionally, we produced an 

additional family of polymers where the percentage of lipophilic content could be 

tuned by co-polymerising a lipid-based monomer. 

This fine control over the polymer characteristics allowed us to synthesise 

polymers where both the nature and number repeating units per chain, as well as 

the type of moiety at the alpha chain end were systematically varied, explore the 

effect that these variations had on the polymer properties, such as supramolecular 

aggregation and interaction with cell membranes. Thus, in this part of our work 

we focused on: i) the nature of the membrane-inserting polymer chain end, ii) the 

chemical composition of the polymer chains, and iii) the degree of polymerisation 

of the polymer chains.  
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2.2 Materials and Methods 

2.2.1 Materials 

Reagents used for synthesis were purchased from Sigma-Aldrich (Dorset, UK), 

unless otherwise specified. Methanol, isopropanol, dichloromethane, diethyl ether, 

ethyl acetate, chloroform, tetrahydrofuran, petroleum ether, DMF were purchased 

from Fischer Scientific (Loughborough, UK). DOPE was purchased from Avanti 

Polar Lipids (Alabaster, Alabama). VA-044 was purchased from Wako Pure 

chemical Industries (Neuss, Germany). Propanoic acid-2-

[(butylthio)thiomethyl]thio]-carbonate (PABTC)-O-succinimide was previously 

synthesised by Dr Joshua Petch, and the cholesterol-based RAFT agent (1) was 

previously synthesised within our group by Dr Rosa Catania. 

 

2.2.2 Polymer purification 

Typically, to purify the polymers from unreacted monomers and reagents, the 

viscous or semi-solid reaction mixture was solubilised in the minimum amount of 

CH2Cl2:MeOH 6:5 vol:vol, and precipitated (in acetone, or tert-butyl methyl ether 

for DOPE-based polymers) in a falcon tube. The suspension was centrifuged (4500 

rpm, 10 min), the supernatant was removed, and the solid residue was dried 

under reduced pressure, then suspended in water, and purified by dialysis against 

4L deionised water for 2-3 days, changing the solvent every 12-24 h. The dialysis 

was carried out using an appropriately sized MWCO membrane (1, 2, 5 or 7 kDa) 

and finally the polymer solutions were freeze-dried.  

Where we utilised a lipophilic monomer (such as 5), the purification procedure 

was carried out with the same protocol, except for the dialysis. The solvent 

mixture employed for this process was water:acetone 1:1, to allow for removal of 

monomers with low aqueous solubility. 
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2.2.3 1H NMR analysis of polymers 

1H NMR Nuclear Magnetic Resonance spectra were recorded on a Bruker-AV 400 

at 400.13 MHz. The samples (14-18 mg) were solubilised in 0.7 mL of an 

appropriate solvent (DMSO-d6, CDCl3, D2O), transferred to NMR tubes and 

analysed. Chemical shifts (δ) were obtained in ppm calibrating the spectrum to 

the chemical shift of the solvent used. Coupling constants (J) are reported to the 

nearest 0.1Hz, with peak multiplicities and assignments. Mestrenova 12 was used 

to process the spectra. 

DP Degree of polymerisation (DP) was estimated by 1H NMR, comparing the 

integrals of specific groups at the polymer chain end to those of the CH2 and CH 

peaks in the polymer backbone (1.58 ppm and 2 ppm respectively). For the 

polymers synthesised with the DOPE RAFT agent (2), the three terminal CH3s at 

0.78 ppm were used as internal reference, with their integration set as 9. For 

polymers synthesised with the cholesterol RAFT agent (1), the signal used as 

reference was a cholesterol CH3 triplet at 0.64 ppm, with its integration set as 3. 

For the PABTC RAFT agent (3), the signal used as reference was that 

corresponding to a single CH3, 0.93 ppm), with integration set as 3. 

2.2.4 SEC analysis 

Polymer number-average molecular weight (Mn,SEC), weight-average molecular 

weight (Mw,SEC) and dispersity (Đ) were determined by Gel Permeation 

Chromatography (GPC), and calculated through Cirrus software and Microsoft 

Excel. 

SEC was carried out using and appropriate GPC apparatus, depending on the 

solubility of the polymer: 

i) Shimadzu GPC Prominence, LC-20AD (liquid chromatograph), SIL-20A HT 

(autosampler), RID 10A (Refractive index detector), CTO-20A (column oven). 2 

successive mixed-D columns. 30 degrees, eluent tetrahydrofuran (THF), 2% Et3N, 
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0.001% BHT. Software LCsolution (Shimadzu). PMMA standards (Agilent 

EasyVials) were used for conventional calibration between 500−955,550 g mol−1. 

Number-average molar mass (Mn,SEC) and dispersity (Đ) values of synthesized 

polymers were determined by using Cirrus GPC software;  

ii) Agilent 1260 Infinity, detector WYATT technology DAWN 8+. Software OpenLAB 

and Excel. Eluent HPLC water + 0.1 M NaNO3, stationary phase two Aquagel-OH 

columns. PEO/PEG standards (Agilent EasyVials) were used for conventional 

calibration between 162−6,035,000 g mol−1. Number-average molar mass (Mn,SEC) 

and dispersity (Đ) values of synthesized polymers were determined by using 

Agilent GPC software and Microsoft Excel ; 

iii) Polymer Laboratories PL-GPC 50, with PL-AS RT autosampler, Eluent 

dimethylformamide (DMF) + 0.1% LiBr, stationary phase 2 successive mixed-D 

columns. PMMA standards (Agilent EasyVials) were used for conventional 

calibration between 500−955,550 g mol−1. Number-average molar mass (Mn,SEC) 

and dispersity (Đ) values of synthesized polymers were determined by using 

Cirrus GPC software; and 

iv) SEC-HPLC. Analysis of fluorescently-tagged polymers was performed with a 

Shimadzu UFLC HPLC with a SPD-M20A Diode array detector (Deuterium and 

Wolframium) and a RF-10XL fluorescence detector (Xenon lamp). A SEC Aquagel-

OH column was used as stationary phase, while the mobile phase was HPLC-grade 

water. The fluorescence detector was set at λex = 377 nm and λem = 420 nm for 

MalPyr Blue polymers, and at λex = 560 nm and λem = 580 nm for Rhodamine 

polymers. 

2.2.5 Critical aggregation concentration determination 

This CAC determination method uses pyrene3 to determine whether the 

concentration level where a species forms supramolecular aggregates. The 

fluorescence emission spectrum of pyrene changes whether it is in a lipophilic or 
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hydrophilic solvent, with the ratio between two of its peaks (I1 and I3) changing 

with the solvation status of the molecule4. A saturated pyrene solution in HPLC-

grade water and 10 mg/mL polymer solutions were prepared. The fluorescence 

emission at λem = 373 nm and λem = 385 nm of the prepared pyrene-polymer 

solutions was measured, with a λex = 340 nm. The solutions were subject to serial 

dilution, using the saturated pyrene suspension, and subject to further 

fluorescence emission measurements.  

Plotting polymer concentration against I1/I3 results in two intersecting lines. By 

calculating the equations of the two lines, we calculated the intersection point 

between the two lines, which corresponded to the CAC. If, by plotting polymer 

concentration against I1/i3 against a species produces only one line for 

concentrations up to saturation, it was assumed that the species was not capable 

of forming supramolecular aggregates.  

 

2.2.6 Synthesis of DOPE RAFT agent (2) 

 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 257 mg, 1 eq, 0.345 

mmol) was solubilised in chloroform (15 mL) in a round-bottom flask and N-

methylmorpholine was added (209 mg, 228 μL, 6 eq, 2.30 mmol). PABTC-O-

succinimide (570 mg, 2.2 eq, 0.690 mmol) was solubilised in chloroform (25 mL) 

and added dropwise under stirring to the first solution, at room temperature. The 

reaction was left stirring for 7 days, progress was monitored by 1H NMR. At 

completion the impurities were extracted with acidified (pH 3.9) water (3x40 mL). 
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The organic phase was dried under reduced pressure to obtain DOPE RAFT agent 

(2) as a bright yellow, sticky oily residue (397 mg, 53% yield).  

ESI-MS (expected m/z [M]- 962.55, found 962.54). 

1H NMR (400 MHz, DMSO-d6) δ 8.77 (t, J = 5.3 Hz, 1H, NH), 5.31 (t, J = 4.9 Hz, 

4H, CH=CH), 5.08 (dq, J = 8.3, 4.8 Hz, 1H, glycerol CH), 4.68 (dq, J = 14.6, 7.1 

Hz, 2H, glycerol CH2-OC=O), 4.27 (dd, J = 12.1, 3.1 Hz, 1H, glycerol CH2-OPO3), 

4.07 (dd, J = 12.0, 7.1 Hz, 1H, glycerol CH2-OPO3), 3.72 (tq, J = 20.1, 6.1 Hz, 

8H, CH2s ethanolamine linker + N-methylmorpholine impurity), 3.21 (q, J = 5.7 

Hz, 2H, CH2-S), 2.90 (d, J = 5.1 Hz, 4H, N-methylmorpholine impurity), 2.57 (s, 

4H, N-methylmorpholine impurity), 2.34 – 2.17 (m, 4H, CH2-COO), 1.97 (q, J = 

6.3 Hz, 8H, allylic CH2s), 1.62 (pd, J = 7.4, 4.3 Hz, 4H, CH2s β to carbonyl), 1.49 

(dd, J = 12.9, 7.2 Hz, 9H, CH2 alkyl chains + CH2 β to trithiocarbonate), 1.41 – 

1.33 (m, 2H, CH2 γ to trithiocarbonate), 1.32 – 1.15 (m, 37H, CH2 alkyl chains), 

0.92 – 0.78 (m, 12H, terminal CH3s). 

13C NMR (101 MHz, DMSO) δ 223.30 (CS3), 172.94, 172.70 (COO), 172.03 

(COO), 169.67 (CONH), 130.07 (CH=CH), 130.01 (CH=CH), 70.81+ 70.74 

(glycerol CH), 64.54 (glycerol CH2OP), 53.56 (ethanolamine CH2OP), 50.48 

(glycerol CH2OCO), 48.87 (CH-S), 43.92 (CH2NH), 36.52 (CH2COO), 34.03 

(CH2COO), 33.86 (CH2 alkyl chain), 31.77 (CH2S), 30.07 (CH2 β to 

trithiocarbonate), [29.61, 29.59, 29.33, 29.18, 29.13, 29.08, 29.02, 28.99, 

28.93, 28.91, 27.09 (CH2s alkyl chain)], 27.05 (allylic CH2s), 24.94 (CH2 β to 

carbonyl), 24.87 (CH2 β to carbonyl), 22.58 (CH2s alkyl chain), 21.91 (CH2 β to 

trithiocarbonate), 17.38 (CH3 β to trithiocarbonate), 14.39 (terminal CH3), 13.89 

(terminal CH3), 13.87 (terminal CH3 δ to trithiocarbonate) 

FT-IR: 1750 cm-1 ester C=O stretching, 1680 cm-1 secondary amide C=O 

stretching,1150 cm-1 trithiocarbonate, 1050 cm-1 phosphate P=O stretching. 
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2.2.7 Polymerysations mediated by cholesterol RAFT (1) (Ultrafast) 

 

In a typical polymerisation reaction, cholesterol-RAFT agent (1) was solubilised 

in toluene in the reaction vessel (Schlenk tube), then the chosen monomer(s) was 

solubilised in deionised water (2M monomer concentration) and added to the 

toluene solution (toluene:water 1:1 vol:vol). The exact initial co-monomer ratios 

were determined at this stage by 1H NMR analysis of an aliquot taken from the 

reaction mixture. An appropriate volume of a 2.0 mg/mL aqueous stock solution 

of VA-044 radical initiator (1:0.01 RAFT agent:initiator mol:mol) was added. The 

exact reagents ratio for all polymerisation reactions is shown in Table 2.1. The 

vessel was then closed with a rubber seal, cooled to 0 °C, and degassed by N2 

bubbling for 15 minutes. The Schlenk tube was then heated up to 100 °C, under 

vigorous stirring. After 15 minutes, the reaction was stopped by rapid cooling (ice 

bath) and exposure to air. Finally, the reaction solution was analysed by 1H NMR 

to determine the final monomer conversion. If the target conversion was not 

reached, the reaction mixture was subject to degassing, addition of fresh initiator 

and heating to 100 °C. 
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Table 2.1 Polymerisation table for ultrafast RAFT polymerisations 

a Degree of polymerisation (DP) chosen for the polymer. b Targeted m/r ratios for the key components 
of a RAFT polymerisation (CTA, monomers and initiator) 

 

  

Code 

Chol-

[(HEA)100%]108 

Chol-

[(HEA)90%-r-

(AAPA)10%]140 

Chol-

[(AA)100%]123 

Chol-

[(HEA)90%-r-

(AA)10%]51 

Chol-

[(HEA)70%-r-

(AA)30%]52 

Chol-

[(HEA)50%-r-

(AA)50%]70 

DPtargeted 
a 100 100 100 50 50 50 

Monomers (mg) HEA (2.53 g) 

HEA (805) 

AAPA (111) 

AA (286) 

HEA (244) 

AA (17.0) 

HEA (164) 

AA (44.1) 

HEA (117) 

AA (73.5) 

CTA 1 (mg) 230 81.3 41.6 49.3 42.7 42.7 

VA-044 (mg) 0.711 0.251 0.129 0.152 0.132 0.132 

Toluene (mL) 10.9 3.88 1.99 1.18 1.02 1.02 

H2O (mL) 8.36 3.76 1.64 1.08 0.911 0.882 

CTA:monomers:initiator 

(targeted m/r ratios) b 

1:100:0.01 1:100:0.01 1:100:0.01 1:50:0.01 1:50:0.01 1:50:0.01 
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2.2.8 Single-phase polymerisations mediated by Cholesterol RAFT (1) 

 

In a typical polymerisation reaction, cholesterol-RAFT agent (1) was solubilised 

in DMSO in the reaction vessel (Schlenk tube, or scintillation vial), then the chosen 

monomer(s) was solubilised in deionised water (2M monomer concentration) and 

added to the DMSO solution (DMSO:water 4:1 vol:vol). The exact initial co-

monomer ratios were determined by 1H NMR analysis of al aliquot withdrawn from 

the reaction mixture. An appropriate volume of a 2.0 mg/mL aqueous stock 

solution of VA-044 radical initiator the initiator (VA-044, 1:0.025 CTA:initiator 

ratio mol:mol) was added. The exact ratio for all polymerisation reactions is shown 

in Table 2.2. The vessel was then closed with a rubber seal, cooled to 0 °C, and 

degassed by N2 bubbling for 15 minutes. The Schlenk tube was then heated up to 

70 °C, under vigorous stirring. After 2 hours, the reaction was stopped by rapid 

cooling (ice bath) and exposure to air. Finally, the reaction solution was analysed 

by 1H NMR to determine the final monomer conversion. If the target conversion 

was not reached, the reaction mixture was subject to degassing, addition of fresh 

initiator and heating to 70 °C. 
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Table 2.2 Polymerisation table for single-phase RAFT polymerisations mediated by 1 

Code 

Chol-

[(HEA)90%-r-

(AA)10%]105 

Chol-

[(HEA)70%-r-

(AA)30%]94 

Chol-

[(HEA)100%]52 

Chol-

[(HEA)90%-r-

(AAPA)10%]50 

Chol-

[(AA)100%]54 

DPtargeted 
a 100 100 50 50 50 

Monomers (mg) 

HEA (397) 

AA (27.6) 

HEA (422) 

AA (113) 

HEA (206) 

HEA (196) 

AAPA (27.1) 

AA (185) 

CTA 1 (mg) 40.1 54.8 37.4 39.6 53.6 

VA-044 (mg) 0.310 0.423 0.289 0.306 0.414 

H2O (mL) 0.383 0.524 0.179 0.189 0.256 

DMSO (mL) 1.533 2.095 0.715 0.757 1.02 

CTA:monomers:initiator 

(targeted m/r ratios) b 

1:100:0.025 1:100:0.025 1:50:0.025 1:50:0.025 1:50:0.025 

a Degree of polymerisation (DP) chosen for the polymer. b Targeted m/r ratios for the key components 
of a RAFT polymerisation (CTA, monomers and initiator) 
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2.2.9 Polymerisations mediated by DOPE RAFT (2)  

 

In a typical polymerisation reaction, DOPE-RAFT agent (2) was solubilised in 

DMSO in the reaction vessel (Schlenk tube, or scintillation vial), then the chosen 

monomer(s) was solubilised in deionised water (2M monomer concentration) and 

added to the DMSO solution (DMSO:water 4:1 vol:vol). The exact initial co-

monomer ratios were determined by 1H NMR analysis of al aliquot withdrawn from 

the reaction mixture. An appropriate volume of a 2.0 mg/mL aqueous stock 

solution of VA-044 radical initiator the initiator (VA-044, 1:0.025 CTA:initiator 

ratio mol:mol) was added. The exact ratio for all polymerisation reactions is shown 

in Table 2.3. The vessel was then closed with a rubber seal, cooled to 0 °C, and 

degassed by N2 bubbling for 15 minutes. The Schlenk tube was then heated up to 

70 °C, under vigorous stirring. After 2 hours, the reaction was stopped by rapid 

cooling (ice bath) and exposure to air. Finally, the reaction solution was analysed 

by 1H NMR to determine the final monomer conversion. If the target conversion 
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was not reached, the reaction mixture was subject to degassing, addition of fresh 

initiator and heating to 70 °C. 

Table 2.3 Polymerisation table for single-phase RAFT polymerisations mediated by 2 

Code 

DOPE-

[(HEA)100%]47 

DOPE-

[(HEA)50%-r-

(AA)50%]48 

DOPE-

[(HEA)90%-r-

(AA)10%]30 

DOPE-

[(AA)100%]42 

DPtargeted 
a
 50 50 50 50 

Monomers (mg) HEA (312) 

HEA (145) 

AA (90.7) 

HEA (186) 

AA (46.4) 

AA (168) 

CTA 2 (mg) 52.3 48.5 62.4 45.0 

VA-044 (mg) 0.439 0.407 0.523 0.377 

H2O (mL) 0.271 0.126 0.162 0.234 

DMSO (mL) 1.09 0.503 0.648 0.934 

CTA:monomers:initiator 

(targeted m/r ratios) b 

1:50:0.025 1:50:0.025 1:50:0.025 1:50:0.025 

a Degree of polymerisation (DP) chosen for the polymer. b Targeted m/r ratios for the key components 
of a RAFT polymerisation (CTA, monomers and initiator) 
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2.2.10 Polymerisations mediated by PABTC RAFT (3)  

 

In a typical polymerisation reaction, PABTC RAFT agent (3) was solubilised in 

DMSO in the reaction vessel (Schlenk tube, or scintillation vial), then the chosen 

monomer(s) was solubilised in deionised water (2M monomer concentration) and 

added to the DMSO solution (DMSO:water 4:1 vol:vol). The exact initial co-

monomer ratios were determined by 1H NMR analysis of an aliquot withdrawn from 

the reaction mixture. An appropriate volume of a 2.0 mg/mL aqueous stock 

solution of VA-044 radical initiator the initiator (VA-044, 1:0.025 CTA:initiator 

ratio mol:mol) was added. The exact ratio for all polymerisation reactions is shown 

in Table 2.4 and Table 2.5.  The vessel was then closed with a rubber seal, 

cooled to 0 °C, and degassed by N2 bubbling for 15 minutes. The Schlenk tube 

was then heated up to 70 °C, under vigorous stirring. After 2 hours, the reaction 

was stopped by rapid cooling (ice bath) and exposure to air. Finally, the reaction 

solution was analysed by 1H NMR to determine the final monomer conversion. If 

the target conversion was not reached, the reaction mixture was subject to 

degassing, addition of fresh initiator and heating to 70 °C. 
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Table 2.4 Polymerisation table for single-phase RAFT polymerisations mediated by the 

PABTC RAFT agent 3, 50 DP polymers 

Code 

PABTC-

[(HEA)100%] 

50 

PABTC-

[(HEA)90%-r-

(AAPA)10%]46 

PABTC-

[(AA)100%]37 

PABTC-

[(HEA)90%-

r-

(AA)10%]45 

PABTC-

[(HEA)70%-

r-

(AA)30%]44 

PABTC-[(HEA)50%-

r-(AA)50%]49 

DPtargeted 
a 50 50 50 50 50 50 

Monomers (mg) HEA (665) AA (425) 

HEA (464) 

AAPA 

(64.0) 

HEA (731) 

AA (99.5) 

HEA (472) 

AA (248) 

HEA (389) 

AA (477) 

CTA 3 (mg) 27.5 28.1 21.3 33.6 27.9 32.2 

VA-044 (mg) 0.934 0.954 0.723 0.456 0.379 0.437 

H2O (mL) 0.578 0.590 0.403 0.635 0.410 0.338 

DMSO (mL) 2.31 2.36 1.61 2.54 1.64 1.35 

CTA:monomers:initiator 

(targeted m/r ratios) b 

1:50:0.025 1:50:0.025 1:50:0.025 1:50:0.01 1:50:0.01 1:50:0.01 

a Degree of polymerisation (DP) chosen for the polymer. b Targeted m/r ratios for the key components 
of a RAFT polymerisation (CTA, monomers and initiator) 
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Table 2.5 Polymerisation table for single-phase polymerisations mediated by 3, 100 DP 

polymers 

Code 

PABTC-

[(HEA)100%]80 

PABTC-

[(HEA)90%-r-

(AAPA)10%]81 

PABTC-

[(HEA)90%-r-

(AA)10%]75 

PABTC-

[(HEA)70%-r-

(AA)30%]80 

DPtargeted 
a 100 100 100 100 

Monomers (mg) HEA (929) 

HEA (888) 

AAPA (123) 

HEA (1.39 g) 

AA (96.6) 

HEA (863) 

AA (232) 

CTA 3 (mg) 19.2 20.4 31.9 25.5 

VA-044 (mg) 0.261 0.277 1.08 0.866 

H2O (mL) 0.807 0.771 1.21 0.750 

DMSO (mL) 3.23 3.08 4.82 3.00 

CTA:monomers:initiator 

(targeted m/r ratios) b 

1:100:0.01 1:100:0.01 1:100:0.025 1:100:0.025 

a Degree of polymerisation (DP) chosen for the polymer. b Targeted m/r ratios for the key components 
of a RAFT polymerisation (CTA, monomers and initiator) 
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2.2.11 Synthesis of 3- acrylamido propanoic acid (3-AAPA, 4) monomer 5 

 

Beta alanine (6.00g, 1 eq, 0.0678 mol) and NaOH (2.98 g, 1.1 eq, 0.0746 mol) 

were solubilised in water (54 mL) in a round-bottom flask, and the resulting 

solution was cooled with an ice bath. Acryloyl chloride (6.75 g, 1.1 eq, 0.0746 

mol, 6.06 mL) was diluted in THF (10 mL) and the resulting solution was added 

dropwise to the reaction vessel. The reaction completion was monitored by 1H 

NMR for appearance of the amide peak at 8.27 ppm. The reaction mixture was 

acidified to pH 2 using 0.1 N HCl) and extracted with ethyl acetate (3 x 80 mL). 

The organic layers were combined and dried over MgSO4. Petroleum ether was 

added to the solution until a white precipitate was formed, to be then collected by 

filtration. The white-solid that formed was dried in a desiccator under vacuum 

overnight to obtain white transparent crystals (4.71 g, 48% yield).  

ESI-MS: expected m/z [M+H]+ 144.065, found 144.065. 

1H NMR (400 MHz, DMSO-d6, ppm): 11.47 (s, 1H, COOH), 7.35 (t, J = 5.7 Hz, 

1H, NH), 5.48 – 5.32 (m, 1H, CH2=CH), 5.30 – 5.20 (m, 1H, CH2=CH), 4.74 (dd, 

J = 10.1, 2.3 Hz, 1H, CH=CH2), 1.59 (t, J = 6.8 Hz, 2H, CH2 α to COOH). 

13 C NMR (400 MHz, DMSO-d6, ppm): 173.33 (COOH), 165.10 (CONH), 131.17 

(CH=CH2), 125.54 (CH2=CH), 35.30 (CH2NH), 34.22 (CH2COOH). 
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2.2.12 Synthesis of 2-acrylamido palmitate (2-AP, 5)  

 

Hydroxyethyl acrylamide (12.9 g, 1 eq, 0.112 mol) was solubilised in 

dichloromethane (30 mL) in a round-bottom flask. DMAP (6.58 g, 0.5 eq, 0.0560 

mol) and triethylamine (22.7 g, 2 eq, 0.224 mol, 31.2 mL) were added dropwise 

to the stirring solution and the reaction mixture was brought to 0 °C with an ice 

bath. A solution of the palmitoyl chloride (15.4 g, 0.5 eq, 0.0560 mol, 17.0 mL) 

in dichloromethane (20 mL) was added dropwise to the stirring solution, and left 

to react overnight. The reaction mixture was  extracted with acidified brine (HCl 

to acidify, pH 2) and DCM (3x50 mL). The organic fractions were collected, and 

the solvent was removed under reduced pressure (max 30°C) until half of the 

solvent was removed. The resulting flution was then kept at 4°C without stirring 

overnight. The resulting white precipitate was collected by filtration (25.2 g, 63% 

yield).  

ESI-MS: expected m/z [M+Na]+ 376.28, found 376.282. 

1H NMR (400 MHz, Chloroform-d): 6.27 (dd, J = 17.0, 1.5 Hz, 1H, vinylic CH2), 

6.10 (dd, J = 17.0, 10.2 Hz, 1H, vinylic CH2), 5.64 (dd, J = 10.2, 1.5 Hz, 1H, 

vinylic CH), 4.19 (t, J = 5.3 Hz, 2H, ethanolamine linker CH2-O), 3.59 (q, J = 5.5 

Hz, 2H, ethanolamine linker CH2-NH), 2.29 (q, J = 6.6, 5.7 Hz, 2H, α CH2), 1.61 

(q, J = 7.3 Hz, 2H, β CH2), 1.24 (s, 25H, alkyl chain), 0.86 (t, J = 6.7 Hz, 3H, 

terminal CH3).  

13C NMR (101 MHz, Chloroform-d) δ 174.22 (COO), 165.72 (CONH), 130.71 

(vinylic CH), 126.92 (vinylic CH2), 63.08 (ethanolamine linker CH2-O), 39.14 

(ethanolamine linker CH2-NH), [34.31, 32.06, 29.82, 29.81, 29.78, 29.74, 29.60, 

29.49, 29.40, 29.27, 25.04, 22.82 (CH2 in the alkyl chain)], 14.25 (terminal CH3). 
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2.2.13 RAFT polymerisation of 2-AP  

 

For this polymerisation reaction, the PABTC RAFT (3) agent was solubilised in 

DMSO in the reaction vessel (Schlenk tube, or scintillation vial), then the chosen 

monomer(s) was solubilised in deionised water (2.0 M monomer concentration) 

and added to the DMSO solution (DMSO:water 4:1 vol:vol). The exact initial co-

monomer ratio was determined by 1H NMR analysis of the reaction mixture, then 

the initiator (VA-044, 1:0.025 CTA:initiator ratio mol:mol) 2 mg/mL aqueous 

stock solution was added. The vessel was then closed using a rubber seal and 

degassed with N2 for 15 minutes. The Schlenk tube was immersed in a 70 °C oil 

bath, under stirring. After 2 hours, the reaction was stopped by rapid cooling (ice 

bath) and exposure to air. Finally, the reaction solution was analysed by 1H NMR 

to determine the final monomer conversion. 

The resulting polymer was subject to a first round of purification as standard 

(details in 2.2.2, with the exception that a 1:1 water:acetone mixture was used 

as dialysis solvent), to remove reaction side products and unreacted monomers. 

The solid polymer was purified by column chromatography  by loading the samples 

on silica gel (pore size 60Å, 230-440 mesh, 0.040-0.063 mm), using mobile 

phases with increasing polarity (DCM:MeOH 1:0 → 9:1). Two main products were 
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isolated: a more lipophilic fraction, composed of polymers containing an average 

of 2-3 units of 5 (fraction A) a more hydrophilic fraction, composed of polymers 

containing an average of 1 unit of 5 (fraction B). 

 

2.2.14 Polymerisations mediated by 2-AP MacroCTA  

 

In a typical polymerisation reaction, the macro CTA RAFT agent (6) was solubilised 

in DMSO in the reaction vessel (Schlenk tube, or scintillation vial), then the chosen 

monomer(s) was solubilised in deionised water (2.0 M monomer concentration) 

and added to the DMSO solution (DMSO:water 4:1 vol:vol). The exact initial co-

monomer ratio was determined by 1H NMR analysis of the reaction mixture, then 

the initiator (VA-044, 1:0.025 CTA:initiator ratio mol:mol) 2 mg/mL aqueous 

stock solution was added. Exact ratio for all polymerisation reactions is shown in 

Table 2.6. The vessel was then closed using a rubber seal and degassed with N2 

for 15 minutes. The Schlenk tube was immersed in a 70 °C oil bath, under stirring. 

After 2 hours, the reaction was stopped by rapid cooling (ice bath) and exposure 
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to air. Finally, the reaction solution was analysed by 1H NMR to determine the final 

monomer conversion. 

Table 2.6 Polymerisation table for single-phase RAFT polymerisations mediated by 6 

Code 

(2-AP)1-

[(HEA)100%]95 

(2-AP)1-

[(HEA)90%-r-

(AAPA)10%]160 

(2-AP)1-

PABTC-

[(AA)100%]143 

(2-AP)1-

[(HEA)90%-r-

(AA)10%]139 

(2-AP)1-

[(HEA)70%-r-

(AA)30%]130 

(2-AP)1-

[(HEA)50%-r-

(AA)50%]120 

DPtargeted 
a 100 100 100 100 100 100 

Monomers (mg) HEA (907) 

HEA (764) 

3-AAPA 

(119) 

AA (578) 

HEA 

(1.05g) 

AA (82.3) 

HEA (646) 

AA (202) 

HEA (455) 

AA (356) 

CTA 6 (mg) 200 190 204 261 214 226 

VA-044 (mg) 0.283 0.670 0.720 0.923 0.756 0.799 

H2O (mL) 0.788 0.663 0.802 0.914 0.561 0.791 

DMSO (mL) 3.15 2.65 3.21 3.66 2.24 3.16 

CTA:monomers:initiator 

(targeted m/r ratios) b 
1:100:0.1 1:100:0.025 1:100:0.025 1:100:0.025 1:100:0.025 1:100:0.025 

a Degree of polymerisation (DP) chosen for the polymer. b Targeted m/r ratios for the key components 
of a RAFT polymerisation (CTA, monomers and initiator) 
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2.2.15 Synthesis of MalPyr Blue  

2.2.15.1 Pyranine methyl ester (7) 

 

Pyranine (1 eq, 3.09 g, 5.90 mmol) was solubilised in methanol (150 mL) under 

stirring in a round-bottom flask, protected from light, and the resulting solution 

was heated up to reflux. Methyl bromoacetate (3.8 eq, 3.41 g, 22.4 mmol) and 

N,N-diisopropylethylamine (2.8 eq, 2.14 g, 16.5 mmol, 2.87 mL) were solubilised 

in methanol (30 mL) and added to the stirring reaction portion-wise (1/3 every 

1.5 hours). After adding the last portion, the reaction was left refluxing for 3 

additional hours. The solution was then cooled down to room temperature and 

transferred in a larger vessel, where isopropanol (50 mL) was added to precipitate 

the product. The precipitate was filtered and dried under reduced pressure, to give 

(7) as a dark yellow solid (1.61 g, 45% yield) which was used for the subsequent 

step without further purification.  

ESI-MS (expected m/z [M+H]+ 597.91 found 597.41 

1H NMR (400 MHz, Deuterium Oxide) δ 9.20 (s, 1H, aromatic CH), 9.16 (d, J = 

9.8 Hz, 1H, aromatic CH), 9.09 (d, J = 9.7 Hz, 1H, aromatic CH), 9.02 (d, J = 9.8 

Hz, 1H, aromatic CH), 8.92 (d, J = 9.6 Hz, 1H, aromatic CH), 8.29 (s, 1H, aromatic 

CH), 5.33 (s, 2H, CH2), 3.91 (s, 3H, CH3). 



Chapter 2 

53 

 

2.2.15.2 Pyranine ethylenediamine (8) 

 

Pyranine methyl ester (7) (1 eq, 1.61 g, 2.68 mmol) was solubilised in methanol 

(96 mL) in a round-bottom flask, protected from light. Ethylenediamine (2.5 eq, 

0.403 g, 6.70 mmol, 0.450 mL) was added to this solution under stirring and the 

reaction was monitored by 1H NMR by conversion of the 5.33 ppm CH2 peak to 

4.94 ppm. At completion, isopropanol (40 mL) was added to the reaction mixture 

until formation of a yellow precipitate (8), which was filtered, and dried under 

reduced pressure, to obtain a bright yellow solid (0.918 g, 57% yield).  

ESI-MS (expected m/z [M-3Na+2H] 557.00 found 557.00 

1H NMR (400 MHz, Deuterium Oxide) δ 9.17 (s, 1H, aromatic CH), 9.08 (d, J = 

9.8 Hz, 1H, aromatic CH), 9.02 (d, J = 9.7 Hz, 1H, aromatic CH), 8.95 (d, J = 9.9 

Hz, 1H) , aromatic CH, 8.72 (d, J = 9.8 Hz, 1H, aromatic CH), 8.16 (s, 1H, aromatic 

CH), 4.94 (s, 2H, CH2O), 3.54 – 3.48 (m, 1H, CH2NH), 3.18 – 3.12 (m, 1H, 

CH2NH), 2.88 (t, J = 6.2 Hz, 2H, CH2NH2), 2.83 (s, 1H, terminal amine). 

2.2.15.3 MalPyr Blue (9) 
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Pyranine ethylenediamine (8) (1 eq, 0.800 g, 1.28 mmol) was solubilised in a 

saturated aqueous solution of NaHCO3 (12.5 mL) in a round-bottom flask and the 

resulting solution was cooled to 0 °C. N-methoxycarbonylmaleimide (1 eq, 0.198 

g, 1.28 mmol) was added and left stirring at 0 °C for 40 minutes, then at room 

temperature for further 24 hours. The reaction mixture was poured into a 

separating funnel containing brine:dichloromethane (40:30 mL vol:vol), the 

organic phase (~ 40 mL) was collected and concentrated to 1/3 of the original 

volume under reduced pressure. The resulting solution was transferred to a larger 

vessel, where isopropanol (50 mL) was added to precipitate a yellow solid, that 

was collected via centrifugation. The precipitate was dried under reduced 

pressure, to give MalPyr Blue (9) as a yellow solid (950 mg, quantitative yield).  

ESI-MS (expected m/z [M-2Na+3H]+ 660.98, found 658.78). 

1H NMR (400 MHz, Deuterium Oxide) δ 9.10 (s, 1H, aromatic CH), 9.08 – 9.02 

(m, 1H, aromatic CH), 8.98 (d, J = 9.7 Hz, 1H, aromatic CH), 8.91 (d, J = 9.9 Hz, 

1H, aromatic CH), 8.80 (d, J = 9.6 Hz, 1H, aromatic CH), 8.18 (d, J = 3.2 Hz, 1H, 

aromatic CH), 5.91 (s, 2H, CH=CH), 5.04 (s, 2H, CH2O), 3.44 (t, J = 5.5 Hz, 2H, 

CH2N), 3.33 (t, J = 5.9 Hz, 2H, CH2-NH2). 

 

2.2.16 One-pot end-capping of trithiocarbonate polymers with MalPyr Blue 

 

Typically, the selected polymer (1 eq) was solubilised in water (800 μL per 100 

mg of polymer) in a round-bottom flask. The flask was sealed, and the solution 
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degassed for 15 minutes by Argon bubbling. Benzylamine (10 eq) and tris(2-

carboxyethyl)phosphine (TCEP 0.01 eq) were added to the stirring solution. The 

reaction was left for 1 hour (or until the solution went from yellow to colourless), 

and MalPyr Blue (9) (8 eq) was added and left reacting protected from light for 

10 hours. Then, isopropanol (20 mL) was added to precipitate the polymer, and 

excess of starting materials were removed by dialysis against deionised water (2 

days, using a dialysis membrane with a molecular weight cut-off chosen to retain 

the polymer and to allow removal of smaller molecules, such as unreacted 

monomers and dye). Following freeze-drying, the polymers were isolated as pale 

yellow solids.  

Successful conjugation was confirmed through SEC-HPLC. Analysis of 

fluorescently-tagged polymers was performed with a Shimadzu UFLC HPLC with a 

SPD-M20A Diode array detector (Deuterium and Wolframium) and a RF-10XL 

fluorescence detector (Xenon lamp). A SEC Aquagel-OH column was used as 

stationary phase, while the mobile phase was HPLC-grade water. The fluorescence 

detector was set at λex = 377 nm and λem = 420 nm. 

Relative fluorescence intensity was determined using 0.1 μM HBSS solutions of 

the fluorescently tagged polymers and of MalPyr Blue (9). The solutions were 

transferred in a 96-well plate (Costar black bottom), 150 µL per well. The 

fluorescence intensity measurement was run on a Spark 10M Plate Reader 

(Tecan). The analysis was performed at 37 °C, with λex = 377 nm and λem = 420 

nm.  

The relative tagging efficiency was calculated by: 

𝑇𝑎𝑔𝑔𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑓𝑜𝑟 𝑥 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑓𝑜𝑟 𝑓𝑟𝑒𝑒 𝑑𝑦𝑒
× 100  
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2.2.17 One-pot end-capping of trithiocarbonate polymers with Rhodamine Red 

 

Typically, the selected polymer (1 eq) was solubilised in water (800 μL per 100 

mg of polymer) in a round-bottom flask. The flask was sealed, and the solution 

degassed for 15 minutes by Argon bubbling. Benzylamine (10 eq) and tris(2-

carboxyethyl)phosphine (TCEP 0.01 eq) were added to the stirring solution. The 

reaction mixture was left under stirring for 1 hour (or until the solution went from 

yellow to colourless), and Rhodamine Red™ C2 maleimide (8 eq) was added and 

left reacting protected from light for 10 hours. Then, the polymer was precipitated 

by addition of excess isopropanol, the solid was collected by centrifugation and 

excess of starting materials were removed by dialysis against deionised water (2 

days, using an appropriate dialysis membrane with a molecular weight cut-off 

chosen to retain the polymer and to allow removal of smaller molecules, such as 

unreacted monomers and dye). Following freeze-drying the polymers were 

isolated as bright magenta waxy solids.  

Successful conjugation was confirmed through SEC-HPLC. Analysis of 

fluorescently-tagged polymers was performed with a Shimadzu UFLC HPLC with a 

SPD-M20A Diode array detector (Deuterium and Wolframium) and a RF-10XL 

fluorescence detector (Xenon lamp). A SEC Aquagel-OH column was used as 
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stationary phase, while the mobile phase was HPLC-grade water. The fluorescence 

detector was set at, and at λex = 560 nm and λem = 580 nm. 

For the Rhodamine Red tagged polymers, 0.10 μM Hank’s Balanced Salt Solution 

(HBSS) solutions of the polymers and of the dye starting material were prepared. 

The solutions (300 μL each) were transferred in plastic disposable UV micro 

cuvettes and the fluorescence intensity was measured at λex = 560 nm and λem = 

580-620 nm. 

The relative tagging efficiency was calculated by: 

𝑇𝑎𝑔𝑔𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑓𝑜𝑟 𝑥 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑓𝑜𝑟 𝑓𝑟𝑒𝑒 𝑑𝑦𝑒
× 100  

 

2.2.18 Trithiocarbonate group substitution with an -H group 

 

The selected polymer (1 eq) was solubilised in a DMSO:water (4:1 vol:vol) mixture 

(800 μL per 100 mg of polymer) in a vial. Solid 1-ethylpiperidine hypophosphite 

(EPHP, 5 eq) was added to the solution, then VA-044 initiator (1:0.025 

CTA:initiator ratio mol:mol) 2 mg/mL aqueous stock solution was added. The 

vessel was then closed using a rubber seal and degassed with N2 for 15 minutes. 

The Schlenk tube was immersed in a 70 °C oil bath, under stirring. After 2 hours, 

the reaction was stopped by rapid cooling (ice bath) and exposure to air. The 

polymer was then purified as described in 2.2.2, and analysed via UV-visible 

spectrometry with a Varian Cary 50 Scan UV/Vis Spectrophotometer to confirm 

complete removal of the trithiocarbonate group. The polymer solutions (0.1 μM in 

HPLC water) were transferred in quartz cuvettes (Hellma® semi Micro absorption 

cuvettes, Suprasil® quartz, spectral range 200-2500 nm, pathlength 5 mm, 
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chamber volume 700 μL) for measurement of UV-Vis absorbance at λabs = 310 

nm. 

 

2.2.19 First synthesis of a phospholipid RAFT agent (13) 

2.2.19.1 Synthesis of bromopropyonyl O-succinimide (10) 

 

n-hydroxysuccinimide (NHS, 3.93 g, 1 eq, 3.42 mmol) was solubilised in THF (20 

mL) in a round-bottom flask, and the resulting solution was cooled with an ice 

bath. Triethylamine (3.63 g, 1.05 eq, 3.59 mmol, 5.00 mL) was diluted in 

dichloromethane (10 mL) and the resulting solution was added dropwise to the 

reaction vessel. 2- bromopropyonyl bromide (7.74 g, 1.05 eq, 3.59 mmol, 3.76 

mL) was diluted in dichloromethane (10 mL) and the resulting solution was added 

dropwise to the reaction vessel, over the course of 1 hour. The reaction completion 

was monitored by thin layer chromatography. The reaction mixture was extracted 

with brine (3 x 50 mL). The organic layers were combined and dried over MgSO4. 

The organic solvents were removed under reduced pressure, resulting in a white 

solid (13.8 g, 95% yield). 

1H NMR (400 MHz, CDCl3, ppm): 4.62 (q, J = 7.0 Hz, 1H, CH α to carbonyl), 2.86 

(s, 4H, CH2s on NHS), 1.96 (d, J = 7.0 Hz, 3H, CH3) 

13C NMR (101 MHz, CDCl3) δ 168.48 (α-bromo ester CO), 166.06 (succinimide 

COs), 34.85 (CBr), 25.61 (succinimide CH2s), 21.54 (CH3). 
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2. 2.19.2 Synthesis of the bromo-phosphatidylethanolamide (11) 

 

10 (0.129 g, 1.1 eq, 0.517 mmol) was solubilised in dichloromethane (10 mL) in 

a round-bottom flask, and the resulting solution was cooled with an ice bath. The 

vessel was then closed with rubber seals and degassed by N2 bubbling. 

Triethylamine (0.143 g, 3 eq, 1.41 mmol, 0.196 mL) was added dropwise to the 

reaction vessel. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 350 mg, 

1 eq, 0.470 mmol) was solubilised in chloroform (10 mL) and added dropwise to 

the reaction vessel. The reaction was left stirring overnight, and reaction 

completion was monitored by ninhydrine staining. The reaction mixture was then 

diluted with dichloromethane to 50 mL and extracted with a 5% NaHCO3 aqueous 

solution (1 x 50 mL). The organic layers were combined and dried over MgSO4 

and dried under reduced pressure, to yield a clear oil. The oil was purified by 

column chromatography by loading the samples on silica gel (pore size 60Å, 230-

440 mesh, 0.040-0.063 mm), using mobile phases with increasing polarity 

(DCM:MeOH 1:0 → 9:1). The product 11 was isolated as a clear, transparent oil 

(630 mg, 152% yield) with residual impurities. 

1H NMR (400 MHz, DMSO-d6, ppm): 9.97 (s, 1H, P-OH), 8.82 (t, J = 5.0 Hz, 1H, 

NH), 5.47 – 5.18 (m, 4H, vinyl CHs), 5.17 – 4.88 (m, 1H, CH glycerol moiety), 

4.47 (q, J = 6.8 Hz, 1H, CH α to carbonyl), 4.27 (dd, J = 12.0, 3.1 Hz, 1H, 
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impurity), 4.09 (dq, J = 15.5, 7.1, 6.1 Hz, 4H, CH2 glycerol), 3.72 (td, J = 5.9, 

3.1 Hz, 1H, CH2 phosphatidylethanolamine), 3.64 (dt, J = 8.7, 5.7 Hz, 2H, CH2 

phosphatidylethanolamine), 3.16 (d, J = 4.2 Hz, 11H, residual MeOH), 3.03 (q, J 

= 7.3 Hz, 4H, αCH2 in lipid chains), 2.68 – 2.58 (m, 1H, impurity), 2.25 (td, J = 

7.4, 2.3 Hz, 4H, βCH2 in lipid chains), 1.97 (q, J = 6.4 Hz, 8H, allylic CH2), 1.64 

(d, J = 6.7 Hz, 3H, CH3 β to carbonyl), 1.58 – 1.41 (m, 4H, impurity), 1.32 – 1.20 

(m, 36H, alkyl chains), 1.16 (t, J = 7.3 Hz, 6H, impurity), 0.92 – 0.76 (m, 6H, 

terminal CH3s) 

2.2.19.3 Synthesis of 3-(trithiocarboxyl)propane-1-sulfonate (12) 

 

3- mercapto 1- propanesulfonate (4.02 g, 1 eq, 2.26 mmol) was suspended in 

acetonitrile (40 mL) in a round-bottom flask, and the resulting solution was cooled 

with an ice bath. The vessel was then closed with rubber seals and degassed by 

N2 bubbling. Sodium hydride (0.902 g, 1 eq, 2.26 mmol) was solubilised in 

acetonitrile (20 mL) and added dropwise to the reaction vessel. The reaction was 

left stirring for 2 hours and carbon disulfide (6.87 g, 4 eq, 9.02 mmol, 5.43 mL) 

was added dropwise to the reaction vessel and the reaction was left stirring 

overnight. The reaction mixture was then transferred to a larger vessel, where 

diethyl ether (250 mL) was added until a bright yellow precipitate was formed. 

The precipitate was collected by filtration, yielding a bright yellow solid (4.65 g, 

89.5% yield). 

1H NMR (400 MHz, D2O, ppm): 3.65 – 3.49 (m, 1H, residual Et2O), 3.37 – 3.29 

(m, 2H, CH2 α to trithiocarbonate), 3.09 – 2.98 (m, 3H, CH2 γ to trithiocarbonate), 

2.9-2.5 region (t, <1H, residual unreacted starting material), 2.16 (dp, J = 15.0, 

7.3 Hz, 2H, CH2 β to trithiocarbonate), 2.08 (d, J = 1.0 Hz, 1H, residual Et2O), 

1.19 (td, J = 7.1, 1.0 Hz, 1H, residual ACN). 
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2.2.19.4 Synthesis of first DOPE-based RAFT agent (13) 

 

12 (0.130 g, 1.2 eq, 0.563 mmol) was suspended in acetone (10 mL) in a round-

bottom flask, and the resulting solution was cooled with an ice bath. 15-crown 5-

ether (0.248g, 2.4 eq, 1.13 mmol, 0.223 mL) was added dropwise to the 

suspension. 11 (0.413 g, 1 eq, 0.470 mmol) was solubilised in acetone (10 mL) 

and added dropwise to the reaction vessel. The reaction was left stirring for 6 

hours, progress was monitored by 1H NMR for shift of the triplet peak at 4.4 ppm 

to 4.2 ppm (CH-Br to CH-trithiocarbonate). Once completion was reached, the 

organic solvent was removed under reduced pressure, resulting in a yellow 

amorphous solid. The product was purified by multiple column chromatography 

separations by loading the samples on silica gel (pore size 60Å, 230-440 mesh, 

0.040-0.063 mm), using different mobile phases (DCM:EtOAc 1:0 → 9:1; 

DCM:MeOH 1:0 → 9:1). The product 13 was isolated as a yellow, sticky solid (40 

mg, <10% yield) with residual impurities. 

1H NMR (400 MHz, Chloroform-d): 7.74 (d, J = 53.5 Hz, 2H, NH), 5.36 – 5.31 

(m, 5H, vinyl CHs), 5.30 (s, 4H, vinyl CHs, impurity), 4.70 (d, J = 7.5 Hz, 1H, CH 

α to carbonyl and trithiocarbonate), 4.41 (d, J = 11.5 Hz, 1H, CH α to carbonyl 

from impurity), 4.15 (d, J = 15.4 Hz, 1H, impurity), 3.91 (s, 7H, CH2 glycerol 

product+impurity), 3.74 – 3.52 (m, 2H, CH2OP ethanolamine), 3.31 (d, J = 12.8 

Hz, 2H, CH2N ethanolamine), 2.31 (ddt, J = 11.0, 8.1, 5.1 Hz, 7H, impurity), 2.16 

(d, J = 9.3 Hz, 2H), 2.01 (p, J = 6.6 Hz, 16H, allylic CH2 product+impurity), 1.58 

(d, J = 10.8 Hz, 10H, impurity), 1.44 (d, J = 6.6 Hz, 2H, impurity), 1.28 (d, J = 
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11.9 Hz, 82H, alkyl chains product+impurity), 0.87 (t, J = 6.7 Hz, 11H, terminal 

CH3 product+impurity). 

 

2.2.20 Hydrophilic-lipophilic balance (HLB) calculation (Griffin) 

HLB of the synthesised polymers was calculated as exemplified by Griffin30,31: 

𝐻𝐿𝐵 = 20 ×
𝑀𝑊ℎ

𝑀𝑊
 

Equation 3.1 Griffin HLB calculation. MWh represents the molecular weight of the 

hydrophilic portion of the molecule, while MW is the total molecular weight of the species.

 

Where MWh is the molecular weight of the hydrophilic portion of the molecule, and 

MW is the total molecular weight of the molecule. 
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2.3 Results and Discussion 

The first part of this work focussed on the synthesis of the RAFT agents required 

to synthesise the required membrane-inserting polymers. Previous research 

within our group6 described the synthesis of a cholesterol-based RAFT agent (1), 

which was used here to produce a library of polymers possessing a membrane-

inserting cholesterol moiety at the α-chain end. The synthesis of 1 is depicted in 

Scheme 2.1. 

 

Scheme 2.1 Synthesis of cholesterol-based RAFT agent (1), as described in published work 

by R. Catania et al.  

Additionally, a GPI-mimicking, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE)-based RAFT agent was also synthesised (2) and this was used to produce 

a second family of membrane-binding, amphiphilic polymers, bearing a 

membrane-inserting phospholipid with two monounsaturated hydrocarbon groups 

at one of the polymer chain-ends (Scheme 2.2).  
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Scheme 2.2 Synthetic scheme of the DOPE-based RAFT agent (2). 

Finally, propanoic acid-2-[[(butylthio)thioxomethyl]thio]-carbonate (PABTC) RAFT 

agent (3) (structure shown in Figure 2.1) was used to synthesise a library of 

control polymers, identical to those described above except for the absence of 

membrane–inserting chain-end groups 
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Figure 2.1 Main RAFT agents and monomers employed in this study. Cholesterol-based 
RAFT agent (1); and DOPE-based RAFT agent (2); non membrane-inserting PABTC RAFT 

agent (3); monomers used: HEA is a neutral, hydrophilic monomer used to synthesise 
hydrophilic (co)polymers; AA is monomer containing an acid functionality which potentially 
allows interaction with basic drugs; 3-AAPA is also an acid monomer, with a spacer between 

the polymerisable acrylamide moiety and the carboxylic acid group.  

The monomers chosen for this study are shown in Figure 2.1. Hydroxyethyl 

acrylamide (HEA) was chosen for its hydrophilicity, often used to synthesise 

hydrophilic and biocompatible polymers 7. Being an acrylamide, this monomer is 

particularly suited for ultrafast, high conversion RAFT polymerisation where 

control over the molecular weight, molecular weight dispersity Ð and chain-end 

fidelity can be maintained even at virtually quantitative monomer conversion2. 

This is possible due to acrylamide monomers having a high rate of propagation 

(kp) under radical polymerisation conditions especially in water8, thus allowing for 

rapid polymerisation9.  

In Chapter 1, we discussed the formation of acid-base pairs between acidic 

polymers and basic drugs as a means for encapsulation and drug release. To 

introduce the acidic side-chains required to potentially bind basic groups in drug 

molecules through electrostatic interactions10, two different acid monomers were 
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selected: 3-acrylamido propanoic acid (3-AAPA, 4) and the more hydrophilic 

acrylic acid (AA). The two different acid monomers have similar reported pKa (4.2 

for AA11 and 4.4 for 3-AAPA12); however, for an AA-based polymers the acid 

functionality is closer to the polymer backbone. One could hypothesise that the 

reduced distance between the acid functionalities and the polymer backbone in 

AA-based polymers could potentially prevent the formation of ionic interactions 

with drug molecules, while introducing a spacer between the polymer backbone 

and the acid functionality in polymer synthesised from monomer 4 could make 

such acid functionalities more accessible and therefore potentially aid 

complexation of (macro)molecules containing basic functionalities. Although their 

different reactivity ratios may result in non-fully stochastic distribution of different 

repeating units along the polymer chains, random radical copolymerisation of 

acrylamides and acrylic acid yielding polymers with well controlled composition 

and narrow distribution has been reported previously 13,14, so these monomers 

were chosen for our study.  

 

2.3.1 Synthesis of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)-based 

RAFT agent (2) and 3-acrylamido propanoic acid monomer (3-AAPA) 

The initial strategy chosen for the synthesis of DOPE RAFT agent was based on 

the approach previously employed for the synthesis of (1). This convergent 

synthetic procedure consisted of building two separate blocks (lipophilic two tailed 

lipid and hydrophilic trithiocarbonate salt) and joining them together in a final step 

(Scheme 2.3).  

The first block was synthesised by converting DOPE into an α-bromo 

propionamide, obtained by conjugation with the reactive N-hydroxysuccinimide 

adduct (10) of 2- bromopropyonyl bromide. However, whilst 1H NMR spectroscopy 

confirmed that in the crude product the desired DOPE α-bromo propionamide was 
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indeed present based on the presence of the characteristic amide peak at 8.8 ppm 

(Figure 2.2), its purification by flash chromatography was found to be particularly 

challenging, due to the presence of impurities with very similar polarity. Therefore, 

we were not able to fully purify the product; we decided to employ the partially 

purified product in the successive step as the unreacted DOPE would not have 

been capable of forming an adduct with 12.  

 

Figure 2.2 Detail of the diagnostic peaks for the formation of 11: 9.97 (s, 1H, P-OH), 8.82 

(t, J = 5.0 Hz, 1H, NH), 5.47 – 5.18 (m, 4H, vinyl CHs), 5.17 – 4.88 (m, 1H, CH glycerol 
moiety) 

In parallel, the required trithiocarbonate salt (12) was synthesised by conjugating 

3-mercapto 1-propanesulfonate and carbon disulfide in basic conditions, and 

purified by precipitation of the product in diethyl ether and successive filtration. . 

The two products (11 and 12) were then reacted to form the desired DOPE-based 

membrane-inserting RAFT agent (13). Due to the difference in polarity between 

relatively hydrophobic 11 and very hydrophilic 12, a solvent which could dissolve 

both starting materials could not be identified. Thus 15-crown-5 ether was used 

to complex the two Na+ counterions of 12, and increase its solubility in 

dichloromethane, which was used as the reaction solvent. However, complete 

removal of 15-crown-5 ether from the final DOPE RAFT agent (13) was proven to 

be difficult, even after repeated purifications by ion exchange chromatography 

and flash chromatography on silica . 
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Scheme 2.3 First successful synthetic scheme of DOPE-based RAFT agent.  

Due to the challenging purification of the final DOPE RAFT agent (13) and 

corresponding intermediates through this first synthetic pathway, a different 

synthetic route was identified, to produce the structurally similar RAFT agent 2. 

Accordingly, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was then 

directly coupled with propanoic acid-2-[[(butylthio)thioxomethyl]thio]-carbonate 

(PABTC-O-succinimidyl ester at room temperature for 7 days to give the desired 

RAFT agent (2) in 53% yield (Scheme 2.4). 
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Scheme 2.4 Synthesis of DOPE-based RAFT agent (2). 

Accordingly, the synthesis of 2 was therefore carried out by conjugating the 

primary amine of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) with 

the activate acyl group of the N-hydroxysuccinimide (NHS) ester of PABTC15. NHS 

esters are routinely used in peptide synthesis to form new amide bonds16, and we 

chose this approach to selectively acylate the amine without causing aminolysis 

of the trithiocarbonate group of PABTC. The presence of a good leaving group, 

NHS, allows for selectivity for the ester group of PABTC over the trithiocarbonate 

moiety and improves the reactivity of PABTC, thus increasing the conversion to 2. 

This was fundamental for the success of the reaction, as a higher conversion 

removed the need for column chromatography that would have been otherwise 

necessary to remove any unreacted DOPE. A non-nucleophilic base (N-methyl 

morpholine) was chosen as an acid scavenger (reported pKa of N-

hydroxysuccinimide in water is 6.017). Additionally, tertiary amines do not cause 

aminolysis of the trithiocarbonate group18–20, which is key to maintain the integrity 

of the RAFT agent21.  
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Figure 2.3 1H NMR showing the reaction progression for the synthesis of 2. The reaction 

was monitored through the appearance of the amide signal at 8.77 ppm (or 7.38 ppm in 
CDCl3), comparing the integration of this peak to the internal reference vinyl CH peak at 
5.31 ppm. 

The reaction was monitored by 1H NMR, by following the increase of the amide NH 

signal at 8.77 ppm (or 7.38 ppm in CDCl3), compared the integration of this peak 

to the vinyl CH peak at 5.31 ppm, which does not change during this reaction and 

therefore can be used as an internal reference (Figure 2.3).  

 

Scheme 2.5 Synthesis of 3-acrylamido propanoic acid (4) monomer from β-alanine. 

The procedure for the synthesis of the required 3-acrylamido propanoic acid (3-

AAPA, 4, Scheme 2.5) monomer was adapted from previous literature22,23, and 

was performed by utilising the classical Schotten-Baumann reaction24,25, where 

sodium hydroxide is used to neutralise the HCl produced during the reaction26, 

which would otherwise protonate the basic primary amine on the β-alanine, 

decreasing the yield. To avoid reacting OH- with the acyl halide, a biphasic system 

is used, H2O/THF in this example. THF and water are normally miscible with each 
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other, however two phases can be formed when additional species are dissolved 

in one or both these two solvents27,28. In this process neutralisation of the 

generated HCl is believed to occur at the interface between the two phases26.  
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2.3.2 Synthesis of membrane inserting (co)polymers employed in this study 

 

Scheme 2.6 Synthesis of cholesterol-terminated polymers by biphasic ultrafast RAFT 
polymerisation, starting from cholesterol-containing RAFT agent (1) and N-hydroxyethyl 
acrylamide (HEA, blue), 3-acrylamido propanoic acid (3-AAPA, 4, violet) and acrylic acid 
(AA, green). 

In order to produce the first library of membrane-interacting polymers, we first 

synthesised (co)polymers with cholesterol alpha chain ends (Scheme 2.6), based 

on the cholesterol RAFT agent 1. Due to the amphiphilic nature of the RAFT agent 

1, mostly dictated by the very hydrophobic nature of cholesterol, the very polar 

conditions required for ultrafast polymerisation described by Perrier et al.9 could 

not be directly employed. Therefore, we utilised the polymerisation conditions 

previously developed by our group6 which employ a biphasic toluene/water 

system. The cholesterol RAFT agent (1) is designed to include a very polar 

trithiocarbonate head, and therefore sits at the interface between the two phases, 

with the hydrophobic cholesterol in toluene and the hydrophilic head in the water 

phase. As a result, polymerisation will occur in the aqueous phase – monomers 
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and radical azoinitiator VA044 are water-soluble - as required by the Perrier 

protocol, while cholesterol moieties will remain fully solvated due to the presence 

of the hydrophobic toluene phase (Figure 2.4). The cholesterol-terminated 

(co)polymers produced as well as their DP, monomer ratios, dispersity determined 

via SEC and number-average molecular weight determined by 1H NMR are listed 

in Table 2.7. We synthesised two different classes of cholesterol-based polymers, 

targeting DP = 50 and 100. The chosen conditions allowed for the production of 

cholesterol-terminated (co)polymers with narrow dispersity (Đ<1.25).  

Interestingly, we observed that whilst these ultrafast biphasic polymerisation 

conditions allowed for the controlled polymerisation of hydroxyethyl acrylamide 

(HEA) and 3-acrylamido propanoic acid (AAPA), they were not equally efficient for 

the synthesis of acrylic acid (AA)-based copolymers and homopolymers. 

Syntheses of AA-based copolymers required multiple (up to 5) additions of the 

initiator before the polymerisation started, and the resulting polymers (especially 

homopolymers) showed a lower degree of control on monomer conversion 

(targeted DP = 100, final DP = 163). This could be explained in terms of by high 

concentrations of an acid monomer, which could have hydrolysed the RAFT agent 

Figure 2.4 Representation of a RAFT polymerisation conducted in a two-phase system, 
employing the amphiphilic cholesterol RAFT agent 1, showing the polymer growth 
occurring at the interface between the two phases. 
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carbamate and ester groups. Aprotic solvents as DMSO make sure that the AA is 

not in its ionised form, which negatively impacts the polymerisation reaction13. 

Therefore, for the synthesis of AA-containing polymers we decided to employ an 

aprotic solvent (DMSO) which is capable of solubilising the differently polar 

reagents involved. As the VA-044 radical initiator is poorly soluble in DMSO, we 

selected a 4:1 ratio (DMSO:water) to ensure full solubility of the initiator, while 

still employing a relatively low proportion of water to ensure sufficient solvation 

of the RAFT agent (1). These reaction conditions (Scheme 2.7) were adapted 

from the setup designed by Gurnani et al.29 for the synthesis of HEA/N-acryloyl 

morpholine based polymers in mild environments. To increase monomer 

conversion, especially with acrylic acid, we increased the reaction time to 2 hours, 

while setting the temperature at 70 °C to avoid full decomposition of the initiator 

before reaction completion30. This allowed the initiator to produce radicals 

throughout the whole reaction, thus decreasing the irreversible termination 

events. 

 

Scheme 2.7 Synthesis of membrane-inserting cholesterol-terminated polymers by single-
phase RAFT polymerisation, starting from cholesterol-containing RAFT agent (1) and N-

hydroxyethyl acrylamide (HEA, blue), 3-acrylamido propanoic acid (3-AAPA, 4, violet) and 
acrylic acid (AA, green). 
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Changing these conditions from the initial biphasic toluene/water RAFT 

polymerisation conditions still yielded materials with low dispersity (Đ < 1.25) and 

precise control over the polymer composition, as shown in Table 2.7.  

Table 2.7 Cholesterol-based (co)polymers produced in this study. 

Code DPa HEAb AAPAb AAb Đc 

Mn (NMR) 

(kDa) 

Chol-[(HEA)100%]108* 108 108 - - 1.07 13.5 

Chol-[(HEA)90%-r-(AAPA)10%]140* 140 126 14 - 1.10 17.6 

Chol-[(AA)100%]163* 163 - - 163 1.21 12.8 

Chol-[(HEA)90%-r-(AA)10%]105‡ 105 94 - 11 1.20 12.7 

Chol-[(HEA)70%-r-(AA)30%]94‡ 94 75 - 19 1.18 11.1 

Chol-[(HEA)100%]52‡ 52 52 - - 1.14 7.0 

Chol-[(HEA)90%-r-(AAPA)10%]50‡ 50 45 5 - 1.23 6.9 

Chol-[(AA)100%]54‡ 54 - - 54 1.13 4.9 

Chol-[(HEA)90%-r-(AA)10%]51* 51 46 - 5 1.19 6.7 

Chol-[(HEA)70%-r-(AA)30%]52* 52 37 - 15 1.18 6.4 

Chol-[(HEA)50%-r-(AA)50%]70* 70 35 - 35 1.14 7.6 

a Degree of polymerisation (DP), estimated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, AAPA  3-acrylamido propanoic acid, AA = acrylic acid. c Molecular weight 
dispersity (Mw/Mn, Đ) was estimated by SEC (see materials and methods). * Polymer was synthesised 
in a two-phase system. ‡ Polymer was synthesised in a single-phase system 

Polymer composition was confirmed through 1H NMR by integrating characteristic 

peaks generated by the different monomers, as highlighted in Figure 2.5. 
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Figure 2.5 1H NMR peaks monitored to confirm polymer composition in synthesised 
polymers. Shifts in ppm and appearance of specific peaks (-OH and -NH) dependant on the 

dispersant selected for the 1H NMR analysis (D2O and DMSO-d6) 

 

 

Scheme 2.8 Synthesis of DOPE-terminated polymers by single-phase RAFT polymerisation, 
starting from DOPE-containing RAFT agent (2) and N-hydroxyethyl acrylamide (HEA, blue), 
3-acrylamido propanoic acid (3-AAPA, 4, violet) and acrylic acid (AA, green). 
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For the synthesis of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)-

containing polymers, we decided to directly employ the reaction conditions 

analogous to those already developed for the cholesterol-containing materials 

were utilised (Scheme 2.8). As per the cholesterol-terminated (co)polymer, this 

yielded polymers with low dispersity (Đ < 1.25, except for DOPE-[(HEA)50%-r-

(AA)50%]50), and precise control over repeating unit composition. Here we focused 

on a smaller library due to the limited amount of 2 RAFT agent available (~ 400 

mg), whose synthesis involved an expensive starting material (1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine). Accordingly, DOPE-terminated materials were 

prepared aiming to DP 50 and 100, with HEA and AA homopolymers, and HEA-AA 

copolymers (Table 2.8).  

Table 2.8 DOPE-based (co)polymers produced in this study. 

 

Code DPa HEAb AAPAb AAb Đc 

Mn (NMR) 

(kDa) 

DOPE-[(HEA)100%]47 47 47 - - 1.20 6.4 

DOPE-[(HEA)100%]80 80 80 - - 1.11 10.2 

DOPE-[(HEA)50%-r-(AA)50%]50 50 21 - 29 1.43 5.5 

DOPE-[(HEA)90%-r-(AA)10%]30 30 27 3 - 1.12 4.5 

DOPE-[(AA)100%]42 42 - - 42 1.04 4.0 

a Degree of polymerisation (DP), calculated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, AAPA 3-acrylamido propanoic acid, AA = acrylic acid. c Molecular weight 
dispersity (Mw/Mn, Đ) was determined by SEC (see materials and methods).  
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2.3.3 Synthesis of non-membrane-inserting control (co)polymers. 

 

Scheme 2.9 Synthesis of control polymers by single-phase RAFT polymerisation, starting 
from PABTC RAFT agent (3) and N-hydroxyethyl acrylamide (HEA, blue), 3-acrylamido 
propanoic acid (3-AAPA, 4, violet) and acrylic acid (AA, green). 

To produce the “control” polymers, unable to insert into bilayer membranes, 

PABTC was chosen as the RAFT agent. PABTC possesses a short hydrophobic butyl 

chain, which however was deemed to be too short to enable significant insertion 

of the corresponding (co)polymers into lipid bilayers. This initial hypothesis was 

then confirmed in subsequent membrane-inserting experiments (Chapter 3). Due 

to its good solubility in DMSO:water, this single phase polymerisation medium was 

chosen for the synthesis of the corresponding control (co)polymers, yielding 

polymers with low dispersity (Đ < 1.30, Table 2.9). 
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Table 2.9 PABTC-based polymers produced in this study. 

 

Code DPa HEAb AAPAb AAb Đc 

Mn (NMR) 

kDa 

PABTC-[(HEA)100%]80 80 80 - - 1.24 9.5 

PABTC-[(HEA)90%-r-(AAPA)10%]81 81 73 8 - 1.16 9.8 

PABTC-[(AA)100%]140 140 - - 140 1.23 10.4 

PABTC-[(HEA)90%-r-(AA)10%]75 75 70 - ≈ 5 1.15 8.6 

PABTC-[(HEA)70%-r-(AA)30%]80 80 67 - 13 1.28 8.9 

PABTC-[(HEA)100%]50 50 50 - - 1.29 6.0 

PABTC-[(HEA)90%-r-(AAPA)10%]46 46 39 7 - 1.15 5.7 

PABTC-[(AA)100%]37 37 - - 37 1.05 2.9 

PABTC-[(HEA)90%-r-(AA)10%]45 45 40 - 5 1.11 5.2 

PABTC-[(HEA)70%-r-(AA)30%]44 44 31 - 13 1.07 4.7 

PABTC-[(HEA)50%-r-(AA)50%]49 49 25 - 24 1.12 4.8 

a Degree of polymerisation (DP), calculated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, AAPA  3-acrylamido propanoic acid, AA = acrylic acid. c Molecular weight 
dispersity (Mw/Mn, Đ) was determined by SEC (see materials and methods). 

 

An additional “control” polymer based on 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (DDMAT) was synthesised (Scheme 2.10). This RAFT agent 

 

Scheme 2.10 Synthesis of DDMAT-[(HEA)100%]42, starting from DDMAT and N-hydroxyethyl 
acrylamide (HEA) 
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is structurally very similar to PABTC, except for a second methyl group α to the 

carboxylic acid and a longer alkyl chain bound to the trithiocarbonate group (12C 

instead of 4C). 

This polymer was synthesised to further expand the control polymer library with 

a small increase in lipophilicity on the PABTC-based polymers. Due to the good 

solubility of DDMAT in DMSO:water, this single-phase polymerisation medium was 

chosen for the synthesis of the corresponding polymer, resulting in a low dispersity 

value (Đ = 1.05, Table 2.10). 

Table 2.10 DDMAT-[(HEA)100%]42: composition and characterisation. 

 

Code DPa HEAb AAPAb AAb Đc 

Mn (NMR) 

kDa 

DDMAT-[(HEA)100%]42 42 42 - - 1.05 5.5 

a Degree of polymerisation (DP), calculated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, AAPA  3-acrylamido propanoic acid, AA = acrylic acid. c Molecular weight 
dispersity (Mw/Mn, Đ) was determined by SEC (see materials and methods). 

 

2.3.4 Membrane-inserting polymers with alternative structures: membrane-inserting 

repeating units. 

The polymerisation reactions previously described produced different classes of 

(co) polymers for in vitro testing. However, the lipophilic content in each 

amphiphilic polymer is strictly defined by the alpha-end of the RAFT agent that 

mediated the polymerisation reaction. Therefore, a different class of polymers was 

synthesised, whose lipophilic content could be tuned through the introduction of 

a lipophilic monomer. For the synthesis of the required membrane-inserting 

materials, we synthesised diblock copolymers possessing a short block containing 

potentially membrane-inserting palmitoyl side-chains, and a second, longer, 
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hydrophilic block. Accordingly, the synthesis of the required block copolymers was 

carried out in 2 successive steps (Figure 2.6). 

 

Figure 2.6 Schematic of the lipid monomer approach to producing amphiphilic polymers 
with tunable lipid content. 

 

For this purpose, we synthesised a lipid monomer based on palmitoyl chloride, 2-

AP (5) to introduce lipophilic, potentially membrane-inserting, repeating units on 

the polymer chain.  

 

Scheme 2.11 Synthesis of hydrophilic 2-acrylamido palmitate monomer (5). 

To this aim, the N-substituted acrylamide monomer (5) – acrylamides typically 

have high kp values2 which makes them suitable for rapid and well-controlled RAFT 

polymerisation – containing a long fatty acid derived chain, was synthesised. The 

reaction involved a condensation between 2-hydroxyethyl acrylamide and 

palmitoyl chloride, using triethylamine as the acid scavenger, and DMAP, an 

organocatalyst, to increase the reactivity of palmitoyl chloride which could 
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otherwise be relatively low due to steric hindrance provided by its long alkyl chain 

(Scheme 2.11). 

First, a very short (target DP=10) hydrophobic “block” containing the lipophilic 

monomer 2-acrylamidoethyl palmitate (2-AP) and HEA at a 3:7 mol:mol ratio, 

respectively, was produced (Scheme 2.12), with the aim to use it as a macro 

RAFT agent which could then be elongated with the hydrophilic/acid monomers, 

to give block copolymers with general formula [(5)30%-r-(HEA)70%]10-b-(M)z. 

 

Scheme 2.12 Single-phase, polymerisation of the lipophilic macroCTA based on the lipid 
monomer 5. 

Similarly to the cholesterol and DOPE-containing polymers previously described, 

these polymers would possess a large hydrophobic group close to one of the two 

polymer chain ends, which could potentially allow for their interaction/insertion 

into lipid bilayers. The first block included a proportion of HEA due to the large 

molecular size of 2-acrylamido palmitate monomer (5) which would make it 

difficult to homopolymerize it in a controlled manner. Inclusion of a proportion 

(70%) of a smaller acrylamide monomer, HEA, allowed to partially address this 

issue, generating a first [(5)30%-r-(HEA)70%]10 block, with non-ideal control over 

the average molar mass and molecular weight distribution (Đ = 1.80). PABTC was 

chosen as the RAFT agent, as it allows to control the polymerisation of both 
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acrylates and acrylamides, and does not possess large lipid moieties that would 

interfere with subsequent membrane binding experiments.  

 

Table 2.11 Fractions of the (5)-HEA macro RAFT agent purified by SiO2 flash 
chromatography  

Code DPa HEAb (5)b Đc 

Mn (NMR) 

kDa 

Fraction A [(5)30%-r-(HEA)70%]10 10 7 3 1.88 2.10 

Fraction B [(5)5%-r-(HEA)95%]20  20 19 1 1.84 2.78 

a Degree of polymerisation (DP), calculated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, (5) 2-acrylamido palmitate. c Molecular weight dispersity (Mw/Mn, Đ) was 
determined by SEC (see materials and methods). 

 

Given the intrinsically random nature of this radical co-polymerisation, the 

polymer produced in this step consisted on a mixture of oligomers with different 

relative content in 2-AP. To obtain materials with better defined average content 

of palmitoyl side-chains, these oligomers were fractionated by SiO2 flash 

chromatography using DCM:MeOH 1:0 → 9:1 as the mobile phase. The different 

fractions (Table 2.11 and Figure 2.7 for 1H NMR peak assignments) were then 

used as macro-RAFT agents to produce a library of bock copolymers with general 

structure [(5)x-r-(HEA)y]n-b-(M)z. 
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Figure 2.7 1H NMR spectra of the main macro RAFT agents isolated by SiO2 flash 
chromatography, Fraction A [(5)30%-r-(HEA)70%]10 and Fraction B [(5)5%-r-(HEA)95%]20 

 

Scheme 2.13 Synthesis of polymers by single-phase RAFT polymerisation, starting from 
(5)-based macro RAFT agent (6) and N-hydroxyethyl acrylamide (HEA, blue), 3-acrylamido 
propanoic acid (3-AAPA, 4, violet) and acrylic acid (AA, green). 

 



Chapter 2 

85 

 

To chain-extend the [(5)20%-r-(HEA)30%]10 block, the single-phase conditions 

(Scheme 2.13) using DMSO:water (4:1) described in section in 2.3.1, using 

hydroxyethyl acrylamide (HEA), 3-acrylamido propanoic acid (AAPA), and acrylic 

acid (AA) as the monomers (Table 2.12). For this purpose, fraction B [(5)5%-r-

(HEA)95%]20 was designated as compound (6) and employed to produce a polymer 

library analogous to the libraries described for cholesterol, DOPE and PABTC 

polymers. Fraction A [(5)30%-r-(HEA)70%]10 was employed as macro RAFT agent 

using HEA as monomer. Importantly, this allowed to systematically vary the 

number of palmitoyl lipid moieties at one end of the polymer chain (first block), 

to explore the effect that this variation has on the interaction with lipid bilayer 

membranes. 

Table 2.12 Lipid monomer-based polymers produced in this study. 

 

Code DPa HEAb AAPAb AAb Đc 

Mn (NMR) 

kDa 

(6)-[(HEA)100%]102 95 95 - - 1.13 12.3 

(6)-[(HEA)90%-r-(AAPA)10%]167 160 141 26 - 1.11 20.5 

(6)-[(AA)100%]120 120 - - 120 1.24 10.7 

(6)-[(HEA)90%-r-(AA)10%]146 146 120 - 26 1.11 16.3 

(6)-[(HEA)70%-r-(AA)30%]130 130 100 - 30 1.21 14.3 

(6)-[(HEA)50%-r-(AA)50%]120 120 73 - 47 1.45 12.4 

[(5)30%-r-(HEA)70%]10-b-

[(HEA)100%]65 

65 65 - - 1.05 8.60 

a Degree of polymerisation (DP), calculated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, AAPA  3-acrylamido propanoic acid, AA = acrylic acid. c Molecular weight 
dispersity (Mw/Mn, Đ) was determined by SEC (see materials and methods). 
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2.3.5 Synthesis of fluorescently labelled membrane-inserting (co)polymers 

In Chapter 3, we will describe the investigation on the interaction between the 

amphiphilic (and control) polymers prepared in this work and cell plasma 

membranes. To facilitate tracking of these materials in these cell experiments, 

selected polymers were fluorescently tagged. To this aim the trithiocarbonate 

units at the polymer chain ends were converted into sulfhydryl groups by 

aminolysis using benzylamine, then the resulting macromolecular thiols were 

conjugated with maleimide-containing fluorescent dyes (Scheme 2.14).  

 

Scheme 2.14 Fluorescent tagging of the polymers utilised in this study, requiring aminolysis 

of trithiocarbonate groups to obtain thiol-terminated polymers, and subsequent thiol-ene 
Michael addition with a maleimide-functionalised fluorescent dye. 

Accordingly, tor the fluorescent tagging of selected (co)polymers two fluorescent 

dyes, commercially available Rhodamine Red™ C2 maleimide and pyranine 

maleimide (9) prepared in this pH work, were utilised. Under specific reaction 

conditions, maleimides react efficiently and selectively with thiols, and have been 

used extensively for “click” Michael additions in bioconjugation reactions31. This is 

due to the electron-withdrawing properties of the two carbonyl groups that cause 

maleimides to be “soft” electrophiles (good Michael acceptors32), combined with 

the “soft” nucleophilic nature of thiols. This, coupled with the thermodynamically 

favoured release of ring straining (by reduction of the maleimide double bond), 

enables efficient and selective reaction with nucleophiles. This high reactivity 

towards sulfhydryl groups is particularly useful for grafting molecules at one end 

of RAFT-synthesised polymers, which react slowly (being large molecules) and 

might present multiple reactive centres. 
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For the latter, pyranine was chosen because when functionalised with a 

carboxymethyl group it is highly resistant to photobleaching and it does not exhibit 

variations of fluorescence at different pH which are typical of unmodified pyranine 

starting material33. As these fluorescent polymers were meant to be utilised in 

membrane-binding experiments it was important to choose fluorophores that 

would not interact with lipid bilayer membranes. Although the pyrene core of the 

dye is lipophilic, its three negatively charged sulfonic acid salts groups would make 

it sufficiently hydrophilic to prevent any interaction with cell membranes. 

Additionally, carboxymethyl pyranine dyes have a fluorescence emission profile 

(λex = 377 nm and λem = 420) that does not overlap with cell autofluorescence of 

mammalian cells, which is often in the green region of the visible electromagnetic 

spectrum33,34.  

 

Scheme 2.15 Synthesis of maleimide fluorescent dye, MalPyr Blue (9). 

 

Accordingly, the novel maleimide-containing carboxymethyl pyranine dye MalPyr 

(9) was designed (Scheme 2.16). This dye contained a short linear spacer 

between the dye and the maleimide to reduce steric hindrance caused by the bulky 

fluorophore, which could have prevented reaction with the polymer. 
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The first step for the synthesis of (9) was to functionalise the aromatic hydroxyl 

group of pyranine. This was achieved by adapting a method from previous 

literature,33 by treating pyranine with methyl bromoacetate and N,N-

diisopropylethylamine, a non-nucleophilic base, in refluxing methanol. In this 

step, a methyl ester was introduced in the structure of (7) to facilitate further 

functionalisation of this molecule with primary amines the favourable reaction 

between esters and amines35.The resulting alkylated intermediate (7) was 

isolated in 57% yield by simple precipitation in 2-propanol.   

In the second step a primary amine group was introduced by treatment of (7) 

with ethylenediamine in methanol, at room temperature. To prevent reaction of 

ethylenediamine with two pyranine molecules, an excess (2.5 equivalents) of the 

diamine was used. The primary amino group was then converted into an ether 

maleimide moiety by reaction of (8) with N-methoxycarbonylmaleimide in 

saturated NaHCO3. The saturated sodium bicarbonate solution is utilised to 

maintain a slightly basic pH in the reaction mixture (thus avoiding potential 

hydrolysis of the product caused by the formation of the acidic N-acylcarbamate), 

with the hydrogen carbonate ion potentially playing a catalytic effect on the 

coupling reaction36 This reaction was conducted at 0 °C for the initial 40 min to 

avoid a potential Michael addition of the primary amine group of starting material 

(8) with maleimide group of N-methoxycarbonylmaleimide starting material and 

MalPyr Blue (9). In this final step (9) was isolated in nearly quantitative yield. 
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2.3.6 “One-Pot” aminolysis-fluorescent tagging of polymers investigated in this study 

 

Scheme 2.16 One-pot fluorescent tagging of (co)polymers utilized in this study with 
fluorescent MalPyr blue (9) dye. 

The functionalisation of RAFT polymers with maleimide-containing fluorescent 

dyes was adapted from previous literature37. This process involves in situ 

aminolysis of the trithiocarbonate group of polymers synthesised by RAFT 

polymerisation to produce a reactive thiol, and their subsequent reaction with 

maleimide derivatives37,38. Fluorescent tagging was carried out on a small 

subfamily of the polymers synthesised in this work, namely cholesterol-containing 

Chol-[(HEA)100%]52, Chol-[(HEA)100%]70, and Chol-[(HEA)100%]108, phospholipid 

DOPE-containing DOPE-[(HEA)100%]47, and non membrane-inserting control 

polymer PABTC-[(HEA)100%]50. The rationale for this choice is that we aimed at 

comparing polymers with the same number of repeating units (target DP = 50) 

but with different membrane-inserting chain ends – cholesterol, phospholipid 
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DOPE and non membrane-inserting PABTC – as well as polymers with the same 

membrane-inserting chain end, cholesterol, but different number of repeating 

units – DP 52, 70 and 100.  

The first step of this one-pot tagging strategy the RAFT polymers were treated 

with benzylamine, visually following the conversion of yellow trithiocarbonate 

units into colourless sulfhydryl SH groups, at which point MalPyr Blue  (9) dye 

was added39. Tris(2-carboxyethyl)phosphine (TCEP) was also employed in this 

step to reduce potential polymer dimers that could form by oxidation of -SH 

terminated polymer, leading to S-S disulfide bridges, in the presence of air. 

Furthermore, TCEP acts as a catalyst for the subsequent thiol-ene reaction40,41 

increasing the yield and decreasing the need for extended reaction times42. The 

reaction was carried out using large excess of benzylamine (10 eq) to ensure 

quantitative cleaving of the trithiocarbonate, and similarly large excess of (9) (8 

eq), to ensure high tagging efficiency. As the unreacted maleimide dye (9)  and 

side products of the reaction are water-soluble, the purification of the 

fluorescently-tagged polymers was efficiently carried out by dialysis against 

deionised water. 

The fluorescent tagging of the polymer was confirmed by SEC-HPLC using 

fluorescence detection (see section 2.2.4, iv), which also showed that no residual 

MalPyr (9) dye was left in the polymer samples after purification by dialysis 

(Figure 2.8). (λex = 377 nm and λem = 420) 
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Figure 2.8 SEC-HPLC chromatograms for MalPyr Blue (9)-tagged polymers, showing 
different elution times for the free dye (9) and RAFT polymers fluorescently tagged with 
(9). (λex = 377 nm and λem = 420) 

The efficiency of this tagging protocol, that is, the percentage of polymer chains 

that were conjugated to the dye (9) was evaluated by comparing the fluorescence 

intensity of 0.1 and 0.05 μM HBSS solutions of tagged polymers and MalPyr Blue 

dye (9). The results are shown in Table 2.13. Two concentrations were tested, 

to account for potential concentration-dependent effects of the polymers on the 

fluorescence emission profile of the dye. 
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Table 2.13 MalPyr Blue fluorescently tagged polymers. 

 

Code 

Tagging 

efficiencya 

Mn
b 

kDa 

Đc 

MalPyr Blue Chol-[(HEA)100%]52 82.9±7% 7.51 1.07 

MalPyr Blue Chol-[(HEA)100%]70 105.2±10% 9.70 1.21 

MalPyr Blue Chol-[(HEA)100%]108 113.4±3% 14.0 1.12 

MalPyr Blue DOPE-[(HEA)100%]47 90.6±4% 6.96 1.10 

MalPyr Blue PABTC-[(HEA)100%]50 102.4±2% 6.58 1.11 

a Tagging efficiency, calculated by comparing the fluorescence emission spectrum of the dye and the 
investigated polymer, at the same molar concentration, averaged between the two concentrations 
(n=12).  b Number-average molecular weight  Mn was calculated by 1NMR as previously described. c 

Molecular weight dispersity (Mw/Mn, Đ) was determined by SEC (see materials and methods). 

 

The results confirmed high tagging efficiency for all  polymers. Some samples 

showed  slightly higher fluorescence than the dye alone. To rule out that this was 

due to some potential non-covalent association between polymers and the 

pyranine dye, the fluorescence intensity of our samples was compared with that 

of a solution of untagged polymers and (9), each at 0.1 μM concentration. This 

test showed no statistically significant increase in fluorescence for the latter, hence 

the slightly higher fluorescent tagging efficiency observed for MalPyr Blue Chol-

[(HEA)100%]108 could not fully be rationalised, although one could speculate that 

this could be ascribed to an increase in dye solubility, or to addition of multiple 

dye molecules to a single polymer37.  

To expand the range of fluorophores in subsequent in vitro cell experiments, three 

polymers with target DP=50 - Chol-[(HEA)100%]52 PABTC-[(HEA)100%]50 DOPE-

[(HEA)100%]47 - were tagged using Rhodamine Red™ C2 Maleimide, using the same 

one-pot procedure described for MalPyr Blue (Scheme 2.17). 
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Scheme 2.17 One-pot fluorescent tagging of (co)polymers utilized in this study with 

fluorescent rhodamine Red™ C 2 Maleimide. 

Similarly, efficiency of the tagging reaction was assessed by comparing the 

fluorescence intensity of 0.1 μM solutions of tagged polymers and Rhodamine 

Red™ C2 Maleimide. The results are shown in Table 2.14.  
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Table 2.14 Rhodamine Red maleimide-tagged polymers investigated in this study. 

Code 
Tagging 

efficiencya 

Mnb 

kDa 

Đc 

Rhodamine PABTC-[(HEA)100%]50 87.5% 6.57 1.05 

Rhodamine Chol-[(HEA)100%]58 90.6% 8.17 1.07 

Rhodamine DOPE-[(HEA)100%]47 99.3% 6.95 1.08 

a Tagging efficiency, calculated by comparing the fluorescence emission spectrum of the dye and the 
investigated polymer, at the same molar concentration (n = 1). b Number-average molecular weight  
Mn was calculated by 1NMR as previously described. c Molecular weight dispersity (Mw/Mn, Đ) was 
determined by SEC (see materials and methods). 

 

The results suggested successful tagging of these polymers, with high tagging 

efficiencies. The complete removal of unreacted rhodamine Red™ C2 maleimide 

from the polymer samples was confirmed by SEC-HPLC, with fluorescence 

detection - λex = 560 nm and λem = 580 nm (Figure 2.9).  
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Figure 2.9 SEC-HPLC-chromatograms for Rhodamine Red tagged polymers, showing 
different elution times for Rhodamine Red C 2 maleimide  free dye and Rhodamine Red C 
2 maleimide fluorescently-tagged polymers. (λex = 560 nm and λem = 580 nm) 
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2.3.7 Replacement of trithiocarbonate groups at polymer chain-ends with hydrogen -

H atoms 

Due to different synthetic routes required for their synthesis, the three RAFT 

agents (Figure 2.10) used to synthesise the polymers possess two different 

trithiocarbonate moieties, a butyl chain (2, 3) and a propanesulfonic acid salt (1). 

For the polymers synthesised from these RAFT agents, we hypothesised that these 

trithiocarbonate moieties, given their small size compared to the polymer chains 

and their inability to insert into lipid bilayers,  should not have an impact on the 

overall membrane-inserting properties of these polymers. 

To test this hypothesis, the trithiocarbonate moiety at the polymer chain-ends was 

substituted it with the simplest group possible – a hydrogen atom. This was 

achieved by using conditions similar to those used  for  RAFT polymerisations: a 

radical initiator (VA-044, 0.25:1 mol:mol ratio with respect to the RAFT agent) 

and heating at 70 °C for 2 hours. Instead of monomers, a reducing agent, N-

ethylpiperidine hypophosphite (EPHP) was used (Scheme 2.18). Unlike other 

trithiocarbonate removal procedures, radical-induced trithiocarbonate removal 

Figure 2.10 Structures of the polymers synthesised in this study, showing the difference in 
the chemical structure of the trithiocarbonate (ω-chain ends).  

 



Chapter 2 

96 

 

using hypophosphite salts does not require lengthy purification steps, as all side 

products are water-soluble and can be efficiently removed through dialysis19,43. 

 

Scheme 2.18 Removal of trithiocarbonate polymer chain-ends using N-ethylpiperidine 
hypophosphite (EPHP), under radical conditions. 

The reaction was initiated using water-soluble VA-044 radical azoinitiator. This 

produced the addition-fragmentation equilibrium, which in turn generated the 

polymeric radical. This radical was irreversibly reduced by the excess of H. donor, 

resulting in a H-terminated “cleaved” polymer (Scheme 2.19). In order to reduce 

chances of irreversible chain-chain coupling events, leading to larger Pn-Pn 

polymer chains shown in Scheme 2.20, during the addition-fragmentation step, 

we selected a low ratio of initiator:CTA (mol:mol), where “CTA” here refers to the 

trithiocarbonate moieties.  

 

Scheme 2.19 Mechanism of trithiocarbonate group substitution with a H atom. 

Trithiocarbonate group removal was monitored by measuring the change of UV 

absorbance of the trithiocarbonate group at λ = 310 nm44. Figure 2.11 shows 

the disappearance of the λ = 310 nm band following removal of the 

trithiocarbonate end-group in PABTC-[(HEA)100%]80. The results are expressed as 

% of removed in Table 2.15, and show that the trithiocarbonate group was 

partially (from 65% to quantitative) removed from the polymers. 
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Figure 2.11 UV-visible spectra of the same polymer, before and after the trithiocarbonate 
replacement reaction. The trithiocarbonate group is characterised by an absorbance peak 
at λ = 310 nm44. 

 

Table 2.15 Trithiocarbonate removal from polymers, estimated from the decrease of 
absorbance at λ = 320 nm. 

Code 

Trithiocarbonate 

removal (%)a 

Chol-[(HEA)100%]70 Cleaved 84.1 

Chol-[(HEA)100%]58 Cleaved 84.8 

PABTC-[(HEA)100%]80 Cleaved 94.6 

PABTC-[(HEA)100%]63 Cleaved 68.3 

a Trithiocarbonate removal, calculated from the ratio of the UV-vis absorbance peak at λ = 310 nm 
between the “cleaved” and the trithiocarbonate-presenting polymer. 

SEC analysis of a polymer before and after trithiocarbonate removal (Table 2.16) 

shows that while the dispersity remained constant, for PABTC-[(HEA)100%]80 the 

Mn,SEC was found to increase. The GPC analysis is dependent on the hydrodynamic 

radius of the polymers, which may be affected by the removal of the polar end-

group. For the PABTC-based polymer, the removal of the trithiocarbonate 

increased the Mn significantly (closer to NMR-calculated values) and the dispersity 

decreased. Potential explanation for this effect is irreversible termination in the 
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form of chain-chain coupling between two polymers, which could result in an 

increase in measured Mn. 

Table 2.16 SEC analysis of cleaved and non-cleaved polymers.  

Code 

Mn (GPC) a    

kDa 

Mn (1H NMR)b 

kDa 

Đ c 

Chol-[(HEA)100%]70  8.04 9.10 1.05 

Chol-[(HEA)100%]70 CLEAVED 9.51 8.89* 1.05 

PABTC-[(HEA)100%]80 2.62 9.45 1.20 

PABTC-[(HEA)100%]80 CLEAVED 4.75 9.30* 1.16 

a Mn number average molecular weight, determined by SEC.  b c Molecular weight dispersity (Mw/Mn, Đ) 
was determined by SEC (see materials and methods).* Estimated Mn, based on subtraction of the MW 
of the trithiocarbonate ω-chain end to the Mn of the “non-cleaved” polymer. 

 

2.3.8 Critical Aggregation Concentration (CAC) of the polymers synthesised in this 

work 

The critical aggregation concentration of polymers was determined via evaluation 

of the pyrene fluorescence in solution with different polymer concentrations. 

Pyrene is an extremely lipophilic fluorescent compound that shows a different 

fluorescence emission spectrum based on the chemical microenvironment, 

lipophilic or hydrophilic, it is surrounded by4,45. 

As it is shown in the example using polymer Chol-[(HEA)100%]58 (Figure 2.12), at 

higher polymer concentrations (where it forms supramolecular aggregates) an 

additional peak (I3) can be observed in the pyrene fluorescence emission 

spectrum. This peak (found around λem = 385 nm) is present only when pyrene is 

solubilised in a lipophilic environment46, and the ratio between I1 and I3 is 

employed for CAC determination. The Log10 of the concentration of the surfactant, 

our amphiphilic polymers in this case, is then plotted against their I1/I3 ratio. Two 



Chapter 2 

99 

 

intersecting lines are then extrapolated, fitting the crossing point. This point 

represents the CAC for the polymers. 
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Figure 2.12 Pyrene fluorescence emission profile (λex = 340 nm) at different concentrations 
of amphiphilic polymer Chol-[(HEA)100%]58. The ratio between I1 and I3 is used to identify 
the CAC of the polymers. 

The CAC for the PABTC-based control polymers did not show any CAC  as these 

are not amphiphilic and therefore did not form supramolecular aggregates at the 

tested concentrations - i.e. up to 10 mg/mL). For the amphiphilic polymers the 

results were as expected, where increasing the size of the hydrophilic portion 

decreased the critical aggregation concentration in agreement with previous 

literature47.  
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Figure 2.13 CAC for the homo- and copolymers synthesised in this study as determined 
using pyrene as the fluorescence probe (μM, n = 1-3, SD). 

As it can be observed in Figure 2.13, most of the polymers have relatively similar 

CACs (between 0.1 and 0.2 μM), with the exception of the shortest polymer, 

(Chol-[(HEA)100%]13). This polymer aggregated at a significantly higher 

concentration than any other comparable Cholesterol-HEA homopolymer.  

The removal of the trithiocarbonate group did not impact the critical aggregation 

concentration for HEA homopolymers, as the differences of the observed CMC 

before and after cleavage of the trithiocarbonate group were found to be non-

statistically different  (one-way ANOVA). 
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Figure 2.14 CAC for the homo and copolymers synthesised in this study as determined 
using pyrene as the fluorescence probe (mg/mL, n = 1-3, SD). 

The CAC measured (expressed in mg/mL values in Figure 2.14) is in line with 

what described in the literature for many amphiphilic polymers. For example, 

poloxamers have similar to higher CACs, based on their architecture (0.7 to 45 

mg/mL); a structurally more similar A-B polymer, C18-monoalkyl hyperbranched 

polyglycerol showed a similar CAC (0.08 mg/mL)48. Similarly, another A-B block 

chain copolymer based on poly(N-isopropyl acrylamide) and a tetrohydrapyran-

protected poly 2-hydroxyethyl methacrylate showed a CAC comparable to our 

polymers (0.1 mg/mL)49. Another class of polymers based on PEG linked to two 

polycaprolactone tails showed a slightly lower tendency to aggregate than our 

polymers (1.33 to 6.46 mg/mL)50. 

  



Chapter 2 

102 

 

2.4 Concluding remarks 

In this chapter we described the synthesis and characterisation of four libraries of 

polymers with different structural and functional characteristics: 

i) Nature of the membrane-inserting polymer chain end (or lack of it);  

ii) Chemical composition of the polymers, with hydrophilic and acid 

monomers in different proportions; 

iii) Chain length of the polymers. 

Furthermore, we described the synthesis of a novel phospholipid RAFT agent, as 

well as synthesis of a lipid macroCTA, one-pot removal of the trithiocarbonate 

group and synthesis of a novel maleimide dye and its application for the 

fluorescent tagging of RAFT polymers.  
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Chapter 3    
Structural based assessment of polymer-cell 

interaction 
 

The work described in this chapter aimed at characterising the effect that the 

variations in structure of the synthesised membrane-inserting polymers had on 

the interaction with an intestinal cell culture model, Caco-2 cells. This investigation 

was carried out through a variety of experimental methods, comparing these 

polymeric materials for their effect on cell membrane fluidity (using Laurdan, a 

fluorescent probe sensitive to local membrane packing/order), cell 

viability/membrane damage (with PrestoBlue™ and LDH assays. Finally, 

association with Caco2 cell membranes was assessed by flow cytometry and 

fluorescence microscopy. 

  



Chapter 3 

109 

 

3.1 Introduction 

As described in Chapter 1, GPI anchors possess a lipophilic phosphatidyl-inositol 

domain that inserts with weak interactions in cell membranes, and a larger 

hydrophilic domain consisting of a polysaccharide linker connected to the C-

terminus of a protein1. The polymers synthesised in Chapter 2 are designed to 

mimic some of these characteristics, with lipophilic cholesterol or phospholipid as 

a membrane-binding chain end-group, connected to a larger hydrophilic domain. 

Within Chapter 3, these amphiphilic polymers were applied to relevant cell 

models to evaluate the potential for membrane interaction, as well as the effect 

the polymers had on cell viability and cell membrane damage. Analogous PABTC-

based polymers were used as control, as these do not possess membrane-

inserting domains.  

The polymers were tested on Caco-2 cells, as this cell line is commonly used as a 

model for intestinal epithelium2 and with this cell line it is possible to achieve 

differentiation and formation of a monolayer presenting tight junctions and 

microvilli3–5.  

We first investigated the toxicity of the previously described polymers on Caco-2 

cells, to correlate the effect that the polymer structure had on cell viability and 

cell membrane damage. After having established safe concentrations to employ 

on cells, we employed the Laurdan assay to investigate the effect that these 

polymers had on cell membrane fluidity. The data showed that the amphiphilic 

polymers increased the cell membrane fluidity, while the hydrophilic control 

polymers were not having an analogous effect. Therefore, we hypothesised that 

polymers presenting membrane-derived moieties such as cholesterol and DOPE 

were inserting in the cell membrane and causing a disruption of the membrane 

packing. 
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Finally, by employing the previously described fluorescently tagged polymers, 

confocal microscopy allowed visualise the tagged polymers interacting with cells. 

Additionally, flow cytometry was used to quantify the amount of fluorescent 

polymers interacting with Caco-2 cells. This allowed us to compare the various 

polymers synthesised in this study in terms of their ability to associate with cells, 

and to confirm the hypothesis postulated on the basis of the Laurdan assay data. 

These studies were employed to establish a structure-activity relationship (SAR) 

model for these materials in terms of their ability to interact with cell membranes. 

When amphiphilic molecules interact with cell membranes, they can induce 

changes in the cell membrane’s equilibrium curvature6, resulting in loss of cell 

membrane organisation and stability7. This is caused by two main drivers: firstly, 

bilayers exposed to amphiphiles are characterised by endothermic excess of 

enthalpy due to the disturbance of intra- and inter-molecular interactions in the 

membrane8,9. At the same time, this interaction causes an increase in entropy of 

the system, due to increased motional and conformational freedom for the 

membrane components9,10 The combination of these effects results in an increase 

in free energy of the system, which causes thinning of the lipophilic membrane 

and strain disorder11,12. Based on the structural characteristics of the amphiphilic 

species, the interaction may destabilise the lipid bilayer membrane in different 

ways: 

i) Direct insertion of amphiphilic molecules in the cell membrane13 

(Figure 3.1A). Depending on the characteristics of the amphiphilic 

molecule, this insertion could lead to formation of holes14 or bilayer 

discs15,16 within the membrane. 

ii) Extraction of membrane phospholipids by amphiphilic molecules in 

micellar form (Figure 3.1B). This is typical for larger amphiphiles, 

which do not readily insert in the membrane and tend to remain as 

supramolecular aggregates. The depletion of phospholipids from the 



Chapter 3 

111 

 

cell membrane causes vesicle reorganisation and migration of 

phospholipids from the inner leaflet to the outer leaflet13. 

iii) Non-specific interaction of amphiphilic molecules with membranes17 

(Figure 3.1C). Typical of antimicrobial peptides and larger molecules, 

such as polymers. The interaction starts with the amphiphilic 

molecules sitting transversally on the membrane, which is then 

destabilised by the formation of pores (barrel-stave model18) or by 

coverage of the surface until a threshold concentration is reached 

(carpet-like model19). 

 

 

Figure 3.1 Modalities of interaction between amphiphilic molecules and cell membranes : 
A) direct insertion of detergent-like molecules; B) extraction of phospholipids from the cell 
membrane by amphiphilic aggregates; C) carpet-like interaction, typical of antimicrobial 
peptides. 
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Regarding influence of amphophilic molecules on membrane packing, it is also 

important to consider that some cholesterol-based cationic amphiphiles can inhibit 

the activity of Protein Kinase C (PKC)20.This is especially important since PKC 

activity regulates the intracellular calcium levels 21,22, which in turn are responsible 

for cell membrane fluidity regulation23,24. Therefore, a potential increase in 

membrane fluidity could be caused either by direct interaction of the amphiphiles 

with cell membrane, or by inhibition of PKC.  
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3.2 Materials and Methods 

3.2.1 Materials 

Human epithelial colorectal adenocarcinoma cells (Caco-2, American Type Culture 

Collection ATCC; Manassas, Virginia, passage 45-52) were used for this study. 

EMEM, HBSS, streptomycin/amphotericin solution, FBS, L-glutamine, PBS and 

trypsin/EDTA solution were purchased from Sigma (UK). 

PrestoBlue™ cell toxicity reagent, LDH cytotoxicity assay kit (Pierce™) and 

Laurdan dye (6-dodecanoyl-2-dimethylaminonaphthalene) were purchased from 

ThermoFisher Scientific (USA). 

 

3.2.2 Routine cell culture conditions 

Cells were cultured in 75 cm2 flasks with EMEM supplemented with 10% (v/v) FBS, 

0.1 mg/mL of streptomycin, 100 units/mL of penicillin, 0.25 μg/mL of 

amphotericin, and 2 mM L-glutamine at 37 °C with 5% CO2. Cells were fed every 

other day or every three days with pre-warmed (37 °C) media, after having 

aspired old media. Cells were split after confirming confluence through optical 

microscopy. First, old medium was removed and cells were washed twice with pre-

warmed (37 °C) PBS to remove any debris and remaining FBS, which would inhibit 

the effect of trypsin. Once washed, PBS was removed and 2.5 mL of a pre-warmed 

(37 °C) trypsin-EDTA solution were added to the cells, which were incubated for 

5 minutes in the standard cell culture conditions. Then, an equal amount (2.5 mL) 

of pre-warmed media was added to the detached cells, to inhibit further effect of 

trypsin and to recover as many cells as possible. The combined solution was 

transferred into a falcon tube for centrifugation (250g for 4 minutes), to obtain a 

pellet of cells. The supernatant was aspirated, and the cell pellet was suspended 

in an adequate amount of pre-warmed (37 °C) media. Aliquots from this 

suspension were transferred to new flasks, based on the desired splitting ratio. 
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Cells were regularly split with ratios of 1:2, 1:3, 1:6, 1:10 (based on the amount 

and speed of growth needed). Cells were incubated at 37 °C and in a 5% CO2 

atmosphere. 

For multiple compounds and experimental repeats, cells were seeded in 96 and 

plates. Cells were prepared with the same procedures used for splitting, and the 

solution for seeding was prepared with a concentration of 6.6*105 cells per mL of 

media. Using a multi-channel pipette, 150 μL of this suspension were transferred 

in each well, resulting in a concentration 1*104 per well, a value commonly found 

in literature for this type of cells and well size25. If possible, the outermost wells 

were avoided from being seeded with cells, in order to avoid variation associated 

with uneven temperature26 and adsorption fluctuations27 (also known as “edge 

effect”28). 

 

3.2.3 PrestoBlue™ cell viability and Lactate Dehydrogenase (LDH) joint assays protocol 

Caco-2 cells were seeded at concentration 1*104 per well in 96-well plates (black) 

and cultured for 24 hours. The medium was removed from cells, and these were 

exposed to solutions of selected polymers for the chosen amount of time 

(generally 24 hours) in phenol-free medium. Following exposure, 50 μL of 

supernatant from each well were transferred to another 96-well plate, LDH 

solution was added to each well and after 25 min incubation the absorbance was 

measured at 490 nm. Relative LDH release was calculated through Equation 3.1, 

with the negative control taken as untreated cells, and positive control as total 

cell lysis (Triton X): 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 = (
(A𝑥 − A(𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙))

(A(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − A(𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙))
) ×  100 

Equation 3.2 Calculation of relative LDH release, for the purpose of membrane damage 
evaluation. A values used represent absorbance at λ = 490 nm. Ax represents sample 
absorbance. 
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The solution remaining in the original plate was washed off with PBS, PrestoBlue™ 

(Thermofisher) 10% solution (in phenol red-free medium) was added, and after 

60 min incubation fluorescence was measured at λem = 600 nm (λex =560). The 

relative metabolic activity was calculated through Equation 3.2, with the negative 

control as untreated cells, and negative control as total cell lysis (triton X): 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = (
(I𝑥 − I(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙))

(I(𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − I(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙))
) ×  100 

Equation 3.3 Calculation of relative metabolic activity, PrestoBlue™ assay. All I values 

represent fluorescence intensity following excitation at λex = 560 nm and emission at λem 
= 600 nm. Ex represents sample fluorescent signal. 

 

The 96-well plates were analysed with a Spark 10M Plate Reader (Tecan) and 

analysed with SparkControl 2.1 software, then further elaborated with Prism 8.4.2 

(GraphPad). The measurement was run at 37 °C, with λex = 560 nm and λem = 

600 nm for PrestoBlue™ and absorbance 490 nm for LDH. 

 

3.2.4 Laurdan assay 

Caco-2 cells were seeded at concentration 1*104 per well in 96-well plates (black) 

and cultured for 24 hours. The medium was removed from cells and these were 

incubated with a 2 μM HBSS solution of Laurdan dye (6-dodecanoyl-N,N-dimethyl-

2-naphthylamine, Thermofisher) for 30 minutes25. Following exposure, the dye 

was washed off twice with PBS, and the chosen treatment in HBSS (150 μL) was 

added to the wells. After 30 minutes of incubation, fluorescence was measured at 

360/460 nm (λex/λem) and at 360/500 nm (λex/λem), at 37 °C. 

Generalised Polarisation (GP) of Laurdan was calculated by subtracting the blank 

(cells + medium, to account for the auto fluorescence) to the values measured in 

every Laurdan-exposed well, and by using Equation 3.3: 
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𝐺𝑃 =
(𝐼460 − 𝐼500)

(𝐼460 + 𝐼500)
 

Equation 3.4 Calculation of Generalised Polarisation (GP) of Laurdan. I460 and I500 represent 
fluorescence intensities at λem = 460 nm and λem = 500 nm respectively, following 
excitation at λex = 360 nm. 

 

The 96-well plates were analysed with a Spark 10M Plate Reader (Tecan) and data 

was recorded using a SparkControl 2.1 software. Data was processed with Prism 

8.4.2 (GraphPad).  

 

3.2.5 Preparation of the staining DiL solution 

The DiL membrane staining solution was prepared by solubilising solid DiL in EtOH 

(3 mg/mL). This solution was then diluted in HBSS (1:99) and employed for cell 

membrane staining (final DiL concentration 30 μg/mL)29.  

 

3.2.6 Fluorescence microscopy 

Caco-2 cells were seeded at concentration 1*104/mL in 12-well plates, and 

cultured in phenol-red free EMEM. After 24 hours incubation, the medium was 

removed from cells and these were treated with an appropriate quantity of the DiL 

staining solution29 (1 mL for 12-well plates) and were incubated for 20 minutes. 

The cells were washed twice with PBS to remove excess DiL staining solution, and 

the fluorescently tagged polymer solutions (0.1 μM in HBSS) were added to the 

wells and cells were incubated for 20 minutes. The fluorescent polymer solutions 

were removed, and cells were washed twice with PBS to remove the excess 

polymer solutions, and HBSS medium was added to the wells. 

Cells were imaged on an inverted Nikon Eclipse TE 300 fluorescence microscope 

on DAPI, FITC, TRITC and Cy5 filters. 
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3.2.7 Quantitation of interaction by exposure to fluorescent polymers 

Caco-2 cells were seeded at concentration 1*104 in 96-well plates (black) and 

cultured for 24 hours. The medium was removed from cells, and these were 

exposed to HBSS solutions of fluorescently tagged polymer 30 minutes. After 

incubation, the fluorescence (λex = 377 nm and λem = 420) was registered to set 

the starting values for each well (FIstart). Following exposure, the unbound 

polymers were washed off with PBS, and fresh HBSS (150 μL) was added to the 

wells. Fluorescence (λex = 377 nm and λem = 420) was measured to estimate the 

amount of polymer still present after washing (FIw). The percentage of relative 

fluorescence was calculated per each well by using Equation 3.4: 

% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =
𝐹𝐼𝑤

𝐹𝐼𝑠𝑡𝑎𝑟𝑡

∗ 100 

Equation 3.5 Calculation of relative fluorescence (%) of cells following incubation with 

MalPyr Blue-tagged fluorescent polymers and washing of unbound polymers. Values 
represent fluorescence intensities measured at λex = 377 nm and λem = 420. 

 

3.2.8 Cell fixing and confocal microscopy 

Caco-2 cells were seeded at concentration 1*104/mL in 12-well plates, with glass 

coverslips (22 mm diameter) on the bottom of each well and cultured in phenol-

red free EMEM. The glass coverslips were previously sterilised by immersion in 

70% industrial methylated solvent (IMS) and rinsed with PBS. After 24 hours 

incubation, the medium was removed from cells and these were treated with an 

appropriate quantity of the DiL staining solution29 (1 mL for 12-well plates) and 

were incubated for 20 minutes. The cells were washed twice with PBS to remove 

excess DiL staining solution, and the fluorescently tagged polymer solutions (0.1 

μM in HBSS) were added to the wells and cells were incubated for 20 minutes. 

The fluorescent polymer solution was removed, and cells were washed twice with 

PBS to remove the polymer solutions.  
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Medium was then removed and a 4% paraformaldehyde fixing solution was added 

to the wells. After 20 minutes incubation, the fixing solution was removed, and 

the cells were washed twice with PBS. The medium was aspirated, and the 

coverslips were mounted on glass slides with ProLong™ Gold antifade mounting 

reagent. The glass slides were stored in the fridge (2-8 ˚C) for 2 weeks before 

being imaged. 

 

3.2.9 Statistical testing 

Statistical analysis was performed using GraphPad Prism. Statistical significance 

of data was determined by one-way or two-way ANOVA testing, followed up by 

multiple comparisons tests (** P < 0.01, *** P < 0.001, **** P < 0.0001). The 

error bars in the graphs have been calculated as Standard Error of Mean (SEM). 

 

3.2.10 Haemolysis assay 

Equal volumes of blood (defibrinated sheep blood, Oxoid) and PBS were added to 

falcon tubes; after centrifugation (5 min, 5000g, room temperature) the 

supernatant was removed, and PBS was added to the pellet. This process was 

repeated twice, and the final solid residue was resuspended in 50 mL PBS. The 

polymers were solubilised in PBS, and 0.5 mL of each tested concentration were 

transferred in 1.5 mL Eppendorf vials. The resuspended blood solution was added 

(0.5 mL each) to the Eppendorf vials containing the polymer solutions, as well as 

to vials containing positive control (1% Triton X-100) and negative control (PBS). 

The solutions were left to interact for 3 hours in a shaking heated water bath (37 

˚C). The Eppendorf vials were subject to centrifugation (5 min, 5000 g) and 0.100 

mL of the supernatant from each vial was transferred in a 96-well plate (Costar 

clear bottom). After making sure there were no bubbles present in the wells, 
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absorbance was measured at λ = 540 nm. Percentage of haemolysis was 

calculated as: 

%ℎ𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 = [
(𝑥 − 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

(𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
] × 100 

Equation 3.6 Calculation of relative haemolysis, for the purpose of cell damage evaluation. 
Values used represent absorbance at λ = 540 nm. X represents sample absorbance. 

The blood-containing suspensions were disposed of by using commercial bleach, 

or a 10% NaClO solution prepared extemporaneously. 

 

3.3.11 Flow Cytometry 

Caco-2 cells were seeded at concentration 1*104/mL in 12-well plates in phenol-

red free EMEM. After 24 hours incubation, the medium was removed from cells, 

and these were treated with an appropriate volume (1 mL) of the fluorescently 

tagged polymer solutions (0.1 μM in HBSS) for a 20 minute incubation. The 

fluorescent polymer solutions were removed, and cells were washed twice with 

PBS to remove the polymer solutions. The cells were exposed to an appropriate 

quantity (0.3 mL per well) of a pre-warmed (37 °C) trypsin-EDTA solution. Cells  

were incubated for 5 minutes in the standard cell culture conditions. Then, an 

equal amount (0.3 mL) of pre-warmed phenol red-free medium was added to the 

detached cells, to inhibit further effect of trypsin and to recover as many cells as 

possible. The cell suspensions were transferred into 1.5 mL Eppendorf vials for 

centrifugation (250g for 4 minutes), to obtain a pellet of cells. The supernatant 

was aspirated, and the cell pellet was suspended in 40 μL of room temperature 

PBS. Cells were stored on ice and covered from light for 2 hours, and then were 

analysed on Amnis® ImagestreamX® MKII Imaging Flow Cytometer (Luminex). 

The images and data were elaborated using the IDEAS® 6.0 software 

(LuminexCorp). The results are expressed as adjusted Median Fluorescence 

Intensity (aMFI), calculated as: 
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𝑎𝑀𝐹𝐼 =
𝑚𝑒𝑑𝑖𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑡𝑖𝑡𝑦 (𝑠𝑎𝑚𝑝𝑙𝑒)

𝑚𝑒𝑑𝑖𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠)
× 𝑇𝑎𝑔𝑔𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

Equation 3.7 Calculation of adjusted median fluorescence intensity (MFI). Values represent 
median fluorescence intensity measured for cells, measured at λex = 377 nm and λem = 
420 nm for MalPyr Blue polymers and λex = 560 nm and λem = 580 nm for Rhodamine Red 
polymers.  
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3.3 Results and Discussion 

3.3.1 Cell toxicity of the membrane-inserting polymers synthesised in this work 

The polymer toxicity was evaluated with two different assays, which assessed the 

polymer influence on cell metabolic activity and on cell membrane damage. The 

first assessment was conducted on cell viability after exposure to the synthesised 

polymers. This was performed using PrestoBlue™, a resazurin-based assay that 

estimates the viability of cells by measuring their metabolic activity32. The second 

toxicity assay performed (LDH) assesses the cell membrane damage following 

treatment with a given compound/material by quantifying the LDH enzyme 

released from the cytoplasm33.  

In these experiments Caco-2 cells were incubated with polymer at different 

concentrations for 24 hours, to evaluate the effect of the treatment on cell 

metabolism and membrane integrity. Tests were done to investigate whether the 

lipophilic groups on the polymer chains induced membrane damage decreasing 

cell viability at high polymer concentrations. The control polymers on the other 

hand should have a lesser effect on cells, specifically on cell membrane damage.  

The toxicity results for cholesterol-based polymers showed that some polymers, 

irrespective of their monomer composition, were increasing the cell metabolic 

activity measured by PrestoBlue™ assay (Figure 3.2). This effect could be the 

result of a cellular response to external stress factors34,35. 
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Figure 3.2 Cell toxicity results for select cholesterol-based polymers. The assays were 
performed on Caco2 cells, after 24 hours exposition to the polymer suspensions at different 
concentrations. The graph shows LDH release, indicative of membrane damage, in red and 
PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were calculated using 
an [inhibitor] versus normalised response nonlinear regression curve fitting. 100% 
membrane damage was assumed for cells treated with a 1% Triton X-100 solution and 0% 

membrane damage was assumed for untreated cells. 0% metabolic activity was assumed 
for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was assumed 
for untreated cells (n = 9, error bars expressed as SD). 

 

As described previously, PrestoBlue™ assay relies on the reduction of Resazurin 

to Resorufin promoted by NADH-dependent enzymes. Therefore, an increase in 

NADH concentration would also translate in a metabolic activity increase. As NADH 

levels are linked to glycolysis34 and this process is linked to the activation of 

survival pathways36,37, it is possible that exposure of Caco2 cells to the tested 

polymers could activate some of these processes. A recent study25 showed that 

exposure to a non-ionic surfactant as Kolliphor HS15 increases the glycolytic 

processes in cells exposed to stress as a survival mechanism35,38. This cascade of 
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processes could explain the observed increase in metabolic activity for cells 

exposed to amphiphilic polymers. 

The results for the larger library of cholesterol-based polymers are summarised in 

Table 3.1. The trend showed an IC50 value for cell metabolic activity between 

0.1-0.2 μM polymer concentration, with no evident correlation to monomer 

composition. The Cholesterol-based polymers showed high potential for cell 

membrane damage, with the upper IC50 values averaging around 0.1-0.2 μM 

polymer concentration, while more toxic polymers showed an elevated degree of 

membrane damage between 0.04-0.08 μM. These results showed that, for most 

cholesterol-based polymers, we observed cell membrane damage at 

concentrations where the cells were still metabolically viable. As the LDH assay 

measures extracellular presence of intracellular material, the high level of damage 

measured could be due to membrane instability caused by the interaction of 

polymers with the cell membrane while the cells were still metabolically viable, as 

represented by the higher IC50 values measured with the PrestoBlue™ assay. 
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Table 3.1 PrestoBlue and LDH IC50 values for Caco-2 cells exposed for 24 hours to solutions 

of the amphiphilic cholesterol polymers. calculated by using an [inhibitor] versus 
normalised response nonlinear regression curve fitting (n = 9-12). 

Polymer 

IC50 (μM) 

PrestoBlue™ LDH 

Chol-[(HEA)100%]108 >1 0.17 

Chol-[(HEA)100%]70 0.11 0.04 

Chol-[(HEA)100%]58 >1 0.043 

Chol-[(HEA)100%]52 0.11 >1 

Chol-[(AA)100%]82 >0.2 0.28 

Chol-[(AA)100%]54 >0.2 0.1 

Chol-[(HEA)90%-r-(AA)10%]105 >0.2 0.11 

Chol-[(HEA)90%-r-(AA)10%]57 0.12 0.05 

Chol-[(HEA)90%-r-(AA)10%]51 0.21 0.05 

Chol-[(HEA)70%-r-(AA)30%]94 >0.2 0.1134 

Chol-[(HEA)70%-r-(AA)30%]54 >1 >1 

Chol-[(HEA)70%-r-(AA)30%]52 
0.21 0.05 

Chol-[(HEA)90%-r-(AAPA)10%]140 
>1 0.08 

Chol-[(AAPA)50%-(HEA)50%]99 
0.0911 / 

Chol-[(AAPA)50%-(HEA)50%]151 
0.2 / 
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Figure 3.3 Cell toxicity results for selected control polymers. The assays were performed 
on Caco2 cells, after 24 hours incubation with the polymer solutions at different 

concentrations. The graph shows LDH release, indicative of membrane damage, in red and 
PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were calculated using 
an [inhibitor] versus normalised response nonlinear regression curve fitting. 100% 

membrane damage was assumed for cells treated with a 1% Triton X-100 solution and 0% 
membrane damage was assumed for untreated cells. 0% metabolic activity was assumed 
for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was assumed 
for untreated cells (n = 9, error bars expressed as SD). 

 

PABTC-based control polymers did not impact Caco-2 cell viability at the tested 

concentrations (Figure 3.3). This effect was in accordance with our initial 
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hypothesis, where control polymers would have a smaller degree of interaction 

with cells and cell membranes. Exposure to control polymers did not also increase 

cell metabolic activity, indicating that the presence, or indeed absence like in these 

control polymers, of membrane-inserting moieties at the polymer chain-ends may 

be indeed responsible for the observed effect. However, some of the control 

polymers did appear to cause some degree of cell membrane damage. This could 

have been caused by a limited degree of membrane interaction, which may be 

expected with these polymers, as hydrophilic and methacrylate-based polymers 

are often used as cryoprotectants for cell membranes39,40.  

The IC50 results showed an overall less toxic profile for the control polymers when 

compared with cholesterol-based polymers. Most of the PABTC-based polymers 

were not impacting cell metabolic activity at the tested concentrations, and only 

some polymers were showing levels of cell membrane damage similar to that of 

Chol- and DOPE-polymers (Table 3.2). 
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Table 3.2 PrestoBlue and LDH IC50 values for Caco-2 cells incubated for 24 hours with 

solutions of the PABTC control polymers, calculated by using an [inhibitor] versus 
normalised response nonlinear regression curve fitting (n = 9-12). 

Polymer 

IC50 (μM) 

PrestoBlue™ LDH 

PABTC-[(AA)100%]141 >1 0.11 

PABTC-[(HEA)100%]80 >1 0.049 

PABTC-[(HEA)90%-r-(AAPA)10%]81 
>1 0.049 

PABTC-[(HEA)90%-r-(AA)10%]45 
>1 0.16 

PABTC-[(HEA)70%-r-(AA)30%]44 
>1 0.042 

PABTC-[(HEA)50%-r-(AA)50%]49 
>1 0.048 

PABTC-[(HEA)100%]50 >1 / 

PABTC-[(AA)100%]37 >1 / 

PABTC-[(HEA)90%-r-(AAPA)10%]46 
>1 / 

PABTC-[(HEA)90%-r-(AA)10%]75 
>1 / 

PABTC-[(HEA)70%-r-(AA)30%]80 
>1 / 

PABTC-[(HEA)100%]63 0.14 1.85 

 

 



Chapter 3 

128 

 

0.001 0.01 0.1
-150
-100

-50
0

50
100
150

DOPE-[(HEA)100%]47

Concentration (M)

%

0.001 0.01 0.1
-150
-100

-50
0

50
100
150

DOPE-[(HEA)50%-r-(AA)50%]57

Concentration (M)

%

0.001 0.01 0.1
-150
-100

-50
0

50
100
150

DOPE-[(AA)100%]42

Concentration (M)

%

LDH Cell viability

 

Figure 3.4 Cell toxicity of selected DOPE-containing polymers with targeted DP = 50. The 
assays were performed on Caco2 cells, after 24 hours exposition to the polymer 

suspensions at different concentrations. The graph shows LDH release, indicative of 
membrane damage, in red and PrestoBlue™ results, which indicate cell viability, in blue. 

IC50 values were calculated using an [inhibitor] versus normalised response nonlinear 
regression curve fitting. 100% membrane damage was assumed for cells treated with a 
1% Triton X-100 solution and 0% membrane damage was assumed for untreated cells. 0% 
metabolic activity was assumed for cells treated with a 1% Triton X-100 solution and 100% 
metabolic activity was assumed for untreated cells (n = 9, error bars expressed as SD). 

 

Interestingly, DOPE-based polymers (Figure 3.4) did not cause significant 

changes in cell viability and membrane damage at the tested concentrations. The 

IC50 values for the DOPE polymers (Table 3.3) showed that only one of the 

polymers was affecting cell metabolic activity at 0.2 μM polymer concentration, 

and no polymer was causing cell membrane damage at the tested concentrations. 

Table 3.3 PrestoBlue and LDH IC50 values for Caco-2 cells exposed for 24 hours to solutions 
of the amphiphilic DOPE polymers, calculated by using an [inhibitor] versus normalised 

response nonlinear regression curve fitting (n = 9). 

Polymer 

IC50 (μM) 

PrestoBlue™ LDH 

DOPE-[(HEA)100%]47 0.22 >1 

DOPE-[(HEA)50%-r-(AA)50%]57 >1 >1 

DOPE-[(AA)100%]42 >1 >1 

 

When comparing the IC50 values obtained for our polymers, we generally found 

that these were in line or less toxic when compared with similar polymers 
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described in literature (Table 2.4), some of which were tested by (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability 

assay41. 

Table 3.4 Toxicity comparison between the polymers described within this study and 
examples of amphiphilic polymers in the literature, expressed as IC50 (μM) and showing the 

toxicity assay(s) used. 

Polymer Cell line 

IC50 

(μM) 

Assay Ref 

PEG-polycaprolactone-linear 

polyethyleneimine 

HeLa 0.0390 MTT 42 

Chitosan-g-polymethyl methacrylate Caco-2 0.0009 MTT 43 

Branched polyethyleneimine HeLa <0.002 LDH, 

PrestoBlue 

44 

Chol-[(HEA)100%]70 Caco-2 0.04 LDH, 

PrestoBlue 

/ 

PABTC-[(HEA)100%]63 Caco-2 0.14 LDH, 

PrestoBlue 

/ 

 

Thus, analysis of the relevant literature showed that that the toxicity of our 

polymers was similar or lower than that of many natural and synthetic polymers 

tested on the same Caco2 cell line. 

In this work, the effect of polymers on cell membrane fluidity (see section 3.3.3 

Cell membrane fluidity evaluation) was tested by Laurdan assay which required a 

30-minute incubation of Caco2 cells with the selected polymers. Therefore, we 

also explored the toxicity of the polymers at different concentrations in a 30-

minute exposure toxicity assay. We chose to test two Cholesterol-based, AA-based 

copolymers as these showed the highest potential for toxicity after 24-hour 

exposure to cells. 
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The results (Figure 3.5) showed that these two cholesterol-based polymers did 

not impair cell viability or cause membrane damage at the tested concentrations. 

This showed that, for the short-term incubation employed in the Laurdan assay, 

these polymers did not cause significant cell membrane damage or impaired cell 

metabolic activity. 
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Figure 3.5 Cell toxicity results for selected cholesterol-containing polymers with targeted 
DP ~ 50. The assays were performed on Caco2 cells, after 30 minutes incubation with 

polymer solutions at different concentrations. The graph shows LDH release, indicative of 
membrane damage, in red and PrestoBlue™ results, which indicate cell viability, in blue. 
IC50 values were calculated using an [inhibitor] versus normalised response nonlinear 
regression curve fitting. 100% membrane damage was assumed for cells treated with a 
1% Triton X-100 solution and 0% membrane damage was assumed for untreated cells. 0% 
metabolic activity was assumed for cells treated with a 1% Triton X-100 solution and 100% 
metabolic activity was assumed for untreated cells (n = 6, error bars expressed as SD). 

 

Subsequently, we performed a larger set of experiments on cholesterol and control 

PABTC-containing polymers at the same concentration (0.1 μM in HBSS), with 

Caco-2 cells. This specific concentration was chosen due to being the highest that 

did not show significant toxic effects on Caco2 cells after 24-hour incubation time, 

and it was chosen for the membrane evaluation studies. The results showed a 

uniformly low degree of cell membrane damage across the variety of polymer 

compositions, irrespective on the presence of cholesterol at the polymer chain-

ends (Figure 3.6). These results showed that LDH release caused by cell 

membrane damage occurred over longer exposure times (24 hours) and was not 
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significant within a 30-minute exposure to polymer solutions. Conversely, we 

observed a degree of impact on metabolic activity for both polymer classes, 

reducing the metabolic activity to 40% of what measured in untreated cells. The 

effect was higher for shorter polymers and inversely proportional to the 

percentage of acid monomers present in the polymer. However, we know from 

the 24-hour polymer exposure that the metabolic activity is reduced at higher 

concentrations (0.2 μM) or in some cases it is increased. Therefore, we concluded 

that some polymers can cause an initial decrease in cell metabolic activity, which 

is then recovered over the course of the following 24 hours. 
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Figure 3.6 Cell toxicity results for select cholesterol-based polymers. The assays were 
performed on Caco2 cells, after 30 minutes incubation with polymer solutions at the same 

molar concentration (0.1 μM). The graph shows LDH release, indicative of membrane 
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damage, on the right and PrestoBlue™ results, which indicate cell viability, on the left. 

100% membrane damage was assumed for cells treated with a 1% Triton X-100 solution 
and 0% membrane damage was assumed for untreated cells. 0% metabolic activity was 
assumed for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was 

assumed for untreated cells (n = 6, error bars expressed as SD). 

 

3.3.2 Haemolysis assay  

Polymers, especially cationic and amphiphilic, tend to cause rupture of the cell 

membrane in red blood cells45. Therefore, haemolytic activity is commonly used 

to evaluate the potential for materials to disrupt cell membranes 46. We employed 

defibrinated sheep blood as the lack of blood coagulation factors facilitates the 

washing of erythrocytes47. The test carried out following a previously described in 

vitro method where erythrocytes are incubated with test materials at specific 

concentrations, and their absorbance at λabs = 540 nm is evaluated against a 

positive control (Triton X-100) and a negative control (PBS)48. The absorbance at 

λ = 540 nm is directly proportional to the haemoglobin PO2
49, and is a measure of 

erythrocyte integrity. 
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Figure 3.7 Haemolytic activity of (Chol) and PABTC control polyHEA polymers, tested after 
a 3-hour incubation with erythrocytes. 0% haemolysis is assumed for untreated 
erythrocytes, while 100% haemolysis is assumed for erythrocytes treated with Triton X-
100 (n = 3, error bars expressed as SD). 
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As it can be observed in Figure 3.7, the haemolysis caused by the polymers is 

very limited when compared with the positive control (Triton-X100). However, we 

observed a small difference between the cholesterol-bearing polymers and the 

controls. Therefore, we ran a two-way ANOVA with multiple comparisons between 

rows (same concentration of different polymers). This test showed statistically 

significant differences between the two different cholesterol polymers, Chol-

[(HEA)100%]54 and Chol-[(HEA)100%]108 as well as statistically significant differences 

between the cholesterol polymers and the PABTC control polymers lacking 

membrane-inserting moieties at the polymer chain ends. The results are lower to 

what was observed for the amphiphilic cholesterol copolymers (10% haemolytic 

activity at 0.01 mg/mL, equivalent to 0.05 μM)50 and Pluronic F127 (65% 

haemolytic activity at 2 μg/mL concentration)51, showing comparably low 

haemolytic activity for our polymers. 
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3.3.3 Cell membrane fluidity evaluation 

In the previous sections, we investigated the interaction between cells and 

amphiphilic polymers, in terms of cell viability and membrane integrity. The LDH 

assay showed that the phospholipid DOPE and especially the cholesterol-

presenting polymers caused cell membrane damage at high concentrations. This 

trend was not observed for the control PABTC polymers, suggesting that the 

presence of a membrane-inserting moiety at the end of polymer chains was mostly 

responsible for the observed phenomena.  

In this part of our study, we then decided to further investigate and understand 

the effect of polymer insertion on the packing and fluidity of the cell membranes, 

using the Laurdan assay. Laurdan is a lipid bilayer-intercalating dye which when 

excited at λex = 390 nm fluoresces more strongly at λem2 = 490 nm, when in less 

orderly membranes, or membrane domains.52,53 Conversely, the dye fluoresces 

more strongly at λem1 = 440 nm in more packed and ordered membranes. This 

difference in emission profile is due to the higher concentration of water in more 

disordered Ld lipid phase. H-bonding with water changes the dipolar moment 

relaxation for the excited state of Laurdan, affecting its the emission spectrum54. 

Thus, it is possible to correlate the general order of the membrane based on the 

observed the Laurdan fluorescence emission shift, as illustrated in Figure 3.8.  

Figure 3.8 Representation of the emission for the Laurdan dye, showing the two main 
emission peaks (left). Representation of the Laurdan dye intercalating with phospholipids 
(top right), and of water molecules (small blue spheres) being more able to move in a 

disordered lipid phase when compared with an ordered lipid phase (bottom right). 
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The extent of this effect can be expressed as generalised polarisation (GP), which 

is calculated by comparing the emission spectrum of the dye at λem1 = 440 nm 

and at λem2 = 490 nm (eq. 3.3 in Materials and Methods). GP is a value that ranges 

from -1 to +1, with positive values indicative of a rigid membrane, and negative 

values indicating that a given membrane is fluid. In this part of this work, results 

are also expressed as ΔGP, which is the difference between the GP of cells treated 

with our polymers and that of untreated cells. Expressing results as ΔGP allows 

for a more straightforward interpretation of the cell membrane fluidity graphs, 

setting the baseline as the GP of untreated cells. As a general reference, untreated 

Caco-2 cells yielded a GP of 0.2, in line with what reported in previous literature25.  

To understand the effect of polymer structural variables – i.e. chain length and 

composition - on membrane fluidity, the materials were tested at the same molar 

concentration (0.1 μM). When exposed to polymer solutions at these 

concentrations for 24 hours, Caco-2 cells were still viable, although some degree 

of membrane damage was present. Low molecular weight RAFT agents containing 

the same membrane inserting moieties found at the chain ends of our polymers 

were also tested, to investigate the effect of polymer chains on membrane fluidity. 

The results are illustrated in the following figures, with statistical significance 

tested through a one-way ANOVA comparing the fluidity values obtained for 

polymer-treated cells with the values measured for untreated cells.  
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Figure 3.9 Membrane fluidity assays (Laurdan on Caco-2 cells, polymer concentration: 0.1 

μM; incubation time: 30 minutes), employing cholesterol-based polymers. Results are 
expressed as delta generalised polarisation (ΔGP): a positive value represents an increase 

in membrane rigidity, while a negative value an increase in membrane fluidity, compared 
to untreated cells. The cholesterol-based polymers caused a statistically significant increase 
in membrane fluidity, and exhibit a chain length dependent effect on membrane fluidity: at 
the same molar concentration of polymer chains, independently from monomer 
composition shorter polymers induced a larger increase in membrane fluidity. Statistical 

analysis of the results was carried out through a one-way ANOVA test, comparing the 
fluidity values obtained with the values measured for untreated cells (** P<0.01, *** 
P<0.001, **** P<0.0001, n = 18, error bars expressed as SEM). 

Cholesterol-containing polymers (Figure 3.9) showed an increase in cell 

membrane fluidity, with the effect being more dependent on the chain length 

rather than on monomer composition. All the tested polymers cause a statistically 

significant increase in cell membrane fluidity, when compared with the untreated 

cells.  
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Figure 3.10 Membrane fluidity assays (Laurdan on Caco-2 cells, polymer concentration: 0.1 
μM; incubation time: 30 minutes) for the non membrane-inserting PABTC-terminated 
control polymers. Results are expressed as delta generalised polarisation (ΔGP): a positive 

value represents an increase in membrane rigidity, while a negative value an increase in 
membrane fluidity, compared to untreated cells. The control polymers did not significantly 
change membrane fluidity, save for some which slightly increased the rigidity. Statistical 

analysis of the results was carried out through a one-way ANOVA test, comparing the 
fluidity values obtained with the values measured for untreated cells (** P<0.01, *** 
P<0.001, **** P<0.0001, n = 12, error bars expressed as SEM). 

Conversely, PABTC-based control polymers (Figure 3.10) had little effect on 

membrane fluidity, although some of them marginally increased membrane 

rigidity. The majority of the effects of control polymers on Caco-2 cell membrane 

fluidity was not statistically significant, indicating that these polymers were not 

interacting directly with cell membranes, or were not causing significant changes 

in cell membrane fluidity if any interaction was happening. 

The results obtained are in agreement with previous studies, which showed that 

amphiphilic polymers with sufficiently large lipophilic moieties (such as 

Poloxamers) insert in cell membranes and increase their fluidity55–57, while 

hydrophilic polymers increase membrane rigidity58. Regarding the observation 

that polymers with lower molecular weight polymers increase membrane fluidity 

more that analogous higher molecular weight ones (i.e. ΔGP Chol-[(HEA)100%]52 < 
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Chol-[(HEA)100%]70 < Chol-[(HEA)100%]108), we hypothesised that as shorter 

polymers are comparatively more hydrophobic, they would also be more prone to 

interact with cell membranes. Additionally, smaller polymers should offer less 

steric hindrance around their hydrophobic chain ends when interacting with the 

cells, allowing easier access to cell membranes.  
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Figure 3.11 Membrane fluidity assays (Laurdan on Caco2 cells, polymer concentration: 0.1 
μM; incubation time: 30 minutes) for the DOPE-based polymers and the low molecular 
weight RAFT agents. Results are expressed as delta generalised polarisation (ΔGP) a 

positive value represents an increase in membrane rigidity, while a negative value an 
increase in membrane fluidity, compared to untreated cells. The DOPE polymers increased 
the membrane fluidity, while low molecular weight RAFT agent increase membrane rigidity. 
Statistical analysis of the results was carried out through a one-way ANOVA test, comparing 
the fluidity values obtained with the values measured for untreated cells (** P<0.01, *** 
P<0.001, **** P<0.0001, n = 12, error bars expressed as SEM). 

The DOPE-based polymers (Figure 3.11) behaved similarly to the amphiphilic 

cholesterol analogues, increasing the membrane fluidity, with the only exception 

being DOPE-[(HEA)90%-r-(AAPA)10%]30, which did not appear to influence the 

membrane fluidity. This result was not easy to rationalise at this stage, with one 

possible explanation being that for this specific polymer, being the shortest 

amongst these DOPE copolymers, the chain length was not sufficiently large to 

create perturbation in the membranes when anchored. On the other hand, Chol, 

PABTC, and DOPE RAFT agents, full structure shown in Chapter 2, Figure 2.1  
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which are structurally analogous to the polymer chain-ends but lack the actual 

polymer chain, slightly increased membrane rigidity. This was in line with what 

expected, especially for cholesterol, as it is known to cause an increase in packing 

for cell membranes59. 

Additionally, we also tested the effect of polymers with a limited number of lipid 

pendant groups at one side of the polymer chain, synthesis discussed in Chapter 

2, section 2.3.4, on Caco2 cell plasma membrane fluidity. The results (Figure 

3.12) show that also these amphiphilic polymers cause an increase in cell 

membrane fluidity. This effect appears weaker when compared to cholesterol and 

DOPE-based polymers, but this could be explained by the small size of the 

anchoring moiety (single lipid group) in comparison with the long hydrophilic 

backbone of these polymers. 
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Figure 3.12 Membrane fluidity assays (Laurdan on Caco2 cells, polymer concentration: 0.1 
μM; incubation time: 30 minutes) for copolymers containing phobic lipid-like repeating 
units. Results are expressed as delta generalised polarisation (ΔGP) a positive value 

represents an increase in membrane rigidity, while a negative value an increase in 
membrane fluidity, compared to untreated cells. The polymers caused a small increase in 
membrane fluidity, not as marked as what observed for the cholesterol and DOPE-based 
polymers. Statistical analysis of the results was carried out through a one-way ANOVA test, 
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comparing the fluidity values obtained with the values measured for untreated cells (** 

P<0.01, *** P<0.001, **** P<0.0001, n=9, error bars expressed as SEM). 

 

Next, we tested the effect that polymers with different structural variations had 

on Caco-2 cell membrane fluidity: 

i. A DDMAT-HEA homopolymer, which possessed a short lipid chain (12 

carbon atoms). 

ii. A lipid monomer-based polymer ([(5)30%-r-(HEA)70%]10-b-[(HEA)100%]65), 

with an average number of lipid monomers higher than the previously 

tested polymers (3 instead of 1). 

iii. A commercially available DOPE-functionalised PEG 2000. 

 

These additional polymers were tested in the same conditions as the previously 

described polymers. The results (Figure 3.13) showed that the polymer with the 

shorter lipid chain, DDMAT-[(HEA)100%]42, increased cell membrane fluidity, 

similarly to what found for control polymers. Conversely, the other two tested 

polymers, ([(5)30%-r-(HEA)70%]10-b-[(HEA)100%]65 and 16:0 PEG2000 PE behaved 

similarly to cholesterol and DOPE-containing polymers, increasing the cell 

membrane fluidity.  
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Figure 3.13 Membrane fluidity assays (Laurdan on Caco2 cells, polymer concentration: 0.1 

μM; incubation time: 30 minutes) for the additional polymers, shown in the figure and 
tested here for comparative purposes. Results are expressed as delta generalised 

polarisation (ΔGP) a positive value represents an increase in membrane rigidity, while a 
negative value an increase in membrane fluidity, compared to untreated cells. The 
commercially available PEG-PE and the more lipophilic (2-AP)2-3-(HEA)65 increased the cell 
membrane fluidity, similarly to what observed for previously tested amphiphilic polymers. 
The DDMAT-based polymer behaved similarly to what observed for control polymers, 

increasing cell membrane rigidity. Statistical analysis of the results was carried out through 
a one-way ANOVA test, comparing the fluidity values obtained with the values measured 
for untreated cells (** P<0.01, *** P<0.001, **** P<0.0001, n=12, error bars expressed 
as SEM). 
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To understand whether there was a correlation between the overall physico-

chemical characteristics of these polymers and their ability to interfere with 

membrane packing, we analysed the correlation between the hydrophilic: 

lipophilic MW ratio of the polymers and the average ΔGP of cells after 30 minute 

incubation with 0.1 μM solutions of polymers in HBSS. Amongst the tested 

parameters, the Griffin hydrophilic-lipophilic balance HLB of polymers was found 

to increase as the measured ΔGP increased (-0.858 Pearson r, P<0.0001). This 

means that a more lipophilic polymer will cause a larger increase in membrane 

fluidity than a hydrophilic polymer. Figure 3.14 illustrates the relationship 

between the two values, showing a linear correlation (R2 = 0.7682, simple linear 

regression).  
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Figure 3.14 Correlation analysis between Griffin HLB and average ΔGP obtained for Caco-2 
cells treated with all polymers tested within this chapter at the same molar concentration 
(0.1 μM), except for Chol-[(HEA)100%]13. 

 

After the initial tests, which focussed mostly on polymers with targeted DP in the 

50-100 range, we decided to investigate whether significantly longer or shorter 

polymers would elicit similar effects on cell membrane fluidity. As observed in 

Figure 3.15, a very short cholesterol-based polymer (Chol-[(HEA)100%]13) did not 

increase membrane fluidity and behaved in line with the cholesterol RAFT agent. 
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We hypothesised that this could have been caused lower impact on cell membrane 

organisation induced by polymers with shorter hydrophilic chain. 

Conversely, a longer polymer (Chol-[(AAPA)50%-(HEA)50%]151) increased the cell 

membrane fluidity, although this effect was significantly less pronounced than 

what observed with cholesterol polymers in the DP 50-100 size range. This was in 

accordance with the trend observed that correlates ΔGP with HLB: amphiphilic 

polymers with a larger hydrophilic section tended to increase less the cell 

membrane fluidity. Similarly to what observed for shorter polymers, the treatment 

with this longer polymer increases cell membrane fluidity in a concentration-

dependent fashion. 

We also observed that a longer control polymer (PABTC-[(HEA)73%-r-(3-

AAPA)27%]331) did not cause increase in Caco-2 cell membrane fluidity, similarly to 

what observed for shorter control polymers. 
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Figure 3.15 Membrane fluidity assays (Laurdan on Caco2 cells, polymer concentration: 0.1 
μM; incubation time: 30 minutes) polymers for targeted DP below and above the DP 50-
100 tested for the majority of the materials investigated in this work. Results are expressed 

as delta generalised polarisation (ΔGP) a positive value represents an increase in 
membrane rigidity, while a negative value an increase in membrane fluidity, compared to 
untreated cells. Statistical significance of the results was assessed through a one-way 
ANOVA test, comparing the fluidity values obtained with the values measured for untreated 
cells (** P<0.01, *** P<0.001, **** P<0.0001, n=6, error bars expressed as SD). 
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The membrane fluidity results shown in this chapter showed that the amphiphilic 

polymers caused an increase in cell membrane fluidity not strictly related to the 

nature of the hydrophilic repeating units. Rather, this effect was mainly dependent 

on the polymer chain length, and consequently by the polymer HLB. As discussed 

previously in this chapter, the HLB-ΔGP correlation could have been caused by: i) 

a higher steric hindrance that larger polymers offer when interacting with the cell 

membrane, so fewer polymers could interact with it; ii) polymers with a longer 

hydrophilic chain will have a more hydrophilic character, therefore have a higher 

tendency to remain in solution rather than interact with cell membranes.  

Finally, the results showed that the amphiphilic Cholesterol- and DOPE 

phospholipid-containing polymers can interact with cell plasma membranes, while 

the PABTC control polymers did not. 
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3.3.4 Kinetics of polymer interaction with cell membrane: effect on membrane fluidity 

vs. time 

In this part of the PhD work, the timescale of the membrane fluidity increase was 

investigated through a kinetic Laurdan experiment, to understand how quickly the 

polymers started modifying the membrane fluidity and to observe any potential 

fluctuations in fluidity over the course of the analysis. Accordingly, following 

excitation at λ=390 nm, the emission intensity of the Laurdan probe at λem1 = 440 

nm and at λem2 = 490 nm were recorded every 90 seconds for 1 hour. This 

experiment was performed using polyHEA materials with targeted DP = 50 from 

each class (Chol-[(HEA)100%]52, DOPE-[(HEA)100%]47, PABTC-[(HEA)100%]50), to 

evaluate the effect of the membrane-binding moiety on the interaction with 

membranes over time. The results are expressed as ΔGP, that is, the difference in 

GP between polymer-treated and untreated cells over the course of the analysis.  
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Figure 3.16 Membrane fluidity kinetic assay (Laurdan on Caco2 cells, polymer 
concentration: 0.1 μM; incubation time: 60 minutes) for the Chol-[(HEA)100%]52 polymer. 

Results are expressed as delta generalised polarisation (ΔGP) a positive value represents 
an increase in membrane rigidity, while a negative value an increase in membrane fluidity, 
compared to untreated cells. This polymer influenced membrane fluidity quickly after 
treatment (t=0), and the effect was still in place after 1 hour. Statistical significance of the 
results was investigated through a one-way ANOVA test, comparing the fluidity values 
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obtained with the values measured for untreated cells (** P<0.01, *** P<0.001, **** 

P<0.0001, n = 4). 

The results showed that for the cholesterol-based polymer Chol-[(HEA)100%]52 

(Figure 3.16) the increase in membrane fluidity took place as soon as the 

polymer solution was added (t=0) and it did not revert to baseline levels over the 

course of the analysis. The effect was also concentration-dependent, with the 

higher concentrations causing a proportionally higher change in the membrane 

fluidity increase, while the lower concentrations (≤0.00875 μM) not causing a 

statistically significant change.  
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Figure 3.17 Membrane fluidity kinetic assay (Laurdan on Caco2 cells, polymer 
concentration: 0.1 μM; incubation time: 60 minutes) for the DOPE-[(HEA)100%]47 polymer. 
Results are expressed as delta generalised polarisation (ΔGP) a positive value represents 

an increase in membrane rigidity, while a negative value an increase in membrane fluidity, 
compared to untreated cells. The membrane-interacting polymer influenced membrane 

fluidity quickly after treatment with polymer solutions (t=0), and the effect was still in place 
after 1 hour. Statistical significance of the results was investigated through a one-way 
ANOVA test, comparing the fluidity values obtained with the values measured for untreated 
cells (** P<0.01, *** P<0.001, **** P<0.0001, n = 2). 

 

The phospholipid-terminated DOPE-[(HEA)100%]47  behaved similarly to the 

analogue cholesterol-based polymer, causing a quick cell membrane fluidity 
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increase that was maintained for 1 hour and was concentration-dependent 

(Figure 3.17). In terms of ΔGP, effect was slightly less pronounced than what 

observed for the Cholesterol polymer, in line with what observed for previous 

membrane fluidity experiments (Figures 3.9 and 3.11). 
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Figure 3.18 Membrane fluidity kinetic assay (Laurdan on Caco2 cells, polymer 
concentration: 0.1 μM; incubation time: 60 minutes) for the non membrane-inserting 
PABTC-[(HEA)100%]50 control polymer. Results are expressed as delta generalised 
polarisation (ΔGP) a positive value represents an increase in membrane rigidity, while a 
negative value an increase in membrane fluidity, compared to untreated cells. The control 

polymers did not have significant effects on membrane fluidity. Statistical significance of 
the results was investigated through a one-way ANOVA test, comparing the fluidity values 
obtained with the values measured for untreated cells (** P<0.01, *** P<0.001, **** 
P<0.0001, n = 3). 

 

As expected, control PABTC-terminated polymer did not have any statistically 

significant effect on membrane fluidity, corroborating the previous results (Figure 

3.18).  
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3.3.5 24-hour membrane fluidity evaluation 

Next, the effect of long polymer incubation times on the fluidity of the plasma 

membrane of Caco2 cells was assessed. This was done by first incubating Caco-2 

cells for 24 hours with polymers DP 50 cholesterol, DOPE and PABTC polyHEAs, 

then removing polymer-containing cell media, washing cells twice with PBS and 

finally applying the Laurdan dye as previously described. Laurdan-containing 

medium was then removed, HBSS was added to the wells and Laurdan 

fluorescence was recorded. For these experiments the same polymers used kinetic 

Laurdan assay, Chol-[(HEA)100%]52, DOPE-[(HEA)100%]47, PABTC-[(HEA)100%]50 

were utilised.  
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Figure 3. 19 Membrane fluidity assays (Laurdan on Caco2 cells) carried out following 24 
hour incubation with polyHEAs with cholesterol (Chol), DOPE and PATBC (control) chain 
units and DP ~ 50. Results are expressed as delta generalised polarisation (ΔGP) a positive 
value represents an increase in membrane rigidity, while a negative value an increase in 
membrane fluidity, compared to untreated cells. In this case, only the cholesterol polymer 

Chol-[(HEA)100%]58 was found to have an impact on cell membrane fluidity, whilst the DOPE-
containing polymer DOPE-[(HEA)100%]63 was not. Statistical significance of the results was 
investigated through a one-way ANOVA test, comparing the fluidity values obtained with 
the values measured for untreated cells (** P<0.01, *** P<0.001, **** P<0.0001, n =12, 
error bars expressed as SD). 
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As it can be observed from Figure 3.19, the cell membrane fluidification effect 

was observed only for the cholesterol-based polymer Chol-[(HEA)100%]52. These 

results indicated that after 24 hours, the DOPE polymer DOPE-[(HEA)100%]47 was 

either being removed by the washing step or was not increasing the cell 

membrane fluidity anymore. The control polymer PABTC-[(HEA)100%]50 behaved 

as expected, not influencing the membrane fluidity. 

 

3.3.5 Interaction of membrane-inserting polymers with Laurdan fluorescent probe 

Since Laurdan is a hydrophobic molecule that spontaneously tends to localise 

within bilayers, it can interact with any surfactants60 and supramolecular 

aggregates formed by amphiphilic polymers61. To confirm whether the measured 

changes in fluorescence emission spectrum of the Laurdan probe were caused, at 

least in part, by interactions with the amphiphilic polymers synthesised in this 

work, Laurdan and polymers were incubated at different concentrations. Thus, 

polymer solutions in the 0.05-0.2 μM range were prepared in HBSS and the 

fluorescence emission spectrum for Laurdan (2 μM) was recorded after 30 minutes 

of incubation to the polymers, at 37 ˚C. These conditions were used to mimic the 

experimental conditions used in the cell membrane fluidity assays employed in 

Section 3.3.4. The results are expressed as GP and not the previously used ΔGP, 
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to highlight the GP registered for the blank sample (2 μM Laurdan dye the in 

HBSS). 
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Figure 3.20 GP values for Laurdan in a solution of selected polymers in HBSS, at different 
concentrations (red>CAC, black<CAC), to evaluate the direct interaction between the 
polymers and the Laurdan probe in the absence of cell membranes. Blank: Laurdan dye 
the in HBSS in the absence of polymers (n = 8, error bars expressed as SD). 

We first investigated this effect with the longest HEA homopolymer available per 

library (Chol-[(HEA)100%]108, DOPE-[(HEA)100%]47 and PABTC-[(HEA)100%]80) to 

investigate the potential Laurdan-polymer interaction. Additionally, we selected 

an AA homopolymer Chol-[(AA)100%]82 to exclude any potential effects caused by 

an acid homopolymer. 

The results indicated that Chol-[(HEA)100%]108  caused a shift in the Laurdan 

fluorescence emission spectrum similar to what observed when treating cells with 
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the dye and the polymers (Figure 3.20), resulting in negative GP values. 

Conversely, all the other polymers tested with this assay gave positive GP values.  
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Figure 3.21 GP values for Laurdan in HBSS solution with a series of Chol-[(HEA)100%] 
polymers at different concentrations (red>CAC, black<CAC), to evaluate the direct 
interaction between these polymers and the Laurdan dye. We observed that for all the 
tested polymers there was a shift in Laurdan fluorescence emission towards 490 nm (n=8, 

error bars expressed as SD). 

 

Next, the effect of the polymer chain length on the interaction between Chol-

HEA100% polymers and Laurdan was tested using polymers with DP in the 52-108 

range. The results (Figure 3.21) showed that all the polymers gave negative GP 

values, in a same fashion than what observed in the cell-based assays, regardless 

of the polymer CAC. It should be noted, however, that most fluorescent probes 

are π-conjugated molecules that are inherently hydrophobic and at least some of 

them can promote aggregation of amphiphilic molecules at concentration below 

their CAC62. The concentrations tested in the experiments described in this section 

are close to the polymers CAC, hence, although this point was not directly 

assessed at this stage, it is possible that the presence of Laurdan facilitated the 

formation of polymer aggregates incorporating Laurdan in their hydrophobic core. 
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The negative GP observed for these cholesterol polymer-laurdan aggregates may 

indicate that they possess of a disordered/more water exposed hydrophobic core. 

Overall, these experiments suggested that the HEA-cholesterol-based polymers 

influenced the fluorescence emission spectrum of the Laurdan dye in solution. 

Additionally, the results showed that polymer-Laurdan interaction could 

contribute, at least in part, to the observed negative ΔGP observed in Caco2 cells. 

This latter point will be further investigated in the next sections. 

 

3.3.6 Polymer-Laurdan interaction on cells 

To better frame the results presented in Section 3.3.5 in the context of the 

laurdan assays with Caco2 cells, a modified procedure for this assay was designed. 

Accordingly, Caco2 cells were initially treated with Laurdan, and  the excess 

unbound dye was removed via successive washing with PBS and replacing with 

fresh medium (Figure 3.22). 

 

Figure 3.22 Schematic of the experimental setup for the elucidation of the interactions 
between polymers, cells and the Laurdan dye. The cells were treated with Laurdan first, 
then the unbound dye was removed. The cells were incubated with solution of polymers, 
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and the Laurdan fluorescence spectra were recorded. Then, the supernatant suspensions 

were transferred in a second 96-well plate, and fresh medium was added to the cells. The 
Laurdan fluorescence spectra were recorded both for the supernatant solutions and for the 
cells with fresh medium. 

This was done so Laurdan was only present in the cell membrane when the 

polymer solutions were added. Cells were incubated with polymers for 30 minutes, 

and emission intensity at λem1 = 440 nm and λem2 = 490 nm was recorded to be 

used as reference. Then, the polymer-containing supernatant was removed and 

transferred it in a second 96-well plate. Fresh HBSS was then added to the well 

plates, and the fluorescence emission for both 96-well plates was recorded, and 

compared it the reference measurement. This allowed to:  

i) observe whether any Laurdan was removed when the polymer-containing 

supernatant was removed;  

ii) confirm that the membrane fluidity change, expressed as ΔGP, was still present 

on cells after removing any potential effect from Laurdan-polymer interactions.  

 

For this experiment, cholesterol-based polymer which caused membrane fluidity 

increase in the previous assays, Chol-[(HEA)100%]58 was employed, along with a 

control polymer with very similar chain length (PABTC[(HEA)100%]63). 

 

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

-0.6

-0.4

-0.2

0.0

0.2

Concentration (µM)


G

P

Membrane fluidity -
initial reading

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

-0.6

-0.4

-0.2

0.0

0.2

Concentration (µM)


G

P

Membrane fluidity of cells after removing
polymer-containing medium

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

-0.6

-0.4

-0.2

0.0

0.2

Concentration (µM)


G

P

Analysis of polymer-containing
cell medium

Chol-[(HEA)100%]58

PABTC-[(HEA)100%]63

A B C

 

Figure 3.23 Membrane fluidity results for the different solutions and cells analysed to 

identify the polymer-Laurdan interaction involving Caco2 cells, with results expressed as 
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ΔGP. A ΔGP values obtained for cells with bound Laurdan, in a polymer-containing cell 

medium. B ΔGP values of Caco2 cells after medium at point A was replaced with fresh, 
polymer-free, cell medium. C analysis of the polymer-containing supernatant removed from 
cells at stage B (n = 6, error bars expressed as SD). 

 

The Laurdan assay showed that a negative ΔGP was still present after removing 

the unbound cholesterol-based Chol-[(HEA)100%]58 polymer (Figure 3.23), 

although the effect was less pronounced (non statistically significant difference 

between initial measurement and measurement after removing polymer-

containing medium). Importantly, Laurdan was also present on the polymer-

containing supernatant removed from the cells after 30 min incubation, confirming 

the results obtained in Section 3.3.5. As expected, the PABTC-based control 

polymer did not show any statistically significant difference between the different 

phases of the experiment. These results confirmed that some polymers remained 

bound to the cell membrane and increased cell membrane fluidity after removal 

of the polymer-containing supernatant.  
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Figure 3.24 Fluorescence intensity (%) of Laurdan dye (λem = 440 and 490 nm) for 
supernatant and cells with fresh medium, after incubation of Caco2 cells with polymers at 
different concentrations. The values are calculated on a well-to-well basis, using the 
starting fluorescence intensity (cells+bound Laurdan+polymers) as 100% (n = 6, error 

bars expressed as SD).  

It is important to note that GP values are calculated from the relative intensity of 

Laurdan emission at λem1 = 440 nm and λem2 = 490 nm, but do not say much 

about the absolute intensity of emission - which in a first, crude approximation we 

could assume it is proportional to the concentration of Laurdan in the samples - 

in the two set of samples analysed – i) Caco2 cells after removal of polymer-

containing supernatant and ii) the actual polymer-containing supernatant itself. 

Data  showed that a proportion of the Laurdan fluorescence intensity was found 

in the supernatant for the cholesterol-based polymer, while approximately 40-

60% of the initial fluorescence intensity was left in the samples containing Caco2 

cells after removal of polymer-containing supernatant (p<0.0001 between any 

incubated Chol-[(HEA)100%]58 concentration and untreated cells, two-way ANOVA 

with simple effect between rows comparison) (Figure 3.24). This suggested that 

polymer-containing supernatant was able to remove Laurdan from cells pre-
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treated with this fluorescent probe, and that the effect appeared to be 

concentration dependent, with the higher concentrations removing more of the 

Laurdan fluorescence intensity. Conversely, the control polymer behaves similarly 

to the untreated cells: most of the fluorescence intensity remains on the cells, and 

there little fluorescence was observed in the supernatant (p>1 between any 

incubated PABC-[(HEA)100%]63 concentration and untreated cells, two-way ANOVA 

with simple effect between rows comparison).  

These results seem to suggest that that the cholesterol-based polymer Chol-

[(HEA)100%]58 can extract part of the Laurdan dye from the cell membrane. 

However, these data also shows that negative ΔGP in polymer-treated Caco2 are 

still observed after removing the supernatant containing unbound polymer, 

indicating that Chol-[(HEA)100%]58can increase the fluidity of the plasma 

membrane of Caco2 cells.  
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3.3.7 Cell interaction for trithiocarbonate-cleaved polymers 

As illustrated in Chapter 2, to investigate a potential effect of the trithiocarbonate 

groups at the polymer chain-ends for a selected subfamily of polymers, the 

trithiocarbonate moiety was replaced with a hydrogen atom. The resulting 

polymers (Figure 3.25) were then tested in the same cell assays run previously 

with the non-cleaved polymers. 

 

Figure 3.25 Structures of the Cholesterol Chol-[(HEA)100%]58 and control PATCB-
[(HEA)100%]63 polymers after removal of the trithiocarbonate ω-chain end. 

 

The IC50 values (Table 3.5) showed a decrease in toxicity for the cleaved 

polymers, both in terms of metabolic activity and cell membrane damage. This 

may be ascribed by the intrinsic reactivity of the trithiocarbonate group, which 

can potentially be degraded and cause additional cytotoxicity63. 

Table 3.5 IC50 values for cleaved and non-cleaved polymers on Caco-2 cells (24 hours 
incubation). Values are for cell metabolic activity and cell membrane damage (LDH), and 
were calculated by using an [inhibitor] versus normalised response nonlinear regression 

curve fitting (n = 6). 

Polymer IC50 value (μM) 

 Metabolic activity LDH release 

Chol-[(HEA)100%]58 0.213 0.0432 

Cleaved-Chol-[(HEA)100%]58 >1 0.163 

PABTC-[(HEA)100%]63 0.313 >1 

Cleaved-PABTC-[(HEA)100%]63 >1 >1 
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After proving that the toxicity is partially affected by the removal of the 

trithiocarbonate group, we proceeded to test the effect of the polymers on cell 

membrane fluidity. This assay was performed as described previously on Caco-2 

cells, incubated with 0.1 μM polymer solutions. The results  showed very similar 

effects on cell membrane fluidity when comparing the same polymer with and 

without the end-group (Figure 3.26).  
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Figure 3.26 Membrane fluidity assays (Laurdan on Caco-2 cells, 0.1 μM incubation for 30 

minutes), employing cleaved and non-cleaved polymers. Results are expressed as delta 

generalised polarisation (ΔGP): a positive value represents an increase in membrane 
rigidity, while a negative value an increase in membrane fluidity, compared to untreated 
cells. The results are in line with what observed previously for cholesterol and PABTC 
polymers, showing little difference between cleaved and non-cleaved polymers. Statistical 
significance of the results was investigated through a one-way ANOVA test, comparing the 
fluidity values obtained with the values measured for untreated cells (** P<0.01, *** 

P<0.001, **** P<0.0001, n = 8, error bars expressed as SD). 
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Thus, these experiments showed that the removal of the different end groups 

slightly affect the toxicity of these materials, potentially due to the potential 

cytotoxicity of the trithiocarbonate group. However, the presence or absence of 

the trithiocarbonate ω-end group did not change the effect on membrane fluidity 

for these materials.  

As the removal of the trithiocarbonate slightly decreased the toxicity but did not 

affect the interaction of these polymers with cells, future in vivo studies should 

employ the cleaved polymers. 

 

3.3.8 Localisation of polymers in cell membranes: fluorescence microscopy studies 

Next, fluorescently labelled polymers were employed to directly observe polymer-

decorated membranes by confocal fluorescence microscopy. To this aim, a smaller 

library of polymers, (Chol-[(HEA)100%]52 DOPE-[(HEA)100%]47, PABTC-

[(HEA)100%]50), were tagged using the Rhodamine Red Maleimide dye, as 

described in Chapter 2 . Caco-2 cells, treated with the fluorescent polymers were 

fixed and imaged by fluorescence microscopy (TRITC filter, λex = 557 nm and λem = 

576 nm). Figure 3.27 shows that the Rho-DOPE-[(HEA)100%]52 polymer was 

located on the cell membrane of the Caco-2 cells. This qualitatively confirmed the 

presence of membrane-binding polymers on the cell membrane. 
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Figure 3.27 TRITC channel (λex = 557 nm and λem = 576 nm) Confocal Microscopy images of 
cells treated with Rhodamine Red tagged polymers and untreated cells. 
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3.3.9 Characterisation of polymer-cell association by Flow Cytometry Imaging 

A comparison of the ability of different polymers to insert into cell membranes was 

carried out by flow cytometry. This technique allows for fast analysis of large 

numbers of cells and measurement of fluorescence intensity of single cells. This 

allows for the analysis of the distribution in a cell population of specific 

parameters, such as mean fluorescence intensity. Values derived from this 

distribution describe the cell population better than the average values obtained 

by other fluorescence techniques64. The instrument we employed 

(ImagestreamX® MKII) also allows for image capture throughout the analysis65 

and also to estimate the proportion of dye internalisation66. The internalisation 

values were calculated using the internalisation tool, eroding 3-6 pixels per cell 

from the brightfield image (Ch 09) to separate the cytosol from the cell 

membrane. The values were calculated on focused and single cells, employing the 

signal of the dye (Ch 03, λex = 377 nm and λem = 420 nm) to calculate the 

localisation of the polymers. Larger values indicate a species that tends to localise 

outside of the cell, while negative values indicate a species that tends to localise 

inside the cell. These values normally range from -3 to +3. 

This technique is employed in numerous studies67–69 to evaluate the interaction of 

fluorescently tagged polymers with cell membrane. For these experiments Caco-

2 cells were incubated with 0.1 μM solutions of the different types of fluorescently 

tagged polymers synthesised in this work, in HBSS. The results were adjusted to 

the relative fluorescence of each polymer (with the free dye set as 100%), to 

account for the slight difference in the extent of fluorescent tagging for the 

polymers employed in these experiments (see Chapter 2). 

For this investigation, we employed polyHEA homopolymers with degrees of 

polymerisation of 52, 70, and 108 for cholesterol polymers, a DOPE polymer 

(DOPE-[(HEA)100%]47) and a control polymer (PABTC-[(HEA)100%]50) (Figure 

3.28). Fluorescent cholesterol-containing polymers with different chain length - 
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MalPyr Blue Chol-[(HEA)100%]52, MalPyr Blue Chol-[(HEA)100%]70, MalPyr Blue Chol-

[(HEA)100%]108 - were investigated here because previous membrane fluidity 

experiments showed that for polymers in the DP ~ 50-100, shorter polymers have 

a higher effect on cell membrane fluidification. Here, by measuring the average 

MalPyr Blue fluorescence intensity per cell, relative number of polymer chains of 

polymers bound to the cell membrane could be in principle estimated. The 

experiment was run using polymers at the same molar concentration (0.1 μM) and 

accounting for relative fluorescence intensity calculated via tagging efficiency (see 

Chapter 2). 

 

Figure 3.28 Chemical structure of the MalPyr Blue fluorescently-tagged polymers: MalPyr 
Blue Chol-[(HEA)100%]52, MalPyr Blue Chol-[(HEA)100%]70, MalPyr Blue Chol-[(HEA)100%]108 

(top), MalPyr Blue DOPE-[(HEA)100%]47 (middle), MalPyr Blue PABTC-[(HEA)100%]50 

(bottom). 

 

Caco-2 cells were incubated with the fluorescent polymer solutions for 30 minutes, 

and after washing off unbound polymers cells were detached with Trypsin-EDTA. 
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The cells were then resuspended in phenol-red free medium and centrifugated to 

collect the pellet and resuspended in HBSS. The cell suspension was then analysed 

by Flow Cytometry Imaging with the results expressed as MFI, as described in 

Equation 3.7. This value accounts for the potential autofluorescence70 at the 

specific wavelength analysed, as the adjusted median fluorescence intensity 

(aMFI) for a species is divided by the median fluorescence intensity measured for 

untreated cells.  
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MalPyr Blue Chol-[(HEA)100%]52 1.4257 

MalPyr Blue Chol-[(HEA)100%]70 1.3507 

MalPyr Blue Chol-[(HEA)100%]108 3.9055 

MalPyr Blue PABTC-[(HEA)100%]50 3.9249 

MalPyr Blue DOPE-[(HEA)100%]47 1.8246 

 

 

Figure 3.29 aMFI graph for cells treated with 0.1 μM HBSS solutions of MalPyr Blue 

fluorscently-tagged polymers. The values are adjusted to the relative fluorescent tagging 
efficiency, calculated in Chapter 2. The table shows the internalisation values, calculated 

via the internalisation tool in IDEAS® 6.0, (error bars expressed as SEM). 

 

As it can be observed in Figure 3.29, the aMFI for Chol-HEA homopolymers was 

found to decrease with the increase in chain length, in the order MalPyr Blue Chol-

[(HEA)100%]52 > MalPyr Blue Chol-[(HEA)100%]70 > MalPyr Blue Chol-[(HEA)100%]108. 

This trend was in line with that observed on the membrane fluidity experiments, 
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where, again, shorter cholesterol-containing polymers induced the largest 

decrease in ΔGP. The control PABTC-[(HEA)100%]108 homopolymer showed a small 

degree of interaction with the membrane, as the aMFI is greater than untreated 

cells and similar in value to the Chol-HEA homopolymer with 108 DP. Hydrophilic 

polymers have been previously shown to have the propensity to adsorb on the 

surface of cell membrane models, which may explain the observed behaviour71. 

The DOPE-HEA homopolymer MalPyr Blue DOPE-[(HEA)100%]47 showed a lower 

aMFI when compared with its analogous cholesterol counterpart MalPyr Blue Chol-

[(HEA)100%]52. This is in line with what observed in the effect on cell membrane 

fluidity, as cholesterol-based polymers were shown to have a higher impact on 

cell membrane fluidity when compared with DOPE-based polymers, although an 

effect of the intrinsic nature of the membrane inserting moiety on cell membrane 

fluidity cannot be ruled out. Additionally, these results showed that a higher 

number of MalPyr Blue Chol-[(HEA)100%]52 polymer chains were present at the cell 

membrane, when compared with longer polymers. This support a model where 

MalPyr Blue Chol-[(HEA)100%]52 indce more cell membrane fluidification due to 

more polymer chains being present on the cell surface. 

The internalisation values (Table in Figure 3.29) obtained via the internalisation 

tool showed a difference between the more interacting polymers (short 

cholesterol-HEA and DOPE-HEA) and the less interacting polymers. The polymers 

that interacted more with the cells (higher aMFI) showed a lower internalisation 

index, which is synonymous with the dye being more localised outside of the cells. 

This can also be qualitatively observed in the images in Figures 3.30-34, which 

are briefly described below. 



Chapter 3 

165 

 

 

Figure 3.30 Flow cytometry images for Caco-2 cells treated with MalPyr Blue Chol-
[(HEA)100%]50, showing channel 03 (λex = 377 nm and λem = 420 nm) and brightfield 

images. 

Figure 3.30 illustrates the fluorescence distribution of MalPyr Blue Chol-

[(HEA)100%]52 in selected cells analysed by Flow Cytometry. It can be observed 

that the fluorescence is preferentially located on the cell surface, further 

confirming the hypothesis of the direct interaction between polymers and cell 

membranes.  
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Figure 3.31 Flow cytometry images for Caco-2 cells treated with MalPyr Blue Chol-
[(HEA)100%]70, showing channel 03 (λexc = 377 nm and λem = 420 nm) and brightfield 
images. 

Figure 3.31 illustrates the fluorescence distribution of MalPyr Blue Chol-

[(HEA)100%]70 in selected cells analysed by Flow Cytometry. As previously observed 

for the shorter cholesterol-based polymer, the fluorescence is located mainly on 

the cell surface. Since fewer polymers were present, the localisation of the tagged 
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polymers can be observed more clearly than for the shorter MalPyr Blue Chol-

[(HEA)100%]52 polymer. 

 

Figure 3.32 Flow cytometry images for Caco-2 cells treated with MalPyr Blue Chol-

[(HEA)100%]108, showing channel 03 (λex = 377 nm and λem = 420 nm) and brightfield 
images. 

Figure 3.32 illustrates the fluorescence distribution of MalPyr Blue Chol-

[(HEA)100%]108 in selected cells analysed by Flow Cytometry. The dye fluorescence 
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in these cells was not preferentially localised on the cell surface, and the observed 

fluorescence intensity is lower when compared with the shorter polymers. This 

reflects the lower MFI registered, and confirms the lower tendency for this polymer 

to interact with cell membranes. 

 

Figure 3.33 Flow cytometry images for Caco-2 cells treated with MalPyr Blue DOPE-

[(HEA)100%]47, showing channel 03 (λex = 377 nm and λem = 420 nm) and brightfield 
images. 
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Figure 3.33 illustrates the fluorescence distribution of MalPyr Blue DOPE-

[(HEA)100%]47 in selected cells analysed by Flow Cytometry. The dye fluorescence 

in these cells showed similarity to what observed for the similar MalPyr Blue Chol-

[(HEA)100%]52, with the fluorescence localised on the cell surface and showing 

isolated pockets with a higher fluorescence intensity. 
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Figure 3.34 Flow cytometry images for Caco-2 cells treated with MalPyr Blue PABTC-

[(HEA)100%]50, showing channel 03 (λex = 377 nm and λem = 420 nm) and brightfield 
images. 

Figure 3.34 illustrates the fluorescence distribution of MalPyr Blue PABTC-

[(HEA)100%]50 in selected cells analysed by Flow Cytometry. The dye fluorescence 

in these cells showed similarity to what observed for the MalPyr Blue Chol-

[(HEA)100%]108, with a generally low fluorescence intensity and with the 

fluorescence not localised mainly on the cell surface. This is in line with what 
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observed in the MFI measurement, with the polymers interacting weakly with the 

cells and causing a lower accumulation of fluorescent polymers on Caco-2 cells. 

These Flow Cytometry experiments confirmed that the membrane binding anchors 

increased the interaction of the polymers with cell membranes, and that longer 

membrane-binding polymers, which were causing less cell membrane 

fluidification, had lower association with cell membranes when compared with 

shorter polymers. The data observed for MalPyr Blue DOPE-[(HEA)100%]47 

confirmed that DOPE polymers tend to interact extensively with cell membranes, 

while not to the same degree observed for the analogue polymer MalPyr Blue Chol-

[(HEA)100%]52. This is in agreement with what observed in the Laurdan membrane 

fluidity evaluation, where DOPE polymers caused a lower degree of membrane 

fluidity increase when compared to cholesterol polymers with similar DP. 

Hydrophilic control polymers behaved similarly to long membrane-binding 

polymers, showing a low degree of aMFI registered, and confirming that these 

polymers have little to no interaction with cell membranes. 
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3.4 Concluding remarks 

In this chapter, we have investigated the ability of the polymers described in 

Chapter 2 to interact with cell membranes. This part of this PhD study aimed at 

identifying a structure/function relationship for this family of materials.  

Initial toxicity studies showed that the presence of the cholesterol at the polymer 

chain-ends influenced  the cell metabolic activity and an increase in cell membrane 

damage, whilst the control polymers did not show similar behaviour at the same 

concentrations. Notably, recent studies72,73 have shown that undifferentiated 

Caco-2 cells are more susceptible to cytotoxicity than their differentiated 

counterparts. This often causes an overestimation of the toxic effects of 

materials5. Further studies will aim at evaluating the interaction of the polymers 

with differentiated Caco-2 cells.  

The cell membrane fluidity investigation corroborated the toxicity results, showing 

that cholesterol and DOPE-bearing polymers tended to increase cell membrane 

fluidity, whilst control polymers did not exert this effect on cells. Additionally, we 

observed that the cell membrane fluidification effect was concentration 

dependent; however, it was not influenced by the monomer composition but 

rather by the chain length. We observed that the shorter polymers (save for Chol-

[(HEA)100%]13) had a stronger effect on cell membrane fluidification than longer 

polymers, and we hypothesised that this was due to a lower number of polymers 

being able to interact with cell membranes. We also looked into the mechanism of 

interaction of the polymer with the Laurdan probe used for the cell membrane 

fluidity studies, showing  that the treatment with membrane-interacting polymers 

also caused release of the dye that was previously embedded in the membrane.  

Finally, we employed previously fluorescently-tagged polymers to visualise the 

localisation of these polymers within cell membranes, and compare different 

polymer for their relative ability of bind cell membranes. Using MalPyr Blue-tagged 
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polymers, we demonstrated that the shorter polymers inserted on cell membrane 

more than the longer ones. We were also able to visualise the interaction, showing 

that the polymers were accumulating on the cell membrane, rather than being 

internalised. 
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Chapter 4    

 Effect of polymers on model lipid bilayer 
membranes 

 

This chapter will describe the experiments employed to further characterise the 

interaction between the synthesised polymers and membranes. The focus will be 

on model bilayer membranes such as liposomes, and on molecular modelling of 

cell membranes. Characterisation of lipid bilayers on gold surfaces was performed 

by Atomic Force Microscopy (AFM) in collaboration with Dr Long Jiang. 

Investigation in the kinetics of polymer-lipid bilayer interactions was performed 

by Surface Plasmon Resonance (SPR) in collaboration with Dr Gokhan Yilmaz. 

Confirmation of membrane embedding was conducted by Solid-State NMR 

(SSNMR) in collaboration with Dr Vivien Yeh. Finally, Molecular Modelling 

simulations were performed in collaboration with Dr Charlie Laughton, to simulate 

key timepoints in the polymer-bilayer interaction. 
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4.1 Introduction 

In Chapter 3, we described the effect that membrane-binding amphiphilic 

polymers synthesised in this work have on the plasma membrane of Caco-2 cells. 

After confirming the interaction through different methods such as flow cytometry 

and confocal microscopy, as well as assessing the effect of such interaction on 

membrane fluidity by Laurdan assay, we decided to investigate further in the 

mechanism of interaction. Therefore, we decided to employ synthetic membrane 

models to study in depth the nature of the polymer-membrane interaction. 

Biological membranes are complex, multi-component systems1 (complex lipid 

mixtures, proteins and carbohydrates amongst the main components2, with 

further supramolecular organisation3,4) which are not yet fully understood and 

characterised4. Although synthetic lipid bilayer (from single phospholipid to 

phospholipid mixture + cholesterol) membranes are extremely simple when 

compared with the complexity of the cell membrane, they are easier to analyse 

and manipulate5. This allows for investigation of membrane properties under 

controlled conditions, complementing the data obtained with in vitro cell 

experiments6. 

The investigation detailed within this chapter focused first on assessing the 

suitability of the selected synthetic bilayer system based on dioctadecyl 

phosphatidylcholine and distearoyl phosphatidylcholine (DOPC:DSPC:cholesterol 

2:1:1 mol:mol ratio) as a model for the interactions described in Chapter 3. Initial 

Laurdan membrane fluidity evaluation for this lipid bilayer system confirmed that 

interaction with polymers induced membrane fluidity increase, similar to what 

observed for in vitro cell experiments. Therefore, Surface Plasmon Resonance 

(SPR) was employed to detail the kinetics of interaction between this lipid bilayer 

model and select polymers, based on different characteristics (nature/absence of 

the lipophilic α-chain end, DP). Then, investigations based on Solid State NMR 

(SSNMR) were conducted to confirm embedding of membrane-interacting 
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polymers within simple (DSPC) and more representative (DSPC + cholesterol) lipid 

bilayer models. Finally, molecular modelling experiments were conducted to 

simulate the interactions between a simple bilayer membrane model (DPPC) and 

two model Cholesterol-based HEA homopolymers (Chol-[(HEA)100%]58 and Chol-

[(HEA)100%]120). These computational simulations were employed to produce a 

model for the fluidification of bilayer membranes caused by the amphiphilic 

polymers.  
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4.2 Materials and Methods 

4.2.1 Materials 

Laurdan dye (6-dodecanoyl-2-dimethylaminonaphthalene), solvents and cell 

culture media were purchased from Thermo Fisher Scientific (Loughborough, UK). 

Phospholipids were purchased from Avanti Polar Lipids Inc (Alabaster, Alabama). 

Biacore Series S L1 chip was purchased from Cytiva Life Sciences (Sheffield, UK). 

 

4.2.2 Liposome preparation 

Unilamellar liposomes were prepared following gentle hydration method7,8, 

followed by membrane extrusion9. 

Briefly, the phospholipid stock solutions (2.5 mg/mL in CH2Cl2) were used to 

solubilise solid cholesterol in a round-bottomed flask (DOPC:DSPC:cholesterol 

2:1:1 mol:mol ratio); if required, Laurdan stock solution (2.5 mg/mL in CH2Cl2, to 

result in 99:1 lipid:Laurdan mol:mol) was added during this step. The resulting 

organic solution was diluted with a CH2Cl2:MeOH 2:1 solution to reach a final 10 

mg/mL lipid concentration. The organic solution was dried under reduced pressure 

using a rotary evaporator, protected from light if a Laurdan was employed during 

the preparation. The dried lipid film was heated to 55 ˚C and an aliquot of pre-

heated (55 °C) PBS or HBSS was added dropwise while stirring, to achieve a 0.02 

mg/mL lipid concentration. The solution was stirred gently (100 rpm) until it 

became clear, and was subject to 21 successive extrusions through a 

polycarbonate membrane (0.2 μM pore size). The resulting liposome suspension 

was analysed by DLS for particle size analysis.  

4.2.3 Laurdan assay 

Liposomes loaded with Laurdan were prepared as described in 4.2.2. 75 μL of 

liposome suspension (0.02 mg/mL lipid concentration) in HBSS and 75 μL of the 
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selected polymer solution (0.2 μM) in HBSS were transferred were added to each 

well of a 96-well plate. After 30 minutes of incubation at 37 °C, samples were 

excited at λex = 360 nm and fluorescence was recorded at λem = 440 nm  and at 

λem = 500 nm. The Generalised Polarisation (GP) of Laurdan was calculated by 

using the equation, where I460 and I500 are the fluorescence intensities recorded 

at λem = 460 nm and λem = 500 nm: 

𝐺𝑃 =
(𝐼460 − 𝐼500)

(𝐼460 + 𝐼500)
 

The 96-well plates were analysed with a Spark 10M Plate Reader (Tecan), and 

data was processed with SparkControl 2.1 software, then further elaborated with 

Prism 8.4.2 (GraphPad).  

 

4.2.4 Gold sputtering on glass coverslips 

Round coverslips (22Dia, thickness 0.16 - 0.19 mm, Fischer Scientific) were 

cleaned by Piranha cleaning to remove any contaminants10. The cleaned coverslips 

were subject to deposition of a 10 nm of Indium/Tin oxide (ITO) layer, followed 

by deposition of a (47 ± 5%) nm gold thin film. The gold sputtering was performed 

at the Nanoscale and Microscale Research Centre (nMRC) Nottingham. 

 

4.2.5 Phosphatidylcholine/1,2-dipalmitoyl-sn-glycero-3- phosphothioethanol 

liposomes preparation and adhesion 

The liposomes were prepared as described in literature11. Briefly, egg PC (Avanti 

Lipids) and 1,2-dipalmitoyl-sn-glycero-3- phosphothioethanol (DPPTE, Avanti 

Lipids) were solubilised separately in chloroform (2.5 mg/mL). Aliquots of these 

stock solutions (99:1 PC:DPPTE mol:mol) were transferred in a round bottom flask 

and the solvent was removed flushing the flask with a N2 stream while manually 

rotating the flask. The dried lipid film thus formed was rehydrated with PBS (0.01 
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M) to obtain a 0.02 mg/mL lipid concentration. The solution was stirred gently 

until it became clear, and was subject to 21 successive extrusions through a 

polycarbonate membrane (0.1 μM pore size). The resulting liposome suspension 

was analysed by DLS for particle size analysis. 

Liposome suspensions were stored at 4 ˚C for a maximum of 24 hours before use. 

 

4.2.6 AFM analysis of lipid bilayers on gold 

The liposome suspensions described in 4.2.5 were loaded on the gold-coated 

coverslips. The surface was imaged using a Dimension Icon (Bruker) using Peak 

Force Tapping or Tapping mode in liquid, using ScanAsyst Fluid+ tips. 

 

4.2.7 Surface plasmon resonance (SPR) – immobilisation of liposomes on  chips on L1 

chips 

The extent of interaction between the Cholesterol and phospholipid DOPE-

containing polymers and immobilised lipid bilayers was performed on a BIAcore 

T200 system (GE Healthcare). The SPR measurements were carried out after 

loading liposomes on a BiaCore L1 chip (Cytiva Life Sciences, Sheffield, UK). 

Throughout this process, two aqueous media were employed:  

I. Surface priming solution: 20 mM 3-((3-cholamidopropyl)-

dimethylammonio)-1- propane sulfonate (CHAPS) 

II. Buffer: 10 mM HBSS 

The loading process was conducted in three successive steps: 

1. Surface wash: the L1 chip surface was cleaned with repeated (at least 2) 

injections of 10 μL of 20 mM CHAPS detergent solution. 
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2. Liposome loading: The liposome suspension (prepared as described in 

4.2.2) was injected at a low flow rate (5 µL/min) at 0.5 mM lipid 

concentration. Adsorption was monitored by following an increase in 

Response index Units (RiU), which plateaued as the surface coverage 

approached completion. In terms of response, we targeted 5000 (RiU), 

which is generally accepted as an indication that lipid bilayer was 

immobilised on the L1 chip12. Bilayer immobilisation was found to be 

complete within a few minutes.  

3. Liposomal surface cleaning: Regeneration of the sensor chip surface 

was performed using a long pulse of the buffer solution (10 mM HBSS) at 

high flow rate (50 μL/min, 420 sec). 

Solutions of selected polymers (Table 4.1) were prepared at different 

concentrations (24 nM to 1.5 nM) in HBSS buffer solution. Sensorgrams for each 

polymer concentration were recorded with a 240 sec injection of polymer solution 

(ON period) followed by 120 sec of buffer alone (OFF period). Kinetic data was 

processed using a single set of sites (1:1 Langmuir binding) model in the 

BIAevalulation 3.1 software. 

Table 4.1 Polymers selected for the surface plasmon resonance evaluation of polymer-

bilayer interactions  

Polymer 

Chol-[(HEA)100%]13 

Chol-[(HEA)100%]58 

Chol-[(HEA)100%]70 

Chol-[(HEA)100%]108 

DOPE-[(HEA)100%]80 

PABTC-[(HEA)100%]63 
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4.2.9 Solid-state NMR analysis of multilamellar lipid vesicles  

The selected polymers (Table 4.2) were solubilised or suspended in the minimum 

amount of deionised water and added to solid dimyristoyl phosphatidylcholine 

(DMPC:polymer 10:1 molar ratio); the mixture was stirred until an almost clear 

suspension was obtained. The solution was subject to 8 freeze-thaw cycles to 

produce multilamellar vesicles; the solution was centrifuged for 20 minutes at 

1500 rpm. The supernatant was removed, and the pellet collected and transferred 

to the solid-state NMR probe. 

Table 4.2 Polymers selected for the solid-state NMR evaluation of polymer-bilayer 
interactions 

Polymer 

Chol-[(HEA)100%]13 

Chol-[(HEA)100%]52 

Chol-[(HEA)100%]58 

DOPE-[(HEA)100%]47 

PABTC-[(HEA)100%]63 

PABTC-[(HEA)100%]80 

 

All solid-state NMR experiments were performed with a Varian 400 MHz VNMRS 

spectrometer equipped with a 4 mm magic angle spinning (MAS) NMR probe. All 

31P and 13C NMR spectra were referenced externally with 10% H3PO4 and 

adamantane, respectively.  

31P wideline NMR was performed at 28 ˚C using Hahn echo sequence with 100 

kHz π/2 pulse and 12 µs delays. Spectra were acquired with 20 ms acquisition 

time with a recycle delay of 5 s and 2048 transients averaged.  

13C Magic Angle Spinning (MAS) NMR was performed at MAS frequency of 5 

kHz and at 32 ˚C, for both cross polarisation and direct excitation experiments. 

Direct excitation experiments were done with a single 100 kHz π/2 before 
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acquisition, followed by 125 ms acquisition under 60 kHz SPINAL-64 to remove 

heteronuclear dipolar couplings. The recycle delay was 5 s, and spectra were 

obtained after average of 2048 transients.  

Cross polarisation was performed with an initial 120 kHz π/2 1H excitation pulse, 

followed by 3.5 ms of 45 kHz Harmann-Hahn contact time for magnetisation 

transfer to 13C. Spectra were recorded under 60 kHz SPINAL-64 scheme over 125 

ms of acquisition time. The recycle delay was 3.5 s, and spectra were obtained by 

averaging 2048 transients. 

4.2.11 Molecular Modelling of Cholesterol-HEA homopolymer interactions with a 

simulated DPPC bilayer membrane 

All simulations were performed using AMBER 2013–16. For atomistic modelling 

purposes, Chol-[(HEA)]n polymers were divided into cholesterol, linker, HEA 

monomer (both enantiomers) and terminal units, with appropriate capping groups 

(Scheme 4.1). Models for each were built using Chimera17, and then unit 

parameter files generated using AMBER’s Antechamber module18.  

 

Figure 4.1 Division of Chol-[(HEA)]n (top) into fragments for modelling. Capping groups 
shown in red 
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Development of a coarse-grained model for Chol-[(HEA)]n  

An atomistic model for atactic Chol-[(HEA)]10 was generated using LEAP, each 

HEA monomer being chosen as the R- or S-enantiomer to generate an 

“RRSSRRSSRR” oligomer. The models were relaxed using energy minimisation and 

a short (5ps) molecular dynamics (MD) simulation in implicit solvent, then the 

final structures for the polymer were used to build a solvated system (TIP3P water 

model19, 1 sodium counterion, truncated octahedral unit cell with 63 Angstrom cell 

vectors). After energy minimisation and a 10ns MD NPT equilibration, a 100ns 

production simulation was run, saving coordinates every 100ps. Data from this 

run was used to parameterise a 2-bead Coarse Grained (CG) model for HEA. The 

backbone is modelled as a P1 bead, and the sidechain as a P2 bead (Figure 4.2). 

The model retains the distinction between the two HEA monomer enantiomers, as 

the data shows the CG inter-monomer torsion angle distributions are sensitive to 

this (Figure 4.2). Tabulated dihedral potentials were used for these terms, 

generated by Boltzmann inversion of the dihedral angle distributions. No CG model 

(HER, HER) or (HES, HES) (HER, HES) or (HES, HER) 

HER HES HER HES 

HN O

OH

HN O

OH

HN O

OH

HN O

OH

HN O

OH

HN O

OH

HN O

OH

HN O

OH

HN O

OH

HN O

OH

“R” “R” “R” “R” “R” “R”“S” “S” “S” “S”

Figure 4.2 Coarse graining scheme for [(HEA)]n and details of polymer backbone dihedral 
distributions inferred from atomistic simulations 
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was built for the terminal unit, and the linker unit was modelled implicitly as a 

flat-bottomed distance restraint between the first HEA unit and an embedded CG 

cholesterol molecule, with length and force constant calculated again from the 

atomistic simulation data.  

 

Atomistic simulations of Chol-[(HEA)]50 and a DPPC bilayer 

An atomistic model of Chol-[(HEA)]50 was built as described for the 10-mer above. 

After the implicit then explicit solvent energy minimisation and MD equilibration 

process, the final structure was appropriately oriented, then embedded in a DPPC 

bilayer using PACKMOL-Memgen20 so the cholesterol moiety lay within the top 

membrane leaflet but the attached HEA polymer was solvent exposed. The 

generated system contained one molecule of the polymer, 1 sodium ion, 195 DPPC 

lipids and 19293 TIP3P water molecules in a rectangular periodic box 89.4 x 89.4 

x 136.6 Angstroms. The system was energy minimised then relaxed with 

isothermal-isobaric (NPT) MD simulations at 50K (100 ps) then 300K (100ps) 

before the 500ns production run, snapshots being saved every 100 ps. Using the 

MDTraj Python package21, sub-trajectories were created from this data selecting 

the closest 20 lipids to the embedded cholesteryl moiety, then the next closest 

30, and finally all remaining lipids. These trajectories were then analysed using 

the cpptraj lipdorder tool to obtain predicted deuterium order parameters for lipids 

within certain distance ranges of the cholesterol group. A control system 

containing a single cholesterol molecule, but no polymer, embedded in a 

dipalmitoyl phosphatidylcholine (DPPC) bilayer was generated, simulated and 

analysed using the same methodology. 
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Generation and validation of Martini CG models of [(HEA)]58 and 

[(HEA)]120  

Using local Python scripts, a coarse-grained model for atactic [HEA]58 in a globular 

conformation was generated using the backbone trace of the crystal structure of 

bovine pancreatic trypsin inhibitor (BPTI)22 as a guide. The HEA P1 beads were 

placed at the carbonyl C atom positions, the P2 beads along the C=O vectors, and 

bond lengths then scaled as required. To check the CG parameterization, the CG 

[HEA]58 polymer was solvated in a cubic box of Martini water (7nm box edge), 

energy minimized and then subjected to 200,000 steps of NPT MD (timestep 30 

fs), saving a snapshot every 1000 steps. Polymer chain torsion angle distributions 

were then compared with those from the original atomistic simulations. Using a 

similar approach, a CG model for atactic [HEA]120 was created from the backbone 

trace of 2RSC23. 

Martini CG simulations of Chol-[(HEA)]58 and Chol-[(HEA)]120 in a plasma 

membrane 

Using locally generated Python scripts, a copy of the plasma membrane model of 

Ingolfsson et al. was cut down to a 21 nm square patch, and sixteen molecules of 

either [(HEA)]58 or -[(HEA)]120 placed at the surface on a 5nm-spaced square grid, 

removing clashing water molecules. The cholesterol molecule in the membrane 

patch closest to the first HEA monomer in each of the 16 polymers was then 

identified and used to define a distance restraint that mimics the atomistic linker 

group (see above). After energy minimisation, MD simulations were performed 

using the same parameters as Ingolfsson et al., wherever appropriate. 

Simulations were run for 800 ns in total (20 fs timestep), saving coordinates every 

500 ps. Polymer-polymer radial distribution functions (in the xy plane) were 

calculated using local Python scripts. 
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4.3 Results and Discussion 

4.3.1 Suitability of liposomes as bilayer membrane models for cell membrane-polymer 

interaction 

Thanks to the structural and geometric similarity between cell membranes and  

unilamellar liposomal bilayer membranes, these have been extensively used as 

membrane models24–26. Liposomes are highly tuneable, and it is possible to tailor 

their composition and properties for specific investigations, such as lipid 

peroxidation27, membrane integrity24 or drug-membrane interactions25 amongst 

others. The  research idea behind this thesis was based on GPI anchored proteins28 

(see Chapter 1) and these structures are postulated to be involved in the 

formation of lipid rafts29–31. Therefore, we decided to employ a liposome 

composition (Table 4.3) that has been shown to produce phase partitioning 

between lipid ordered and disordered phases32. For this investigation, liposomal 

bilayers were prepared with embedded Laurdan dye33, to investigate the effect 

that interaction with polymers had on the liposomal bilayer membrane fluidity. 

Table 4.3 Composition of the liposomes employed as a model membrane for fluidity studies. 

Liposome composition (mol %) 

DOPC 50% 

DSPC 25% 

Cholesterol 24.9% 

Laurdan 0.1% 

 

Studies that employ liposomal membranes as models for cell membranes often 

employ giant unilamellar vesicles (GUVs), with diameters reaching up to 100 μm 

to visualise phase separation and formation of lipid rafts32,34. However, assembly 

of giant GUVs and subsequent optimisation of composition to observe liquid-

ordered and liquid-disordered domains often requires lengthy optimisation of lipid 
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composition and manufacturing conditions, thus for time constraints in this part 

of our study the (co)polymers produced in Chapter 2 were tested on smaller 

liposomes and their effect on lipid membrane fluidity was estimated by Laurdan 

assay. The particle sizing analysis, performed through dynamic light scattering 

(DLS) confirmed that, following extrusion, liposomes had low polydispersity 

(0.143) and hydrodynamic diameter of 196 nm with a negligible subpopulation in 

the μm range (Figure 4.3) .  
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Figure 4.3 DLS particle size analysis of the Laurdan-loaded liposomes employed for 

membrane fluidity studies. Data are shown as intensity, volume and number distributons 
(%). 

 

Laurdan-loaded liposomes were incubated with different polymer solutions (0.1 

μM in HBSS, replicating the in vitro cell exposure to polymers), to observe their 

effect on the Laurdan fluorescence profile and therefore on liposomes membrane 

fluidity. The results were expressed as ΔGP, defined as the difference in GP of 

polymer-liposome samples, compared to untreated Laurdan-loaded liposomes 

(Figure 4.4). To assess the kinetics of polymer-membrane interaction, that is, 

the rate at which our materials interacted with the liposomal membrane, 

fluorescence  was recorded over the course of 30 minutes. Data showed a similar 

trend to what observed on Caco-2 cells. . The cholesterol-containing polymers 

Chol-[(HEA)100%]108 and Chol-[(HEA)100%]52 still increased the membrane fluidity, 

but the observed ΔGP values for liposomes were lower than what measured for 
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cells (-0.1 average for liposomal membranes vs -0.3 average for cell membranes). 

The DOPE-based polymer DOPE-[(HEA)100%]47 increased the liposomal membrane 

fluidity compared to untreated liposomes, although the effect was not statistically 

significant. Similarly, the effect of control polymers PABTC-[(HEA)100%]80 and 

PABTC-[(HEA)100%]50 on liposome membrane fluidity was not statistically 

significant. The cholesterol and DOPE polymers affected the bilayer fluidity rapidly 

(within 2-4 minutes), and the effect became statistically significant after 6 minutes 

exposure for Chol-[(HEA)100%]108 and Chol-[(HEA)100%]52. In Chapter 3, cells 

exposed to analogous conditions showed statistically significant increase in 

membrane fluidity within the first minute of exposure, suggesting that the 

liposomal bilayer:polymer interaction could follow a slower kinetic. 
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Figure 4.4 Kinetic Laurdan fluorescence measurement for Laurdan-loaded liposomes 
interacting with different types of polymers. Results are expressed as delta generalised 
polarisation (ΔGP): a positive value represents an increase in membrane rigidity, while a 

negative value an increase in membrane fluidity, compared to untreated liposomes. 

Statistical significance of the results was investigated through a one-way ANOVA test, 
comparing the fluidity values obtained with the values measured for untreated liposomes 
at the same timepoint (* P<0.1, ** P<0.01; n=3). 

These initial results that showed results in line with what observed for Caco-2 

cells, providing an initial indication that these liposomes could be used for 

membrane fluidity experiments.  

  



Chapter 4 

195 

 

4.3.2 Surface Plasmon Resonance (SPR) 

Surface plasmon resonance is a label-free technique employed to evaluate the 

interaction of a ligand with a substrate. SPR has been previously employed to 

understand the dynamics of various species (drugs, proteins) interacting with 

membrane models35–37. This technique is based on changes in refractive index of 

a gold surface when ligands interact with any functionality attached to the gold 

surface. As exemplified in Figure 4.5, polarised light is shone through a prism on 

a gold sensor, and the light is then reflected by the gold surface. At a specific 

angle of incidence (SPR-dip angle), the light excites the metal surface plasmons 

to induce surface plasmon resonance and therefore causing a decrease in the 

intensity of reflected light. The angle where SPR happens is directly correlated to 

the gold surface refractive properties, which are dependent on the presence of 

material deposited on the other side of the gold chip. Therefore, by measuring the 

change in SPR-dip angle, it is possible to directly quantify the amount and 

calculate the kinetics for a species interacting with the gold chip37–39. 

 

 

Figure 4.5 Representation of an SPR system: a gold chip is loaded on a prism; polarised 
light is generated from a source and the light intensity is measured by a detector. The 

surface plasmons excitation is achieved at a specific angle of incidence (φ), causing a dip 
in the light intensity. If any material is interacting with the chip surface there is a change 
in the angle of incidence, which is then recorded by the detector. 
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In a typical SPR experiment, the substrate is loaded on the chip and the analysis 

is carried out in four main phases38, highlighted in the representative sensorgram 

shown in Figure 4.6: 

1. Baseline phase: firstly, the baseline buffer is flowed on the surface to 

establish the baseline. 

2. Association phase: a solution (10 mM HBSS in our experiments) of the 

analyte is flowed on the surface, and if the tested compound interacts with 

the immobilised substrate a change in refractive index is registered, 

allowing for measurement of the association kinetics. 

3. Dissociation phase: the baseline solution is injected, and the analytes will 

start dissociating from the immobilised substrate, allowing for evaluation 

of the dissociation kinetics. 

4. Regeneration phase: the regeneration solution  is injected to completely 

remove the bound analytes. After restoring the baseline with the baseline 

buffer, a new analysis can begin. 

 

Figure 4.6 Example sensorgram highlighting the main phases in an SPR analysis: 1) 
baseline, 2) association, 3) dissociation and 4) regeneration. 

 

The sensorgram shape and size (Figure 4.7) are dependent on the immobilised 

substrate and the ligand. When the analyte solution  is injected and the analyte is 
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flowed  over the sensor surface, an increase in response is registered due to 

binding between the immobilised substrate and the ligand. This increase is not 

linear, and is dependent mainly on the analyte concentration and the association 

constant between ligand and substrate.  

After association of analytes, it is possible to reach a state of equilibrium (steady 

state), where the response is stable and does not increase with time. This is a 

dynamic equilibrium, where the dissociation of bound analytes and association of 

continuously injected analytes are balanced. 

 

Figure 4.7 Example sensorgram, highlighting the parameters influencing each phase. 

 

If the analyte concentration is sufficient to occupy all binding sites, saturation of 

the sensor (Rmax) is reached. The response level is dependent on the availability 

of binding sites at the surface and on the relative effect that a specific ligand has 

on the response intensity. This is important to consider when comparing different 

species, as a single unit of a larger analyte (a longer polymer in our case) will 

elicit a different response than a smaller analyte (shorter polymer). Rmax is 

therefore entirely analyte-dependent, and must be determined experimentally for 

each single analyte:immobilised substrate system.  



Chapter 4 

198 

 

The dissociation phase is dependent on the rate constant of dissociation kd, and 

the dissociation period is highly dependent on the degree of ligand:substrate 

interaction. After the dissociation phase, it is possible that the response does not 

reach baseline levels due to some residual interactions between the ligand and 

the substrate. Should this happen, the baseline is regenerated by injecting a 

regeneration solution compatible with the immobilised substrate.   

 

4.3.2.1 In-house assembly of SPR sensor chips  

Initially, we aimed at in-house preparation of gold chips onto which we could 

deposit a lipid bilayer, which would act here as our immobilised substrate during 

SPR analysis. This approach has been previously employed to deposit a bilayer of 

phospholipids on a gold surface11,40 and the uniformity of the resulting bilayer was 

tested by Atomic Force Microscopy (AFM). For this process a multi-step procedure 

was followed (Figure 4.8):  

1. The glass coverslips (0.22 μm diameter, thickness 0.16 - 0.19 mm) were 

cleaned with Piranha solution41 to remove any impurities from the surface. 

2. A 10 nm layer of Indium-Tin oxide (ITO), employed to increase the surface 

conductivity42, was deposited on the cleaned surface, followed by 

deposition of a 47±5% nm gold thin film43,44. 

3. After deposition of the gold film, liposomes based on phosphatidylcholine 

and 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (DPPTE) (99:1, 9:1 

or 8:2 mol:mol) were prepared and added to the gold surfaces. These 

specific compositions were chosen based on previous literature11, as DPPTE 

possesses a thiol in its headgroup. Liposomes with thiolated phospholipids 

readily interact with gold surfaces to form a phospholipid bilayer11, due to 

the rapid gold surface-thiol bond formation45. 

4. AFM in tapping mode was used to verify the formation of a uniform 

phospholipid bilayer. 
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Figure 4.8 Glass coverslips functionalisation procedure to prepare surfaces for SPR. The 
coverslips were cleaned by Piranha cleaning, then a layer of ITO and a layer of gold were 
deposited on the glass surface. Afterwards, DPPTE-based liposomes were added to the gold 
surface, and AFM in tapping mode was used to verify the formation of a uniform 

phospholipid bilayer.  

 

The cleaning of the coverslips and deposition of indium-tin oxide and gold on the 

surface was successful in producing a surface with morphological characteristics 

and coating height (20-25 nm) similar to what described in literature, as confirmed 

by AFM analysis in peak force tapping mode (Figure 4.9 A). 

After addition of the liposomal suspension (0.02 or 0.2 mg/mL lipid concentration), 

the surface was imaged again by AFM in tapping mode, showing an increase in 

the registered surface height (Figure 4.9 B), and suggesting the presence of 

additional material deposited on the gold.  
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Figure 4.9 AFM images in peak force tapping mode showing the ITO + gold deposition layer 
(A) and the surface after deposition of liposomes (0.02 mg/mL in 10 mM HBSS, 30 minutes 
incubation at room temperature) (B). 

 

However, a closer examination of the surface showed a dishomogeneous 

distribution of the bilayer on the surface (Figure 4.10). An additional range of 

conditions (9:1 PC:DPPTE molar ratio, shorter/longer incubation times, 0.2 

mg/mL, 0.1 mM HBSS ) were explored, without producing an improvement of the 

bilayer distribution. Thus, we decided to employ a pre-functionalised commercially 

available L1 chip 

 

Figure 4.10 AFM image in tapping mode showing a dishomogeneous distribution of lipid 
bilayers (yellow areas) deposited following incubation of gold surface with liposomes (0. 2 
mg/mL in 10 mM HBSS) deposited on the gold surface after 30 minutes incubation at room 
temperature. 
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4.3.2.2 Adhesion cholesterol- and DOPE-containing polymers to immobilised lipid bilayers: SPR 

analysis using a L1 chip.  

Previous studies described the use of two commercially available sensor chips, 

HPA46,47 and L137,48,49, to immobilise phospholipids for SPR analysis model (Figure 

4.11). 

 

 

Figure 4.11 Diagrams depicting the two types of SPR sensor chips considered for this study. 
HPA chip (left) forming a hybrid grafted bilayer with injected phospholipids, and L1 (right) 

capturing liposomes on its surface. 

 

Both types of sensor chips can be employed to form immobilised membrane 

models, albeit with different characteristics and structure. The HPA chip consists 

of a gold surface coated with a flat alkanethiol layer that can provide support for 

phospholipid deposition. This results in the formation of a hybrid bilayer 

membrane consisting of a gold-grafted alkanethiol layer coated by a phospholipid 

monolayer 12 (Figure 4.11, left). This approach is no longer widely used, as the 

hydrophobic chip surface is not easy to work with and detergents used for chip 

cleaning can be embedded into the grafted monolayer36. The L1 sensor chip was 

developed more recently, and employs lipophilic groups grafted on a 

carboxymethylated dextran matrix, which is in turn anchored to the gold surface12. 

This chip allows for capture of injected liposomes, which can also fuse into a 
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supported bilayer that can partially or fully cover the sensor surface12,47,49 (Figure 

4.12), based on liposome characteristics such as surface charge and analysis 

parameters such as flow rate50.  

 

Figure 4.12 Immobilisation of phosholipid lipid bilayer on an SPR L1 sensor chip. 

 

Due to the  suitability to capture a wide variety of liposomes without extensive 

method development and their ability to generate immobilised bilayers, L1 sensor 

chips were chosen for this part of this study. To deposit the required phospholipid 

membrane, liposomes were prepared with a composition (DOPC/DSPC/cholesterol 

2:1:1 molar ratio) that has been shown to produce phase partitioning between 

lipid ordered and disordered phases32. Liposomes were first extruded through 0.2 

μm membrane filter as described in previous studies47–49 to get a final vesicle size 

of 214 nm with and low PDI(0.184, Figure 4.13).  
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Figure 4.13 Dynamic light scattering (DLS) particle size analysis of liposomes 
(DOPC/DSPC/cholesterol 2:1:1 mol:mol ratio) employed to form immobilisied bilayers for 
the SPR studies. Data are shown as intensity, volume and number distributons (%). 

 

The liposome suspension (0.02 mg/mL in 10 mM HBSS) was then injected on the 

L1 chip at 5 μL/min, until a stable baseline at 5600 RiU was reached. Previous 

studies by Karlsson51 et al. and Kamimori et al.52 suggest that values around 5000 

RiU are  indicative of formation of a supported bilayer on the sensor surface12. 

After the baseline was stabilised, polymer suspensions were injected at different 

concentrations (24 nM to 1.5 nM) to assess the ability of the membrane-inserting 

polymers  with the immobilised phospholipid bilayer. 

The sensorgrams for the cholesterol-polyHEA polymers, showed that the shortest 

polymer (Chol-[(HEA)100%]13) elicited a low response and needed longer injection 

time to reach saturation, when comparing with longer Chol-polyHEA polymers 

(Figure 4.14). Chol-[(HEA)100%]13 did not cause an increase in membrane fluidity 

in the previously described Laurdan studies, showing a low level of interaction 

with bilayers, reflected in the low response registered by SPR. Cell membrane 

binding studies – Laurdan membrane fluidity and Flow Cytometry - shown in 

Chapter 3, using Caco-2 cells showed that Chol-[(HEA)100%]58, when compared 
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to the longer Chol-[(HEA)100%]108, had the strongest effect in terms of increasing 

the fluidity of cell membranes and also in the number of polymer chains bound to 

cell plasma membrane.  

In these SPR experiments, Chol-[(HEA)100%]58  gave a rapid initial interaction with 

the immobilised phospholipid bilayer and maintained saturation of the bilayer for 

the remainder of the injection. Additionally, a very slow dissociation rate was 

observed, indicating that following insertion of its cholesterol chain-end, Chol-

[(HEA)100%]58 showed a strong tendency to remain bound to the immobilised 

bilayer.  
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Figure 4.14 SPR sensorgrams for the cholesterol-and DOPE-containing polymers, and 
control PABTC polymer, using a L1 chip coated with a  DOPC/DSPC/cholesterol (2:1:1 
mol:mol ratio)bilayer. Results are expressed as SPR response, with higher values indicating 

the presence of more material deposited on the surface. 
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The longest polymer, Chol-[(HEA)100%]108, showed a higher initial response when 

compared with the other cholesterol-containing polymers. This is likely due to the 

size of this polymer, as the SPR response is dependent on the amount of material 

deposited on the chip surface38. In this sensorgram, we also observed a 

progressive decline in response as soon as the maximum RiU value (Rmax) was 

reached; this could have been caused by an initial saturation of the sensor with 

polymers. However, the hydrophilicity of the polymer was likely responsible for 

the steady decline of the RiU. The sensorgram for DOPE-[(HEA)100%]80 showed 

similar results to what observed for cholesterol-containing polymers with a similar 

DP. The control polymer PABTC-[(HEA)100%]63 showed no interaction between the 

polymers and the cell membrane models. This corroborated the results described 

in Chapter 3 for interaction with cell bilayer membranes, where PABTC polymers 

showed little interaction in membrane fluidity studies and Flow Cytometry 

employing fluorescent PABTC-[(HEA)100%]63 showed limited accumulation on cells. 

Finally, kinetic and thermodynamic constants  (Table 4.4) were analysed to 

derive a structure activity relationship for this sub-family of membrane-inserting 

polymers. DOPE-[(HEA)100%]80 showed a lower ka for interaction with bilayer 

membranes when compared with the cholesterol-HEA polymers with a similar 

chain length. This is in line with what observed previously in cell culture by flow 

cytometry experiments, where fewer fluorescently tagged DOPE-[(HEA)100%]47 

molecules interacted with cell membranes. As already discussed, the control 

polymer PABTC-[(HEA)100%]63 did not interact with the immobilised bilayer, so the 

kinetic parameters could not be calculated. As expected, the comparatively less 

hydrophilic Chol-[(HEA)100%]13  showed a significantly lower ka when compared 

with the other cholesterol-HEA based polymers. The other cholesterol-based 

polymers had similar levels for their dissociation rate constant (kd), therefore 

these polymers had a similar tendency to remain associated to the lipid bilayer, 
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once bound. The dissociation equilibrium thermodynamic constant KD, which 

refers to the equilibrium between membrane-associated and dissociated 

polymers, was likewise very similar between these three cholesterol-containing 

polymers being all in the sub-nanomolar range for all these materials. This is 

indicative of a very strong interaction between these polymers and the 

immobilised DOPC/DSPC/cholesterol (2:1:1 mol:mol ratio) lipid bilayer. The main 

difference was in the kinetic of association and dissociation rate constants ka, and 

Kd, respectively. The longest polymer (Chol-[(HEA)100%]108) showed a 4-fold 

kinetic association constant ka value when compared with the two shorter 

polymers. However, a significantly higher dissociation rate constant (kd) was also 

observed for Chol-[(HEA)100%]108 with the bilayer, which means it detached from 

the bilayer at a faster rate than other cholesterol-HEA based polymers. This 

translated in a lower equilibrium constant KD, which confirmed that fewer  Chol-

[(HEA)100%]108 are present on the bilayer at the equilibrium when compared with 

shorter cholesterol polymers. The KD values for Chol-[(HEA)100%]13  confirmed that 

there was comparatively little material deposited on the surface, explaining the 

lack of membrane fluidity changes observed in Chapter 3 when this polymer was 

added administered to Caco-2 cells.  

Table 4.4 Kinetic parameters obtained from SPR analysis for the interaction between the 
tested polymers and L1-immobilised  bilayers.  

Polymer ka (M-1 s-1)a kd (s-1)b KD (M)c Rmax 

(RiU)d 

Chol-[(HEA)100%]13 1.96 x 103 2.44 x 10-4 1.24 x 10-7 843 

Chol-[(HEA)100%]58 3.71 x 106 3.16 x 10-3 8.50 x 10-10 1996 

Chol-[(HEA)100%]70 3.51 x 106 3.12 x 10-3 8.88 x 10-10 1706 

Chol-[(HEA)100%]108 1.64 x 107 5.33 x 10-3 3.26 x 10-10 2456 

DOPE-[(HEA)100%]80 2.19 x 103 3.31 x 10-5 1.51 x 10-8 1718 

PABTC-[(HEA)100%]63 - - - - 
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a association rate constant, b dissociation rate constant, c equilibrium dissociation constant 

and d maximum response. 

DOPE-[(HEA)100%]80 showed a lower KD than comparable cholesterol polymers 

(Chol-[(HEA)100%]58  and Chol-[(HEA)100%]70), confirming that the lower effect on 

cell membrane fluidity described in Chapter 3 was potentially due to less polymer 

being deposited on the cell membranes. 

The SPR results have therefore confirmed that the cholesterol- and DOPE-

containing polymers were directly interacting with membranes, while the control 

polymer PABTC-[(HEA)100%]63 did not. Additionally, these experiments confirmed 

that the DOPE-based polymers have lower ka and KD for membrane interaction 

when compared with the cholesterol counterparts.  Finally, kinetic and 

thermodynamic results for the cholesterol polymers interacting with the bilayer 

showed that, although Chol-[(HEA)100%]108 interacted at a faster rate than shorter 

polymers (DP 70 and 58), less material was present at the equilibrium. This 

confirmed the results reported in Chapter 3, where we observed the maximum 

amount of  cell membrane interaction for DP 50 cholesterol polymers. 
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4.3.3 Solid-state NMR (SSNMR) 

Next, the interaction between model lipid bilayers and the polymers synthesised 

in this work to was investigated  by  solid-state NMR (SSNMR) which is a non-

destructive and non-intrusive technique53,54 that can be used to investigate 

membrane dynamics55,56. SSNMR is a technique employed for analysis of solid and 

semisolid samples loaded in a rotor rapidly spinning57,58 at the specific angle of 

54° 44’ (“magic angle” ) respectively to the applied magnetic field59. This allows 

to overcome the issues encountered when analysing by NMR solid and semisolid 

samples, namely compensating for the low mobility of nuclei when compared with 

liquid samples60.  

 

4.3.3.1 31P NMR of polymers and DMPC multilamellar vesicles 

The interaction between the previously described polymers and model lipid bilayer 

membranes was initially investigated by wideline 31P SSNMR, which can reveal 

perturbations in model membranes caused by membrane-inserting 

(macro)molecules55,61. 31P SSNMR is particularly suited to investigate changes in 

phase behaviour (liquid ordered, liquid disordered, membrane shedding) of 

phospholipid species when interacting with membrane-binding species55. First, the 

polymers were solubilised in the minimum amount of deionised water, which was 

then added to solid DMPC (DMPC:polymer 10:1 mol:mol ratio) to produce 

multilamellar vesicles (MLVs) by mechanical stirring and repeated freeze-thaw 

cycles. The rotor spinning causes fast axial rotation of the lipid molecules in the  

MLVs, forming the large chemical shift anisotropy shown in Figure 4.1562. Any 

perturbation in the membrane model would cause the appearance of secondary 

peaks (caused by shedding of smaller vesicles from the MLVs, rotating at different 

speeds) or a change in the shape of the large peak (caused by modification of the 

MLVs by membrane-interacting species). 
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Figure 4.15 31P SSNMR spectrum of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 
MLVs. 

 

For this set experiments we employed a model membrane made from 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC), a synthetic phospholipid often 

included in liposomes and lipid bilayers as a simple model for biological 

membranes with SSNMR55,56,61,63. Figure 4.16  shows different wideline spectra 

obtained by MAS 31P NMR of DMPC multilamellar vesicles (MLV) after incubation 

with a polymer from each class of materials produced (Chol-[(HEA)100%]52, DOPE-

[(HEA)100%]47, PABTC-[(HEA)100%]50). These polymers were chosen here because 

they have a very similar number of HEA repeating units, but different membrane-

inserting, or control, chain-ends. When compared to the spectrum of untreated 

DMPC MLV (Figure 4.16 D), the membrane-interacting polymers showed an 

additional isotropic peak around 0 ppm (Figure 4.16 A, B). This additional signal 

indicated the presence of non-bilayer structures, in the form of smaller and faster 

tumbling DMPC aggregates shed from the “main” bilayer structure. This suggested 

that membrane-interacting polymers at this concentration can disrupt DMPC 

bilayers to form smaller, secondary DMPC aggregates that tumble more quickly in 

the rotor. This is in line with what is shown in recent literature, where embedding 

of membrane-interacting species in a DMPC model membrane decreased the 

stability of bilayers and resulted in membrane shedding, as confirmed by 

SSNMR.56 
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Figure 4.16 31P MAS wideline spectra of DMPC MLVs treated with polymers. A) DOPE-
[(HEA)100%]47B) Chol-[(HEA)100%]52; C) PABTC-[(HEA)100%]50; D) DMPC MLVs. The 
additional isotropic peak around 0 ppm indicates presence of non-bilayer structures, 
therefore that the polymer interaction with the bilayer is causing intrinsic instability and 
membrane shedding.  
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4.3.3.2 Solid-state NMR to confirm presence of polymers within model DMPC:cholesterol 

bilayer membranes 

The initial results with 31P NMR showed an interaction between the membrane-

binding polymers and a simple DMPC model membrane. Therefore, we decided to 

investigate by employing a more relevant membrane model (DMPC:cholesterol 

1:1 mol:mol ratio) and with techniques suitable for a more thorough investigation 

of polymer:bilayer interactions. 

The two common methods for creating observable magnetisation in high 

resolution 13C solid state NMR under magic angle spinning (MAS) are direct 

excitation and cross polarisation (CP). An exemplification of their pulse sequences 

is shown in Figure 4.17. Direct excitation relies on a single 90˚ pulse at the 

carbon Larmor frequency on the carbon channel to generate polarisation, followed 

by acquiring the signal under 1H decoupling64. Cross polarisation, on the other 

hand, relies on polarisation transfer from neighbouring protons. In CP, nuclei with 

high gyromagnetic ratios such as 1H, are polarised first, before the polarisation is 

transferred via Hartmann-Hahn condition by strong dipolar coupling to bounded 

weaker nuclei65,66. This results in an enhancement of 13C signal, reflecting the 

higher proton polarisation (of up to 4-fold). In addition, the 13C signal of CP is 

further improved compared to direct excitation as 13C in CP have shorter proton 

T1 instead of the longer 13C T1, leading to a reduction in interpulse delays and thus 

experimental time. 

 

Figure 4.17 Solid state NMR pulse sequence of (A) cross polarisation and (B) direct 
excitation. 
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CP is particularly useful in membrane studies, as it can act as a motion filter to 

probe molecules interaction with membrane. The polarisation transfer from 1H to 

13C relies on dipolar coupling. Dipolar coupling is an anisotropic interaction that is 

averaged to zero in molecular systems with fast molecular motions, for example 

in solution. This property of CP can be utilised to probe interactions of soluble 

membrane-active compounds with the membrane67, as only molecules in a rigid 

system, in our case only polymers interacting with the DMPC:cholesterol MLVs can 

be detected in CP.  

 

Direct excitation 13C MAS NMR spectra of polymer mixed with lipid bilayer. 

To first observe all components in the DMPC:cholesterol:polymer mixture, spectra 

were recorded by polarisation of 13C nuclei via a direct 90˚ pulse, thus all 13C 

nuclei in the system could be observable. Figure 4.18 show the 13C direct 

excitation NMR spectra of MLVs containing DMPC alone, DMPC:cholesterol 1:1 

Figure 4. 18 13C MAS NMR spectra with direct excitation of (blue) DMPC lipid bilayer, (green) 
DMPC with cholesterol (1:1 mol:mol ratio), (orange) PABTC-[(HEA)100%]63, (red) DOPE-
[(HEA)100%]47, (black) Chol-[(HEA)100%]13 and (purple) Chol-[(HEA)100%]58 prepared with 

DMPC and cholesterol membrane. The polymer:DMPC:cholesterol molar ratio is roughly 
1:10:10. The (*) indicates a broad artefact signal from NMR rotor. Yellow panel highlights 
resonances from polymer that is absent in lipid-only samples. 
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mol:mol, and DMPC:cholesterol:polymer 1:1:0.1 mol:mol, recorded under MAS. 

The broad artefact signal at around 110 ppm (labelled with *) is typical in these 

experiments and is due to Teflon in the NMR rotor. The cholesterol resonances 

could be clearly observed in comparison to DMPC alone in the 60-20 ppm region.  

The polymers selected for this part of the study were: a control polymer PABTC-

[(HEA)100%]63, DOPE-[(HEA)100%]47, as well as two polymers with cholesterol chain-

end - the Chol-[(HEA)100%]13 and Chol-[(HEA)100%]58. The addition of polymer 

introduced additional resonances. In particular, a peak around 176 ppm 

(corresponding to carbonyl groups of the polymers), highlighted in yellow in 

Figure 4.18, and 60 ppm (corresponding to CH2OH in the HEA monomer), 

highlighted in yellow in Figure 4.20. Other minor polymer resonances shown in 

Figure 4.20 included peaks around 43 ppm, 36 ppm and 35 ppm (Figure 4.19). 

Additional polymer contribution from different samples could be observed, and 

they were resulting from the differences in polymer headgroups. 

 

Figure 4.19 Assignments for the key peaks observed by SSNMR for the analysed HEA 
homopolymers and for DMPC. 
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Figure 4.20 13C MAS NMR spectra, zoomed in between 5 to 75 ppm, with direct excitation 
of (blue) DMPC lipid bilayer, (green) DMPC with cholesterol (1:1 ratio mol:mol), (orange) 
PABTC-[(HEA)100%]63, (red) DOPE-[(HEA)100%]47, (black) Chol-[(HEA)100%]13 and (purple) 
Chol-[(HEA)100%]58 prepared with DMPC and cholesterol membrane. Yellow panel highlights 

resonances from polymer that is absent in lipid only samples. 

 

Cross polarisation 13C MAS NMR spectra of polymer mixed with lipid 

bilayer. Unlike direct excitation, where all 13C nuclei are polarised and provide 

signal, cross polarisation relies on the polarisation of the proton population. The 

polarisation is then transferred to nearby 13C nuclei by Hartmann-Hahn condition, 

and the polarisation is transferred via dipolar coupling to relatively immobile nuclei 

only. Therefore, CP not only enhances resolution of 13C spectra, but also behaves 

as a motion filter to membrane active soluble compounds53,65,67. 
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Figure 4.21 13C CP MAS NMR of (blue) DMPC lipid bilayer, (green) DMPC with cholesterol 

(1:1 mol:mol ratio), (orange) PABTC-[(HEA)100%]63, (red) DOPE-[(HEA)100%]47, (black) 
Chol-[(HEA)100%]13 and (purple) Chol-[(HEA)100%]58 prepared with DMPC and cholesterol 
membrane. Yellow panel highlights resonances from polymer that was identified in direct 
excitation experiment shown in Figure 4.18. 

 

The lipid resonances belonging to DMPC and cholesterol were clearly observed in 

CP spectra. All resonances were observed, with some resonances displaying 

changes in relative intensity due to differences in CP transfer efficiencies. On the 

other hand, as shown in Figure 4.21, the polymer resonance at 176 ppm from 

all polymer samples observed in direct excitation was absent in the cross 

polarisation, due to the fact the carbonyl carbon does not have a directly bonded 

proton for polarisation transfer. The polymer contribution at 60 ppm, previously 

shown in Figure 4.20, could be observed for DOPE-[(HEA)100%]47, and both Chol-

[(HEA)100%]13 and Chol-[(HEA)100%]58. As the peak at 60 ppm (belonging to CH2OH 

from the polymerised HEA) was absent in the DMPC only and DMPC/cholesterol 

sample, the presence of the 60 ppm signal in the polymer/lipid sample in CP 

spectra could be interpreted as polymer being immobilised within the membrane. 
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This peak was not observed in the control PABTC-[(HEA)100%]63 polymer. As this 

signal was detectable via direct excitation in all polymer/lipid sample in Figure 

4.20, we confirmed the presence of polymer in the sample, including the butyl 

polymer; the lack of 60 ppm peak in Figure 4.22 for PABTC-[(HEA)100%]63 

suggested that polymers with butyl trithiocarbonate chain-end behaved differently 

to those with DOPE or cholesterol headgroups, not embedding within the MLVs. 

 

Figure 4.22 13C CP MAS NMR of (blue) DMPC lipid bilayer, (green) DMPC with cholesterol 

(1:1 mol:mol ratio), (orange) PABTC-[(HEA)100%]63, (red) DOPE-[(HEA)100%]47, (black) 
Chol-[(HEA)100%]13 and (purple) Chol-[(HEA)100%]58 prepared with DMPC and cholesterol 
membrane. Yellow panel highlights resonances from polymer that was identified in direct 
excitation experiment shown in Figure 4.18. 

Figure 4.23 shows the overlay spectra of direct excitation (Figure 4.20) 

compared with CP spectra (Figure 4.22). The dotted lines represent spectra 

obtained from direct excitation. The spectra were normalised to the resonance 

intensity at 70.5 ppm, which corresponds to the glycerol CH on DMPC. The overlay 

of spectra clearly indicated the absence of 60 ppm polymer signal in the CP spectra 

for MLV samples and for PABTC-[(HEA)100%]63. An additional polymer peak could 
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be detected around 43 ppm, which was present in all polymer with lipid samples 

except for the control polymer. 

 

Figure 4.23 13C MAS NMR of (blue) DMPC lipid bilayer, (green) DMPC with cholesterol (2-
to-1 ratio), ((orange) PABTC-[(HEA)100%]63, (red) DOPE-[(HEA)100%]47, (black) Chol-
[(HEA)100%]13 and (purple) Chol-[(HEA)100%]58 prepared with DMPC and cholesterol 
membrane, comparing CP and direct excitation. Solid lines are spectra performed with cross 
polarisation, and dotted lines are spectra performed with direct excitation. The spectra 
intensities are normalised to the peak at 70.5 ppm, corresponding to the glycerol CH 

resonance of DMPC. 

The results suggested that DOPE-[(HEA)100%]47 and both Chol-[(HEA)100%]13 and 

Chol-[(HEA)100%]58 polymers have intercalated into a model DMPC/cholesterol 

membrane. Conversely, control polymer PABTC-[(HEA)100%]63, did not show 

membrane interaction, as no immobilised polymer resonances were observed in 

the CP spectrum. 

These results corroborated the evidence we previously showed (Chapter 3 and 

4.3.2) for the model of interaction between the membrane-intercalating polymers 

and cells/model membranes. We demonstrated through direct observation of the 

model membrane NMR spectra that the cholesterol and DOPE-based polymers 
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were embedded into DMPC/cholesterol membranes, while the control PABTC 

polymer was not interacting. 

  



Chapter 4 

219 

 

4.3.4 Molecular Modelling 

After confirmation of embedding of membrane-binding polymers within a model 

bilayer membrane, molecular modelling experiments were conducted to simulate 

the interactions between a simple bilayer membrane model (DPPC) and two model 

Cholesterol-based HEA homopolymers (Chol-[(HEA)100%]58 and Chol-

[(HEA)100%]120). These computational simulations focused first on the production 

of coarse grained (CG) models for these polymers. This step was necessary, as 

large molecules need a degree of simplification to run complex simulations. Then, 

a model membrane bilayer based on DPPC was simulated. Finally, the simulated 

polymers and the membrane were employed to produce a model for the 

fluidification of bilayer membranes caused by the amphiphilic polymers. 

4.3.4.1 Development of a coarse-grained model for Chol-[(HEA)]n 

The 100 ns trajectory of atomistic Chol-[(HEA)]10 in water (see methods) was 

converted to an equivalent coarse-grained trajectory using the bead mappings 

shown in Figure 4.24 the CG beads being placed at the centre of mass of the 

appropriate atoms. CG bond length, angle, and dihedral distributions were 

(HER, HER) or (HES, HES) (HER, HES) or (HES, HER) 

HER HES HER HES 

HN O

OH

HN O

OH
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Figure 4.24 Coarse graining scheme for [(HEA)]n and details of polymer backbone dihedral 
distributions inferred from atomistic simulations 
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analysed to obtain the required parameters. We noticed that the P2-P1-P1-P2 

dihedral angle distributions differ significantly according to whether the two HEA 

monomers have the same or opposite chirality (Figure 4.24). We attribute this 

to favourable hydrogen-bonding interactions between the sidechains in successive 

monomer units which are promoted when these units have opposing chirality 

because this permits a staggered backbone conformation; in contrast they are 

inhibited if the units have the same chirality as in this case it would require an 

eclipsed backbone conformation (Figure 4.24). In the CG model these torsion 

angle terms were modelled using tabulated potentials, while all other bonded 

parameters could be introduced in standard harmonic form. 

In simulations of CG [(HEA)]58 in water (see experimental section) the polymer 

shows “molten globule” behaviour, remaining relatively compact yet dynamic. The 

root square mean deviation (RMSD) from the initial structure shows a continuous 

increase, while the radius of gyration remains fairly constant at about 1.2 nm, 

with occasional peaks due to short-lived partial unfolding events. Compared to the 

initial structure, the mean distance matrix (i.e., mean of the distance matrices for 

each snapshot) shows little long-range order (Figure 4.25). 
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Figure 4.25 Analysis of 300 ns CG simulations of atactic [(HEA)]58 in water. Top left: RMSD 
from initial structure; top right: radius of gyration; bottom left: distance matrix for initial 
structure; bottom right: mean distance matrix. 

 

4.3.4.2 Atomistic simulations of Chol-[(HEA)]50 and a DPPC bilayer 

Throughout the 500ns production phase of the simulation (see experimental 

section for details) the cholesterol moiety remains firmly embedded in the lipid 

bilayer, while the -[(HEA)]50 chain retains a relatively compact globular 

conformation above the lipid surface (Figure 4.26), in agreement with the 

observations from the CG simulations of [(HEA)]58 (above). The system is quite 

fluid however, the orientation of the cholesterol in the bilayer is quite variable, 

and at times the linker moiety and first few HEA units bury significantly into the 

bilayer surface (Figure 4.26). The disruption to the lipid packing that results from 

this was evaluated by calculating the lipid deuterium order parameters (SCD_xy) 

along the lipid tails, separating the lipids into first the 20 closest to the embedded 

cholesterol group, then the next 30 closest, and finally all the rest.  
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Figure 4.26 Snapshots from the 500 ns atomistic simulation of Chol-[(HEA)]50 in a DPPC 
bilayer. Blue: HEA, red: cholesterol: green: linker; grey: lipid with head groups shown 
space-filling and tails (left panel only) as rods. 

 

The same analysis was performed for the control simulation, featuring a single 

cholesterol molecule within the DPPC bilayer. The results show (Figure 4.27) that 

on average those lipid chains closest to the cholesterol anchor in the Chol-

[(HEA)]50 system are significantly less ordered than those further away, and that 

this effect is not seen for the control system (if anything, the cholesterol molecule 

alone seems to increase lipid order, particularly towards the centre of the bilayer). 
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Figure 4.27 Deuterium order parameters calculated along lipid chains within radial shells 

a) within 2 nm, b) between 2 and 5 nm, and c) beyond 5 nm of the embedded cholesterol 
group. Data for control simulations (embedded cholesterol, no polymer) is also shown. 

 

4.3.4.3 Martini CG simulations of Chol-[(HEA)]58 and Chol-[(HEA)]120 in a plasma membrane. 

The CG simulations of sixteen independent Chol-[(HEA)]n polymers absorbed onto 

a patch of plasma membrane show, individually, behaviour that is fully consistent 

with the atomistic simulations. The cholesterol moieties remain firmly embedded 

within the bilayer, and the HEA “tails” retain their molten globule characteristics, 

appearing to be neither strongly attracted to, or repulsed from, the membrane 

surface. There are however significant attractive interactions between HEA chains, 

so that the anchored polymers diffuse across the membrane surface from their 

initial positions to form aggregates (Figure 4.28). Polymer-polymer radial 

distribution functions show a clear nearest-neighbour peak at 2.1 nm for the 

58mer, and 3.2 nm for the 120-mer. In the case of the 58mer, comparing this 

value with the predicted radius of gyration of the polymer in aqueous solution (1.2 

nm, see above), it seems that the aggregation is accompanied by slight 

compaction of the polymer structure. On going from the 58mer to the 120mer we 

would expect the polymer volume to double, and so the polymer radius to increase 

by the cube root of this (1.26) if it was spherical. Since the ratio of the nearest-

neighbour distances in the two aggregates is 1.52, this suggests that, when close 
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to the membrane surface, the polymer globules are better regarded as oblate 

spheroids. 

 

Figure 4.28 Aggregation simulations for Chol-[(HEA)]n (blue) on a plasma membrane 
surface (grey) 

 

4.3.4.4 Interpretation of the experimental data in the light of the simulation results. 

The simulations predict that Chol-[(HEA)]n  polymers firmly absorb onto 

membrane surfaces through their anchoring cholesterol groups. They predict that 

the [(HEA)]n chain protrudes above the surface and adopts a dynamic “molten 

globule” form. They predict that the polymer is neither particularly attracted or 

repelled from the membrane surface. They predict that close to the point of 

insertion of the cholesterol anchor into the membrane, there is significant 

disruption of the lipid organisation, but that this effect decreases rapidly further 

0 ns 800 ns 

Chol-[(HEA)]
58

 

Chol-[(HEA)]
120
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away from this point. They predict that Chol-[(HEA)]n  polymers will tend to 

aggregate on the surface, but retain an oblate spheroid shape. 

On the basis of these results we can put forward a coherent hypothesis to explain 

the experimental observation that shorter Chol-[(HEA)]n  polymers induce greater 

membrane fluidity, as assessed by Laurdan fluorescence, than longer ones. As the 

polymers self-assemble on the membrane surface, a “puddle” of fluid membrane 

will form beneath each, close to the point of insertion of the cholesterol anchoring 

group. The longer the polymer chains, the larger the surface area each will occupy, 

and the wider spaced the points of insertion will be.  As a result, on the 

macroscopic scale, the less fluid the membrane will appear to be. 
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4.4 Concluding Remarks 

This chapter investigated artificial membrane models to further characterise the 

interaction between our membrane-inserting polymers and bilayers. Firstly, model 

bilayer membranes (DOPC:DSPC:cholesterol liposomes) were employed in 

membrane fluidity studies to establish whether these synthetic systems could be 

a representative model for cell bilayer membranes. As our results showed that the 

fluidity was affected by the interaction with polymers, we confirmed that synthetic 

bilayer membranes were a suitable model for the polymer-bilayer interaction. 

Therefore, we employed SPR to characterise kinetic and thermodynamic 

parameters within the interaction of different polymer classes with a model 

DOPC:DSPC:cholesterol bilayer. This study confirmed that the membrane-

interacting polymers were depositing on immobilised bilayers if their structures 

included a membrane-interacting moiety, while control polymers did not interact 

with the model bilayer membrane. Additionally, the length of the hydrophilic chain 

in cholesterol-HEA homopolymers affected the kinetic and thermodynamic 

constants for the interaction process with the same trends observed in cell culture 

studies. 

Additionally, solid-state NMR studies confirmed that the cholesterol and DOPE-

based polymers were localised within simple DMPC:cholesterol MLVs, providing 

further evidence of the ability of these polymers directly interact with membranes. 

Finally, molecular modelling simulations offered a mechanistic confirmation of the 

trend described in Chapter 3 for in vitro cell experiments, where shorter polymers 

(except for Chol-[(HEA)100%]13, as expected from in vitro cell interaction results) 

were impacting the cell membrane fluidity more than longer polymers. 
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Chapter 5   

 Drug encapsulation 
 

This chapter will describe the two approaches that were employed for 

encapsulation of the chosen drugs within polymers designed as previously 

described. We explored the possibility to encapsulate drugs containing basic 

groups, e.g. nitrofurantoin, by forming an acid-base (ionomeric) interaction 

between the basic drug and the acid-bearing polymers. A proof-of concept drug-

polymer conjugation study was conducted using mesalazine as a model drug, by 

synthesising an acrylamide-based mesalazine monomer, which was then 

polymerised to produce a conjugated polymer library. The physicochemical 

properties of the polymers were characterised, as well as the interaction with 

relevant cell models (Caco-2) and drug release profiles under different conditions. 
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5.1 Introduction 

In Chapters 3-4 we investigated the interaction of our polymers with artificial 

and cell lipid bilayer membranes, both in vitro and in silico. In this part of the 

work, described here in Chapter 5, we investigated the potential for these 

materials for the delivery of model drugs. For this purpose, we investigated both 

non-covalent and covalent modalities of encapsulation, as proof-of-concept for 

future application of these polymers in therapy. 

Accordingly, we first employed the ionomeric encapsulation1–3 of model antibiotic 

nitrofurantoin, which involves the formation of an acid-base pair between the 

polymer and the drug. The ionomeric encapsulation employs the formation of 

acid-base pairs between the drug and the encapsulating species, resulting in 

drug conjugates that do not require covalent binding the drug to the polymer 

chain4. Furthermore, a single type of polymer (in our case, an acrylic acid 

containing copolymer) could be employed to encapsulate to a wide variety of 

drugs, as long as these possess the correct functionality (basic).Release of the 

drug is normally achieved by displacement of the non-covalent conjugate by ions 

present in physiological medium, or a pH-dependent relase5. This approach has 

already been successfully employed in previous studies within our group6,7, 

which have shown that non-covalent polymer drug conjugation yielded stable 

adducts and avoided burst release, thanks to multivalent interactions between 

the polymer and the protein payloads. As in our case, we would be conjugating 

monovalent drugs to multivalent polymers, efficient and stable conjugation will 

need to be tested. In this study we used nitrofurantoin (Figure 5.1) due to its 

non-ideal dosing regimen (4 administrations per day8) and the presence of a 

mildly basic nitrogen atom (pKaH 7.29). 
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Figure 5. 1 Chemical structure of the model drugs chosen for encapsulation, nitrofurantoin 
and mesalazine. 

 

In this PhD work a covalent conjugation approach was tested using mesalazine 

(Figure 5.1), an aminosalicylate drug used to treat ulcerative colitis and Crohn's 

disease and other types of inflammatory bowel disease. This drug was already 

previously conjugated with an acrylamide to produce a mesalazine-based 

monomer10 and then employed for the synthesis of a polymer covalently 

conjugated with the drug. Additionally, as mesalazine its action locally in the 

intestine11 and is currently used in therapy as a covalent co-drug, therefore we 

selected this drug as the model for covalent encapsulation and future candidate 

for release within the GI tract. Forming polymer-drug conjugates often allowed for 

higher dose loading, as well as additional stability of the conjugate4, which avoided 

unwanted initial burst release12.  
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5.2 Materials and Methods 

5.2.1 Materials 

The polymers employed were synthesised as described in Chapter 2. Reagents 

and solvents were purchased from Sigma-Aldrich (Dorset, UK) and from Fischer 

Scientific (Loughborough, UK). 

Human epithelial colorectal adenocarcinoma cells (Caco-2, American Type Culture 

Collection ATCC; Manassas, Virginia, passage 45-52) were used for this study. 

EMEM, HBSS, streptomycin/amphotericin solution, FBS, L-glutamine, PBS and 

trypsin/EDTA solution were purchased from Sigma (UK). 

PrestoBlue™ cell toxicity reagent, LDH cytotoxicity assay kit (Pierce™) and 

Laurdan dye (6-Dodecanoyl-2-Dimethylaminonaphthalene) were purchased from 

ThermoFisher Scientific (USA). 

Esterase from porcine liver (lyophilized powder, ≥15 units/mg) was purchased 

from Sigma-Aldrich (Dorset, UK). 

5.2.2 Nanoprecipitation 

Encapsulation of nitrofurantoin with the selected polymers was performed via 

nanoprecipitation. Briefly, the selected polymer was solubilised or suspended in 

water (2.5 mg/mL, above CAC) and kept stirring at room temperature. Using a 

NE-1000 Single Syringe Pump (Scientific Instrument Services), a stock solution of 

nitrofurantoin (acetone, 0.5 mg/mL; THF, acetonitrile, 1-2 mg/mL) was added (1 

ml/min ratio) to the stirring water-polymer solution. The mixture was then left 

stirring for 24-48 hours, until the organic solvent was fully evaporated. Acetonitrile 

was removed by evaporation under reduced pressure (200 mbar, 40 °C). 

5.2.3 Solid drug encapsulation 

The selected polymer was solubilised or suspended in water (2.5 mg/mL, above 

CAC, Chapter 2) and kept stirring. The weighed amount of nitrofurantoin was 
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then added to the stirring water-polymer solution. The mixture was then left 

stirring for 24 hours. 

5.2.3 Dialysis of formulations 

The formulation suspensions were transferred in a dialysis membrane with an 

appropriate MWCO (7 kDa), as to allow only the drug to cross the membrane. The 

dialysis was carried out in 1L beakers filled with a 1:1 water:acetone mixture. 

5.2.4 PD10 on formulations 

Before use, the columns were flushed with deionised water to remove any 

methanol used for column storage. The formulation suspension was loaded on the 

column in the minimum amount of medium possible. After loading of the 

formulation, deionised water was added, starting the chromatographic separation. 

1 mL aliquots were collected, until the colouring in the column (yellow from 

nitrofurantoin) disappeared. After the separation, the columns were washed with 

20 mL water:methanol (3:7), sealed and stored with a slight excess of the solution 

used to wash the columns. 

 

5.2.5 Synthesis of mesalazine monomer 

5.2.5.1 Synthesis of 14 

 

Mesalazine (6.00 g, 38.2 mmol, 1 eq) was solubilised in a dioxane:H2O mixture 

(260 ml, 2:1 vol:vol) in a round-bottomed flask. Aqueous 1M NaOH (85 mL) was 

added dropwise to the stirring solution, then di-tert-butyl decarbonate (9.19 g, 

42.0 mmol, 1.1 eq) was added to the stirring solution. After 3 hours, the reaction 

mixture was acidified to pH 2.3 with a 5M HCl solution, and the product was 
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extracted with ethyl acetate (3x100 mL). The organic layers were collected and 

washed with brine, then dried with MgSO4 and concentrated under reduced 

pressure, resulting in a light brown solid (14, 8.35 g, 86.3% yield).  

ESI-MS (expected m/z [M+H]+ 252.0877, found 252.0870). 

1H NMR (400 MHz, DMSO-d6) δ 9.23 (s, 1H, NH), 8.00 (s, 1H, aromatic CH), 7.50 

(dd, J = 8.9, 2.7 Hz, 1H, aromatic CH), 6.86 (d, J = 8.9 Hz, 1H, aromatic CH), 

1.46 (s, 9H, CH3 from Boc). 

13C NMR (101 MHz, DMSO-d6) δ 172.26 (COOH), 156.84 (aromatic C-OH), 153.42 

(carbamate C), 131.67 (aromatic CNH), 127.08 (aromatic CH), 119.68 (aromatic 

CH), 117.57 (aromatic CH), 112.84 (aromatic C-C), 79.42 (C from Boc), 28.61 

(CH3 from Boc). 

 

5.2.5.2 Synthesis of 15 

 

The Boc-protected mesalazine (14, 7.00 g, 25.6 mmol, 1eq) was solubilised in 

acetonitrile (50 mL) in a round-bottomed flask, and 2-hydroxyethyl acrylamide 

(4.43 g, 38.5 mmol, 1.5 eq) was added to the stirring solution. 

Dicyclohexylcarbodiimide (6.88 g, 33.3 mmol, 1.3 eq) and 4-(dimethylamino) 

pyridine (0.157 g, 1.28 mmol, 0.05 eq) were each solubilised in a small amount 

of acetonitrile and added to the stirring solution. After 24 hours, thin layer 

chromatography (EtOAc:MeOH 9:1). confirmed that starting material (14) was 

no longer present, and the reaction mixture was extracted using ethyl 

acetate:water (3x50 mL). The organic fractions were pooled, and the solvent was 

removed under reduced pressure. The resulting brown residue was purified by 
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column chromatography, using as eluent a solvent mixture with increasing polarity 

(EtOAc:MeOH 1:0 → 9:1). The main fraction was collected, and solvent was 

removed under reduced pressure, resulting in a pale orange solid (15, 3.25 g, 

36.1% yield).  

ESI-MS (expected m/z [M+Na]+ 373.1370, found 373.1362). 

1H NMR (400 MHz, DMSO-d6) δ 9.26 (s, 1H, carbamate NH), 8.34 (t, J = 5.6 Hz, 

1H, aromatic CH), 7.96 (d, J = 2.7 Hz, 1H, monomer NH), 7.57 – 7.48 (m, 1H, 

aromatic CH), 6.91 (d, J = 8.9 Hz, 1H, aromatic CH), 6.23 (dd, J = 17.1, 10.0 Hz, 

1H, vinylic CH), 6.15 – 6.01 (m, 1H, vinylic CH2), 5.65 – 5.52 (m, 1H, vinylic CH2), 

4.38 (t, J = 5.6 Hz, 2H, CH2O ethanolamine), 3.52 (q, J = 5.7 Hz, 2H, CH2N 

ethanolamine), 1.48 (d, J = 14.2 Hz, 15H, CH3 from Boc, residual EtOAc). 

 

5.2.5.3 Synthesis of 16 

 

The Boc-protected mesalazine monomer (15, 2.00 g, 6.11 mmol, 1 eq) was 

solubilised in anhydrous dichloromethane (10 mL) in a 2-neck round-bottomed 

flask, which was sealed with a rubber septum and fitted with a sealed dropping 

funnel. The solution was degassed with Argon for 15 minutes, then trifluoroacetic 

acid (9.35 mL, 122 mmol, 20 eq) was added dropwise to the stirring solution. 

Completion of the reaction was checked at regular intervals by thin layer 

chromatography (EtOAc:MeOH 9:1). After the reaction was completed, the solvent 

was removed under reduced pressure. After having confirmed that TFA was still 

present by 19F NMR analysis, the semi-solid was solubilised in methanol and 

Amberlite™ IRA402 was added to the stirring solution. After 2 hours, the 
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suspension was filtered and the collected organic phase was dried under reduced 

pressure, resulting in a dark brown semi-solid (16, 1.89 g, 88.3% yield).  

ESI-MS (expected m/z [M+H]+ 251.1026, found 251.1025). 

1H NMR (400 MHz, Acetone-d6) δ 8.29 (d, J = 2.7 Hz, 1H, aromatic CH), 7.64 

(dd, J = 8.9, 2.7 Hz, 1H, aromatic CH), 7.12 (d, J = 8.9 Hz, 1H, aromatic CH), 

6.39 (dd, J = 17.1, 10.2 Hz, 1H, vinylic CH), 6.20 (dd, J = 17.0, 2.2 Hz, 1H, vinylic 

CH2), 5.56 (dd, J = 10.1, 2.2 Hz, 1H, vinylic CH2), 4.50 – 4.41 (m, 2H, CH2O 

ethanolamine), 4.03 (s, 2H, NH2), 3.70 (t, J = 5.1 Hz, 2H, CH2N ethanolamine). 

13C NMR (101 MHz, DMSO-d6) δ 167.26 (COO), 165.23 (CONH), 159.19 

(aromatic COH), 131.57 (aromatic CNH2), 130.37 (vinylic CH), 125.62 (vinylic 

CH2) , 124.60 (aromatic CH), 123.04 (aromatic CH), 119.00 (aromatic CH), 

114.26 (aromatic C-C), 64.20 (CH2O ethanolamine), 37.81 (CH2N ethanolamine). 

 

5.2.6 Synthesis of mesalazine-containing polymers 
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In a typical polymerisation reaction, the RAFT agent was solubilised in DMSO in 

the reaction vessel (Schlenk tube, or scintillation vial), then the chosen monomers 

were solubilised in deionised water (2.0 M monomer concentration) and added to 

the DMSO solution (DMSO:water 4:1 vol:vol). The exact initial co-monomer ratio 

was determined by 1H NMR analysis of an aliquot taken from the reaction mixture, 

then the initiator (VA-044, 1:0.025 CTA:initiator ratio mol:mol) 20 mg/mL 

aqueous stock solution was added. Exact conditions for all polymerisation 

reactions are shown in Table 5.1 in the supporting information. The vessel was 

then closed using a rubber seal and degassed by N2 bubbling for 15 minutes. The 

Schlenk tube was immersed in a 70 °C oil bath, under stirring. After 2 hours, the 

reaction was stopped by rapid cooling (ice bath) and exposure to air. Finally, the 

reaction solution was analysed by 1H NMR to determine the final monomer 

conversion. 

Table 5.1 Synthesis of mesalazine monomer (16)-containing copolymers: reaction 
conditions and targeted composition of final polymers. 

Code 

Chol-

[(HEA)80%-r-

(MES)20%]80 

Chol-

[(HEA)75%-r-

(MES)25%]46 

Chol-

[(HEA)90%-r-

(MES)10%]44 

PABTC-

[(HEA)90%-r-

(MES)10%]38 

DOPE-

[(HEA)90%-r-

(MES)10%]44 

DPtargeted
a 100 75 50 50 50 

Monomers (mg) 
HEA (762) 

MES (710) 

HEA (163) 

MES (178) 

HEA (97) 

MES (53) 

HEA (194) 

MES (105) 

HEA (148) 

MES (80) 

CTA (mg) 99 30 22 10 31 

VA-044 (mg) 0.76 0.23 0.17 0.34 0.26 

DMSO (mL) 3.78 0.85 0.42 0.84 0.64 

H2O (mL) 0.94 0.21 0.10 0.21 0.16 

CTA:HEA:MES:Initiator 

(molar ratios in initial 

reaction feed) 

1:70:30:0.025 1:50:25:0.025 1:40:10:0.025 1:40:10:0.025 1:40:10:0.025 

a Degree of polymerisation (DP) at 100% monomer conversion.  

 

The resulting polymers were purified as previously described in Chapter 2. The 

viscous or semi-solid reaction mixture was solubilised in the minimum amount of 
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CH2Cl2:MeOH 6:5 vol:vol, and precipitated (in acetone, or tert-butyl methyl ether 

for DOPE-based polymers) in a falcon tube. The suspension was centrifuged (4500 

rpm, 10 min), the supernatant was removed, and the solid residue was dried 

under reduced pressure, then suspended in water, and purified by dialysis against 

a 1:1 water:acetonitrile mixture, changing the solvent every 12-24 h. The dialysis 

was carried out using dialysis bags with appropriate MWCO membrane (1, 2, 5 or 

7 kDa) and finally the polymer solutions were freeze-dried. The mixture was then 

placed under reduced pressure (maximum 30 ˚C) to remove acetonitrile and then 

freeze-dried. The dry polymers were characterised by SEC, using DMF + 0.1 LiBr 

as the mobile phase (Chapter 2) and 1H NMR.  

5.2.7 Dynamic Light Scattering 

Particle size analyses were carried out at 25 °C by Dynamic Light Scattering (DLS) 

using a Zetasizer Nano ZS spectrometer (Malvern Instruments Ltd) equipped with 

a 633 nm laser at a fixed angle of 173°, while maintaining a constant temperature 

(25 °C). 

5.2.8 RP-HPLC quantitation of drugs 

Characterisation of solutions with unknown concentration of nitrofurantoin or 

mesalazine were performed on a Shimadzu UFLC HPLC, equipped with: LC-20AD 

(liquid chromatograph), SIL-20A HT (autosampler), CTO-20A (column oven), 

SPD-M20A Diode array detector (Deuterium and Wolframium). A C18 column 

(Phenomenex Jupiter C18 300Å) was used as stationary phase. The mobile phase 

was selected based on the drug analysed: phosphate buffer(1%):methanol 60:40 

was employed for mesalazine13 with a 0.5 mg/mL flow rate, while 

water:acetonitrile:acetic acid (79:20:1) was employed for Nitrofurantoin at a 1 

mg/mL flow rate. The wavelengths chosen for analysis were λ = 235 nm for 

mesalazine and λ = 389 nm for nitrofurantoin.  



Chapter 5 

242 

 

Nitrofurantoin concentration was determined by RP-HPLC after production of a 

calibration curve for relevant nitrofurantoin concentrations (Figure 5.2). As the 

drug was ionomerically bound to the polymer, we employed TFA in the mobile 

phase. This ensured full removal of the nitrofurantoin from the polymers, as TFA 

is a stronger acid (pKa 0.3) than polymerised acrylic acid (4.3-6.8)14. Therefore, 

the polymer-nitrofurantoin interaction was displaced by the H+ groups generated 

by TFA. 
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Figure 5. 2 Nitrofurantoin HPLC-UV calibration curve. Stock solutions of nitrofurantoin were 
prepared by dissolving nitrofurantoin in water:acetonitrile:acetic acid (79:20:1) at different 

concentrations in the 0.100-0.0100 mg/mL range. The samples were analysed in triplicates 
by RP -HPLC with UV detection (λ = 389 nm), using water:acetonitrile:acetic acid (79:20:1) 
as the mobile phase in isocratic elution.  

The quantitation of mesalazine was carried out by RP-HPLC, using a previously 

described method13. As it can be observed from its UV-vis specrum (Figure 5.3), 

mesalazine showed two main absorbance peaks in water (11.1 μg/mL): λ = 235 

nm and λ = 302 nm.  
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Figure 5.3 UV-vis spectrum of mesalazine in water (11.1 μg/mL), showing two major peaks 

at λ = 302 nm (A1) and λ = 235 nm (A2). 

Since we needed to analyse relatively small amounts of mesalazine (0.1 mg/mL 

total concentration in the samples), we decided to use the more intense peak at 

λ =235 nm for quantitation using RP-HPLC.  

The calibration curve (Figure 5.4) was produced employing appropriate known 

concentrations of mesalazine in FaSSIF, with 5 analytical repeats per 

concentration point (r2 = 0.9944).  
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Figure 5.4 Mesalazine HPLC-UV calibration curve. Stock solutions of mesalazine were 
prepared by dissolving mesalazine in FaSSIF at different concentrations in the 0.500-9.00 

μg/mL range. The samples were analysed in triplicates by RP- HPLC using UV detection (λ 
= 235 nm), using phosphate buffer (1%):methanol 60:40 as the mobile phase in isocratic 
elution.  

 

5.2.9 Encapsulation efficiency of nitrofurantoin 

We evaluated the different approaches to drug encapsulation by their 

encapsulation efficiency and loading capacity. Encapsulation efficiency (Equation 

5.1) was used to understand how much of the free drug added at the beginning 

of the encapsulation was retained in the formulation. This parameter is 

fundamental to understand and choose the optimal encapsulation conditions, and 

was calculated as follows: 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
[𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔]

[𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑑𝑟𝑢𝑔]
× 100 

Equation 5.1 Encapsulation efficiency calculation, employed to estimate the percentage of 
starting drug that is encapsulated in the purified formulation. 
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The loading capacity (Equation 5.2) parameter is more relevant for potential 

therapeutic use of the formulation. This value was used to understand how much 

of the finished formulation was comprised of drug, and was calculated as follows: 

𝐷𝑜𝑠𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔 (𝑤𝑒𝑖𝑔ℎ𝑡)

𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 

Equation 5.2 Dose loading calculation, employed to quantify the amount of drug contained 
in the completed formulation. 

 

5.2.10 Mesalazine release from polymers 

Mesalazine-based polymers were dispersed in FaSSIF buffer medium (pH 6.5) at 

concentrations above their CAC. When testing the effect of enzymatic release, 

porcine esterase was employed at a 20 IU/mL concentration in FaSSIF to disperse 

the polymers. The polymeric solutions were transferred in Slide-A-Lyzer MINI 

Dialysis Devices (3.5 kDa MWCO), which acted as a donor chamber. The donor 

chambers were sealed with an appropriate cap and then inserted in 2 mL 

Eppendorf Tubes® (acceptor chamber) pre-filled with 1.5 mL of FaSSIF medium. 

The assembled release device was then placed in a rocking water bath, heated at 

37 ˚C. Samples were taken at regular time intervals, withdrawing 1.5 mL and 

replacing with 1.5 mL of fresh FaSSIF medium. 
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5.3 Results and Discussion 

5.3.1 Nitrofurantoin ionotropic encapsulation 

Since nitrofurantoin is poorly soluble in water (190 μg/mL in distilled water, 154 

μg/mL in acidic pH)15,16 and the polymers tested form supramolecular aggregates 

in water above 1-2 mg/mL (as described in Chapter 2), we employed two 

different approaches to encapsulate the drug. 

Nanoprecipitation is routinely employed to produce drug-loaded polymer 

nanopartilces17–19. This technique is relatively easy to perform, does not employ 

high temperatures or extreme conditions. Nitrofurantoin is moderately soluble in 

acetone15, which is in turn miscible with water and readily evaporates. Therefore, 

this solvent was selected for the nanoprecipitation process. Alternatively, we 

employed other solvents such as DMSO and acetonitrile; however, these needed 

to be removed by dialysis or evaporation under reduced pressure. The first 

approach caused unwanted release of encapsulated drug when purifying the 

formulations by dialysis. The second approach employs rotary evaporation under 

reduced pressure and increased temperature (30 °C maximum) for removal of the 

solvent by. 

We also adopted an alternative approach that employed solid nitrofurantoin, 

directly added to an aqueous polymer suspension for encapsulation of the drug 

within the polymer aggregates. However, due to the poor solubility of the drug in 

water, encapsulation efficiencies were lower than what obtained when employing 

an organic solvent, likely due to a smaller percentage of nitrofurantoin being 

available to interact with the polymers in solution. 

After encapsulation of the drug, unbound nitrofurantoin was removed to quantify 

drug loading and encapsulation efficiency. The separation of bound/unbound drug 

was performed via different methods: 
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i. Dialysis of the formulation, carried out with an appropriate MWCO 

membrane in a large vessel, to compensate for the low solubility of 

nitrofurantoin in water. This method was only employed for encapsulation 

using DMSO as solvent for nitrofurantoin, because it was not possible to 

remove this solvent by evaporation. The main issue with this separation 

was that some of the encapsulated drug could potentially be released from 

the formulation, with kinetics potentially dependent on the dialysis bag 

volume. This approach was applied in early studies and did not show 

successful encapsulation, likely due to nitrofurantoin release during 

dialysis. 

ii. Separation with PD10 desalting columns (Sephadex™ G-25)20,21. These 

separating columns work on size exclusion principles, as different species 

will elute through the column at different speeds based on their 

hydrodynamic radius. This approach was used for most of the 

nanoprecipitation experiments described here. 

Random copolymers of acid and hydrophilic monomers copolymers would have 

nitrofurantoin ionomerically interacting with acid repeating units randomly 

distributed along the polymer chain. Previous initial experiments conducted with 

the acid (co)polymers described in Chapter 2 yielded low degrees of 

encapsulation of nitrofurantoin and poorly reproducible results. In an attempt to 

increase the encapsulation efficiency and dose loading, we produced block 

copolymers approachable to produce supramolecular aggregates with a core-shell 

architecture known as Block Ionomer Complexes (BICs)1,22  (Figure 5.5). BICs 

have shown potential for delivery of a wide range of therapeutics, from imaging 

agents to cancer drugs2; this approach combines electrostatic, hydrogen bonding 

and hydrophobic interactions to produce a stable aggregate23. 
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Figure 5.5 Schematic for the block copolymer approach to Nitrofurantoin ionomeric 
encapsulation. A) example of an alternating block 3-AAPA/HEA Cholesterol block 

copolymer; B) representation of the proposed supramolecular aggregation of these block 
copolymers with Nitrofurantoin. 

For the synthesis, we employed the previously described cholesterol RAFT agent 

(1), adopting a modified version of the single-phase DMSO:water polymerisation 

(Scheme 5.2) described in Chapter 2. Accordingly, a poly 3-AAPA (4) was 

initially synthesised, and the reaction progress was monitored until >95% 

monomer conversion was achieved. At this point, a second, neutral hydrophilic 

monomer (HEA) was added to the reaction mixture, together with more VA-044 

radical initiator. This one-pot block copolymerisation24–26 increases the reaction 

yield, as it requires fewer purification steps. The block copolymers were designed 

to possess a similar acid:hydrophilic monomer ratio to what described by 

Ramasamy et al. and the shorter Chol-[(AAPA)50%-(HEA)50%]99 was designed to 

have a similar size to what described in the same paper2. The longer Chol-

[(AAPA)50%-(HEA)50%]151 was designed to investigate whether a longer copolymer 

with the same composition would have the same encapsulation properties as Chol-

[(AAPA)50%-(HEA)50%]99. 
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Scheme 5.1 One-pot block copolymerisation for AAPA-HEA Cholesterol based polymers. 

 

The polymers were characterised by 1H NMR and SEC, which showed acceptable 

molecular weight dispersity (Table 5.2). This was an important parameter to 

characterise, as successive block copolymerisation reactions tend to increase the 

dispersity of polymers27. 

Table 5.2 Cholesterol HEA-AAPA block copolymers 

 

Code DPa HEAb AAPAb Đc Mn (NMR) (kDa) 

Chol-[(AAPA)50%-(HEA)50%]99 99 63 36 1.13 13.4 

Chol-[(AAPA)50%-(HEA)50%]151 151 90 61 1.33 20.1 

a Degree of polymerisation (DP), calculated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, AAPA  3-acrylamido propanoic acid. c Molecular weight dispersity (Mw/Mn, Đ) 
was determined by SEC (see materials and methods). 
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The synthesised block copolymers were employed in nitrofurantoin encapsulation 

via nanoprecipitation, employing acetone as the solvent for nitrofurantoin, and 

separating polymer-drug complexes from unbound drug by size-exclusion 

chromatography, using PD10 columns. We also decided to explore whether 

different charge ratios ([nitrofurantoin]:[polymer COOH groups]) had any effect 

on the encapsulation efficiency. These charge ratios were calculated based on the 

average number of acid groups present on each polymer (as determined by 1H 

NMR). This value was multiplied by the molarity of the polymer suspension utilised 

for a given experiment, and an appropriate amount of nitrofurantoin was added 

to the polymer suspension. 

As it can be observed from in Figure 5.6, the encapsulation had generally a better 

encapsulation efficiency and drug loading  for the nitrofurantoin in solution when 

compared with the solid nitrofurantoin. This was expected, as solid nitrofurantoin 

needed to be solubilised before interacting with polymer suspensions. Regarding 

the polymer length, we observed better results for encapsulation for the shorter 

polymer (Chol[(AAPA)50%-(HEA)50%]99). This could be explained by the lower 

hindrance that a shorter polymer chain would have offered for the polymer:drug 

interaction. Within the short polymer-acetone solution subset, the best result for 

dose loading (0.18:1 drug:polymer w:w ratio) was obtained for the 1:1 charge 

ratio experimental setting. Although the encapsulation efficiency here was lower 

than for the 1:3 charge ratio, we obtained the best dose loading result with this 

specific subset in the experiment. 
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Figure 5.6 Encapsulation efficiency (left Y bar, % of starting nitrofurantoin incorporated) 
and dose loading (right Y bar, drug:polymer w:w ratio) for different approaches of 

nitrofurantoin encapsulation, comparing : two different DP block copolymers (Chol-
[(AAPA)50%-(HEA)50%]99 and Chol-[(AAPA)50%-(HEA)50%]151), charge rations between 
polymers and nitrofurantoin (1:1, 1:2 and 1:3), and nitrofurantoin loading protocol (solid 
vs in solubilised in acetone, 0.5 mg/mL). 

 

Based on these results, the most promising dose loading was 0.20 mg drug per 

mg polymer. Hence, a formulation of these two species would consist of 83% 

polymer and 17% nitrofurantoin. As the nitrofurantoin dosage is between 200-

400 mg per day28, a single dosage for a full day would require 1.2-2.4 g of the 

finished formulation.  

Within this section, we demonstrated the feasibility of the ionomeric encapsulation 

approach to form polymer-nitrofurantoin complexes. However, further studies will 

be necessary to confirm the stability of this conjugation. 
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5.3.2 Polymer-drug conjugates – drug selection 

As an alternative strategy to formation of BICs, we explored encapsulation by 

covalent bonding of the drug to the polymers. Since the project was in its final 

stages and time was limited we had two main options: i) covalently binding a drug 

to an already synthesised polymer, or ii) synthesise a drug-containing monomer 

with structure analogous to that of the monomers employed previously in this 

work. Each approach had its advantages and disadvantages: 

i) Binding to a previously synthesised polymer: we would have needed to 

select drugs capable of covalently binding alcohols (HEA) or carboxylic 

acids (AA, 3-AAPA), forming a sufficiently labile bond that would grant 

drug release (e.g. anhydrides, esters, and potentially amides). 

However, most of the approaches in literature29–31 focus on conjugating 

a single molecule of drug per polymer. This is feasible for very potent 

actives, but for an API that requires a large dose such as mesalazine 

(1.5 to 2.4 g daily)32 this approach is not ideal. Moreover, efficient 

formation of anhydride or ester groups under aqueous conditions – the 

polymers prepared in this work are mostly hydrophilic – can be 

challenging  

ii) Synthesising a drug-containing monomer and use it to produce new 

polymers: this approach offered a more streamlined synthetic pathway, 

as small molecules are easier to modify than large molecules such as 

polymers. However, a new monomer might not have reacted as well as 

the synthetic block it was generated from. The bond formed would need 

to be sufficiently labile to enable subsequent drug release, but stable 

enough in the polymerisation reaction conditions (2 h, 70 ˚C, 

DMSO:H2O 8:2). 
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We also decided to select the potential drug from successful examples of polymer-

drug conjugates previously described in literature, and with the potential for an 

improvement on their current application in the clinic.  

 

Figure 5.7 Chemical structures of mesalazine (left), and sulfasalazine (right), a clinically 
approved mesalazine co-drug. 

Mesalazine (also known as mesalamine or 5-aminosalicylic acid, Figure 5.7) is a 

salicylate that exploits its action through modulation of the immune response8, 

used to treat ulcerative colitis and Crohn's disease and other types of 

inflammatory bowel disease. It can also be administered as a prodrug - or more 

specifically a codrug, as following in vivo cleavage they can release two different 

drugs - covalently bound through an azo bond to form sulfapyridine (a 

sulfanilamide topical antibacterial33, with potential free radical scavenger 

function34) to form sulfasalazine, or through an azo bond to a second molecule of 

mesalazine, to form olsalazine35. Importantly for this work, mesalazine has been 

previously employed to produce mesalazine-based monomers (Scheme 5.2) and 

successfully polymerised10,36. 
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Scheme 5.2 Examples of synthesis of two different mesalazine-based monomers, 
methacryloyloxyethyl 5-amino salicylate (MOES) and N-methacryloylaminoethyl 5-amino 
salicylamide (MAES) described in the literature10. 

Here mesalazine was chosen as a model drug as ultimately our formulations aimed 

at intestinal drug delivery. Localised intestinal release of mesalazine from 

formulations has shown promise for the treatment of ulcerative colitis37, and 

polymer-bound mesalazine could represent a new modality of achieving this 

topical approach. Additionally, mesalazine is often administered in very large 

doses (800 mg multiple times per day8) and the increase in weight caused by the 

polymer would not cause a marked decrease in compliance. The increase in overall 

formulation weight by introduction of a polymer could be potentially also be 

mitigated by an increased efficacy of this mesalazine formulation when compared 

to the sulfasalazine approach, thus requiring a smaller amount of mesalazine to 

achieve its therapeutic effect. 

Here mesalazine was connected to the polymer backbone of the synthesised 

materials through ester bonds, as this would allow to synthesise the required 

monomers by simply adapting known literature protocols10,36, and because ester 

bonds are relatively stable and are widely used in drug delivery as a prodrug 

approach38. Esters are mildly stable in neutral aqueous medium and are labile to 
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hydrolysis in acid and basic environments. Additionally, esters are susceptible to 

the effect of esterase enzymes, which are naturally present in the human 

gastrointestinal tract39. 

 

5.3.3 Mesalazine-based polymer-drug conjugates 

The synthesis of the mesalazine monomer (16) was carried out starting from 2-

hydroxyethyl acrylamide (HEA) as described in Scheme 5.3, by adapting a 

literature method for the synthesis of methacryloyloxyethyl 5-amino salicylate 

(MOES)10. This was done to synthesise an N-alkylsubstitutes acrylamide monomer 

that could be copolymerised using the reaction conditions already optimised in 

this work. 

 

Scheme 5.3 Synthesis of mesalazine-based acrylamide monomer (16). 

 

Mesalazine has multiple potential reactive centres - a carboxylic acid, and a 

hydroxyl and  amino groups. These groups can react with each other under 

coupling conditions (i.e. those used for the formation of an ester bond), resulting 

in unwanted side-products. To prevent this, during the first step the aromatic 

amino group was protected using di-tert-butyl-dicarbonate, leading to the 
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formation of a tert-butyl carbamate. This tert-butoxycarbonyl (Boc) protecting 

group is relatively unstable in acid aqueous solutions and can be easily removed 

under these conditions40.  

Boc-protected mesalazine (14) was synthesised by Steglich esterification41, using 

DCC as the coupling agent and DMAP as the organocatalyst. The presence of DCC 

and DMAP promotes the esterification reaction, even with less reactive carboxylic 

acids and alcohols42,43. As amines can also participate in this reaction, it was 

necessary to protect with Boc in the previous step. 

In this step, an excess (1.5 equivalents) of HEA was utilised to minimise the 

formation of an ester between two mesalazine molecules – as mesalazine also 

possess a hydroxyl group, albeit less reactive and more sterically hindered than 

that of HEA.  Boc-protected mesalazine acrylamide (15) was purified by flash 

silica chromatography in 36.1 % yield. 

Finally, the removal of the Boc protecting group was performed using 

trifluoroacetic acid. Carbamates are especially sensitive to acids, as when 

protonated they release CO2 and, in the case of Boc-protected acyl amines, t-butyl 

cation. This cation is extremely unstable, and is rapidly deprotonated to form 

isobutylene, which is a gas at room temperature44. Both these volatile reaction 

co-products push the reaction to completion and can be fully removed by 

evaporation under reduced pressure during the reaction purification steps. The 

remaining traces of TFA were removed using a basic ion exchange resin 

(AmberLite™ IRA402 Cl). This step was particularly important, as incomplete 

removal of this strong acid may have caused unwanted cleaving of the ester bond 

during the polymerisation reaction. The dried product resulted in the final 

mesalazine monomer (16) in 88.3 % yield. 
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5.3.3.1 Synthesis of mesalazine-containing polymers 

Mesalazine monomer (16) was copolymerised with hydrophilic monomer HEA to 

produce polymer-drug conjugated with good solubility in water. Additionally, HEA 

is also a N-alkyl acrylamide monomer, thus has a high rate of propagation (kp) 

under the radical polymerisation conditions45 already optimised in this PhD work 

for our RAFT agents. To produce these materials, all three RAFT agents described 

in Chapter 2 were utilised, resulting in polymers with potential for membrane 

binding moieties, together with non-membrane inserting control PABTC polymers. 

To produce materials with structural analogies to those described in Chapter 2, 

DP ~ 50- and ~ 100 units were also synthesised. The conditions used (highlighted 

in Scheme 5.4) are the same single-phase polymerisation conditions described 

in Chapter 2, as these were successful with a wide variety of monomers. 

 

Scheme 5.4 Scheme for the single-phase RAFT copolymerisation of HEA and 16 with the 
different RAFT agents - cholesterol, DOPE and PABTC (control). 
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As it can be observed in Table 5.3, the mesalazine-based polymers were 

synthesised with narrow dispersity, and we were able to maintain a good control 

over the monomer ratios and relatively low dispersity. 

Table 5.3 Mesalazine (16)-HEA copolymers synthesised in this work 

 

Code DPa HEAb MESb Đc Mn (NMR) (kDa) 

Chol-[(HEA)80%-r-(MES)20%]80 80 64 16 1.15 13.1 

Chol-[(HEA)75%-r-(MES)25%]46 46 35 11 1.32 7.83 

Chol-[(HEA)90%-r-(MES)10%]44 44 40 4 1.17 6.66 

DOPE-[(HEA)90%-r-(MES)10%]44 44 40 4 1.16 6.57 

PABTC-[(HEA)90%-r-(MES)10%]38 38 34 4 1.08 5.61 

a Degree of polymerisation (DP), calculated by 1H NMR (see materials and methods). b HEA = 
hydroxyethyl acrylamide, MES = mesalazine-based monomer (16). c Molecular weight dispersity 
(Mw/Mn, Đ) was determined by SEC (see materials and methods). 

 

To compare the physicochemical characteristic of the mesalazine copolymers to 

the previously described polymers (Chapter 2), we measured the CAC of the 

mesalazine-based polymers. This showed that the CAC for the mesalazine-based 

copolymers was similar to the previously analysed analogous HEA-based 

homopolymers (Figure 5.8). Therefore, for the amphiphilic polymers, the 

introduction of mesalazine did not affect the polymer aggregation properties. 

Notably, unlike the PABTC control polymers described in Chapter 2 (CAC > μM 2 

for PABTC-[(HEA)100%]50), PABTC-[(HEA)90%-r-(MES)10%]38 showed a CAC of 0.29 

μM showing that the introduction of a 10% of mesalazine repeating units made 

the resulting polymer sufficiently hydrophobic to induce polymer aggregation. 



Chapter 5 

259 

 

C
ho

l-[
(H

E
A
) 10

0%
] 10

8

C
ho

l-[
(H

E
A
) 10

0%
] 70

C
ho

l-[
(H

E
A
) 10

0%
] 58

C
ho

l-[
(H

E
A
) 10

0%
] 52

C
ho

l-[
(H

E
A
)1

00
%

] 13

D
O
P
E
-[(

H
E
A
) 10

0%
] 47

C
ho

l-[
(H

E
A
) 80

%
-r-

(M
E
S
) 20

%
] 80

C
ho

l-[
(H

E
A
) 75

%
-r-

(M
E
S
) 25

%
] 46

C
ho

l-[
(H

E
A
) 90

%
-r-

(M
E
S
) 10

%
] 44

D
O
P
E
-[(

H
E
A
) 90

%
-r-

(M
E
S
) 10

%
] 44

P
A
B
TC

-[(
H
E
A) 90

%
-r-

(M
E
S
) 10

%
] 38

0.0

0.1

0.2

0.3

0.4

0.5

C
A

C
 (
μ

M
)

 

Figure 5.8 Comparison of critical aggregation concentration (CAC) in aqueous solution 
between the HEA-based polymers and the mesalazine-based copolymers. 

 

To potentially cross the mucus layer, supramolecular polymer aggregates need to 

have an average diameter <100 nm46. Therefore, the average particle size and 

polidispersity of these polymers at concentrations above their respective CAC was 

investigated. The polymer suspensions were prepared in HBSS and filtered 

through a 0.4 μm filter to remove larger particles and precipitates. 

Table 5.4 Particle size measurement results for aggregates of the mesalazine-based 
polymers, reporting the Z-average diameter (nm) and Pdi values. 

Code Z-average (d, nm) Pdi 

Chol-[(HEA)80%-r-(MES)20%]80 52 ±1.7 0.478 

Chol-[(HEA)75%-r-(MES)25%]46 60 ±0.70 0.530 

Chol-[(HEA)90%-r-(MES)10%]44 67 ±0.78 0.469 

PABTC-[(HEA)90%-r-(MES)10%]38 46 ±2.4 0.650 

DOPE-[(HEA)90%-r-(MES)10%]44 72 ±0.47 0.440 
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The results showed that the average particle size was consistently smaller than 

what observed for the cholesterol polymer-nitrofurantoin aggregates (50 nm 

compared to 100-200 nm) (Table 5.4). However, the average polydispersity of 

the mesalazine-based polymer aggregates tended to be higher (0.5 compared to 

0.2). This was caused by the presence of a numerically smaller population of larger 

aggregates. As it can be observed in the size distribution graphs, the mesalazine-

based polymers were divided in two main populations: i) particles around 15-20 

nm diameter that made up most of the aggregates in solution by number and 

volume; and ii) larger particles (around 100-200 nm diameter) which scattered 

light more intensely but made up a very small portion of the particles by number 

and volume (Figure 5.9).  
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Figure 5.9 Particle size results obtained by DLS for the mesalazine-based polymers (10 
mg/mL), comparing the intensity (red), volume (blue) and number (green) particle size 

distribution. 

 



Chapter 5 

261 

 

5.3.3.2 Effect of mesalazine-based polymers on Caco-2 cells 

In Chapter 3, we investigated the nature of the interaction between our 

amphiphilic polymers and cell/artificial membranes. However, the introduction of 

the mesalazine repeating units could affect the interaction of the polymers with 

such lipid bilayers. In this part of this study Caco-2 cells were used, for consistency 

with the previous experiments and because mesalazine-bearing polymers would 

ideally be investigated for intestinal drug delivery.  

Firstly, a PrestoBlue™ assay was carried out to assess the impact of these 

polymers on cell viability, and compare their IC50 with that of the structurally 

analogous non mesalazine-containing analogues. The cells were seeded at 104 

cells/mL concentration in 96-well plates and cultured for 24 hours. Then, the cells 

were exposed for 24 hours to HBSS polymer solutions at different concentrations; 

after exposure, the polymer solutions were removed, and the cell metabolic 

activity was assessed. The activity was compared to a negative control (0% 

viability, cells treated with Triton X-100) and a positive control (100% viability, 

untreated Caco2 cells). Mesalazine itself can cause cytotoxicity, although at 

significantly higher concentrations than the ones employed within our studies (mM 

instead of μM)47. Therefore, the toxicity levels estimated with these experiments 

likely reflected the toxicity generated by the polymer-mesalazine-containing 

polymers as a whole, without effects from the potentially released mesalazine. 
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Figure 5.10 Metabolic activity of Caco2 cells incubated with mesalazine-containing polymers 
using PrestoBlue™ assay. Cells were incubated for 24 hours with polymer solutions at 
different concentrations. 0% metabolic activity is that of cells lysed with a 1% Triton X-100 
solution and 100% metabolic activity was taken from that of untreated cells (n = 9, error 
bars expressed as SD). 

The data (Figure 5.10) showed a slight decline in metabolic activity starting from 

0.05 μM polymer concentrations, with the effect increasing for higher 

concentrations. The IC50 values (Table 5.5) were extrapolated using a nonlinear 

fit [inhibitor] vs. normalised response (variable slope) model. The impact on Caco-

2 cell metabolic activity was similar to what observed for polymers that did not 

contain mesalazine, showing that the inclusion of this active did not radically 

change the toxicity profiles of the polymers. The most toxic polymers were the 

high % mesalazine-cholesterol based polymers Chol-[(HEA)80%-r-(MES)20%]80 

(IC50 0.22 μM), Chol-[(HEA)75%-r-(MES)25%]46 (IC50 0.22 μM) and the DOPE-

[(HEA)90%-r-(MES)10%]44 (IC50 0.32 μM) polymer. This is in agreement with the 

toxicity profiles illustrated in Chapter 3, where polymers with membrane-

interacting moiety were shown to decrease cell viability at higher concentrations. 

PABTC-[(HEA)90%-r-(MES)10%]38 also showed a similar IC50 (0.63 μM), therefore 
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the introduction of the hydrophobic mesalazine caused an increase in toxicity for 

this polymer. 

Table 5.5 Cell metabolic activity - IC50 values for the mesalazine-based polymers. The 
values were calculated using an [inhibitor] versus normalised response nonlinear regression 
curve fitting. 

Code IC50 (μM) 

Chol-[(HEA)80%-r-(MES)20%]80 0.22 

Chol-[(HEA)75%-r-(MES)25%]46 0.22 

Chol-[(HEA)90%-r-(MES)10%]44 1.86 

PABTC-[(HEA)90%-r-(MES)10%]38 0.63 

DOPE-[(HEA)90%-r-(MES)10%]44 0.32 

 

After establishing safe polymer concentrations to employ on Caco-2 cells, we 

investigated the effect of mesalazine-containing polymers on the membrane 

fluidity of Caco-2 cells, using a Laurdan assay (under the same conditions 

described in Chapter 3). Since these tests were run at different cell passage 

numbers than what described previously, in these experiments non mesalazine-

containing polymers were also tested, for comparison. These polymers showed 

effects on membrane fluidity analogous to those observed previously, confirming 

that the number of cell passages did not have an effect on the outcome of these 

cell fluidity experiments 

As it can be observed in Figure 5.11 A, both cholesterol-based polymers Chol-

[(HEA)80%-r-(MES)20%]80 and Chol-[(HEA)75%-r-(MES)25%]46 markedly increased 

the cell membrane fluidity in a concentration-dependent fashion, with the effect 

persisting after replacing the polymer solutions with fresh medium (Figure 5.11 

B). The trend observed previously and described in Chapter 3 was confirmed, 
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where the shorter polymers with a cholesterol chain-end had a larger effect on 

cell membrane fluidity. 
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Figure 5.11 Change of membrane fluidity results for the different polymer solutions (Chol-
[(HEA)80%-r-(MES)20%]80 and Chol-[(HEA)75%-r-(MES)25%]46) and Caco-2 cells (n = 6, error 
bars expressed as SD) analysed to identify the polymer-Laurdan interaction involving cells, 
with results expressed as ΔGP. A refers to the values obtained for cells treated with Laurdan 
and polymers, then analysed for fluorescence to calculate the ΔGP. B refers to samples 
prepared as in point A, where the supernatant was then removed and replaced with fresh 

supernatant C Fluorescence intensity (%) of Laurdan dye (λem = 440 and 490 nm) for cells 
with fresh medium. The values were calculated on a well-to-well basis, using the starting 
fluorescence intensity (cells+bound Laurdan+polymers) as 100%. 

 

As previously described (Chapter 3), analysis of the Laurdan fluorescence 

intensity of samples with Caco2 cells treated with Laurdan and the test polymers 

was carried out before and after replacing the polymer-containing cell supernatant 

with fresh medium. This allowed us to evaluate the extent to which the polymers 

interacting with cell membranes were extracting the membrane-bound Laurdan 
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dye. For this calculation, the starting fluorescence intensity (averaged between  

λem = 440 and 490 nm and set as 100%) was measured when the polymer 

solutions were added to the Laurdan-loaded cells. In Figure 5.11 C, the observed 

fluorescence intensity % values decreased after removing the polymer 

supernatant and replacing with fresh medium. This effect is in line with what 

observed previously, where membrane-binding polymers were shown to extract a 

proportion of the Laurdan dye from the cell membranes. We could also observe 

that the longer polymer (Chol-[(HEA)80%-r-(MES)20%]80, red bars) caused a lower 

extent of Laurdan dye removal from cell membranes, confirming the trend of the 

longer polymers tending to interact less with the cell membranes. 

The effect on cell membrane fluidity was also tested for the other mesalazine-

based polymers, namely a cholesterol-based polymer with a smaller proportion of 

mesalazine (Chol-[(HEA)90%-r-(MES)10%]44), a DOPE-containing mesalazine 

polymer (DOPE-[(HEA)90%-r-(MES)10%]44) and a control mesalazine polymer 

(PABTC-[(HEA)90%-r-(MES)10%]38). As it can be observed in Figure 5.12 A, the 

effect was similar to what described previously for the analogous non mesalazine-

containing materials, except for the control polymer. The latter, despite the 

absence of membrane-inserting chain ends was found to increase the cell 

membrane fluidity. This effect was present also after the removal of the 

supernatant and replacement with fresh medium (Figure 5.12 B) and was 

ascribed to the presence of lipophilic mesalazine repeating units that granted this 

polymer amphiphilic membrane-interacting capabilities. Statistical analysed of the 

data (two-way ANOVA, with Tukey’s multiple comparisons test) showed no 

statistically significant difference between polymers with different alpha-chain 

ends (cholesterol, DOPE and PABTC) at the same molar concentration.  



Chapter 5 

266 

 

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

ΔGP - addition of polymers

Concentration (μM)

Δ
G

P

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

ΔGP - fresh medium

Concentration (μM)

Δ
G

P

C

B

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

0.2
0000

0.1
0000

0.0
5000

0.0
2500

0.0
1250

0.0
0625

0.2
0000

0

20

40

60

80

100

120

% remaining fluorescence

Concentration (μM)

%
Fl

u
o

re
sc

en
ce

 in
te

n
si

ty

Chol-[(HEA)75%-r-(MES)10%]44

PABTC-[(HEA)90%-r-(MES)10%]38

DOPE-[(HEA)90%-r-(MES)10%]44

Control

A

 

Figure 5.12 Change of membrane fluidity results for the different polymer solutions (Chol-
[(HEA)90%-r-(MES)10%]44, PABTC-[(HEA)90%-r-(MES)10%]38 and DOPE-[(HEA)90%-r-
(MES)10%]44) and Caco-2 cells (n = 6, error bars expressed as SD) analysed to identify the 
polymer-Laurdan interaction involving cells, with results expressed as ΔGP. A refers to the 
values obtained for cells treated with Laurdan and polymers, then analysed for fluorescence 

to calculate the ΔGP. B refers to samples prepared as in point A, where the supernatant 

was then removed and replaced with fresh supernatant C Fluorescence intensity (%) of 
Laurdan dye (λem = 440 and 490 nm) for cells with fresh medium. The values were 
calculated on a well-to-well basis, using the starting fluorescence intensity (cells+bound 
Laurdan+polymers) as 100% 

We also tested these three polymers for the Laurdan fluorescence intensity % to 

evaluate removal of membrane-bound dye caused by the polymers. The results 

(Figure 5.12C) showed that, similarly to previously described membrane-

interacting polymers, these mesalazine-bearing polymers appeared to extract 

some of the membrane-bound Laurdan dye. The results obtained for the control 

polymer (red bars) confirmed what observed in the cell membrane fluidity assay, 

as this control polymer with the addition of mesalazine was capable of interaction 

with the cell membranes. The effect was concentration-dependent for all 

polymers, as previously observed for the non mesalazine-containing membrane-

inserting polymers described in Chapter 3. 
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Similarly to what described in Chapter 3, we evaluated  changes in cell membrane 

fluidity over time - 50 minutes – when Caco-2 cells were exposed to polymers 

(Figure 5.13). As previously described for the cholesterol-based polymers, we 

observed a sharp decrease in cell membrane fluidity as soon as the treatments 

were added (t0). The effect was concentration dependent, and it appeared more 

stable than what observed previously for non mesalazine-bearing polymers 

(Chapter 3). The more stable membrane fluidity increase caused by Chol-

[(HEA)80%-r-(MES)20%]80 when compared with Chol-HEA homopolymers could be 

explained by a stronger polymer membrane interaction caused by the presence of 

the hydrophobic mesalazine monomers. 
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Figure 5.13 Membrane fluidity kinetic assay (Laurdan on Caco2 cells, different μM 
concentrations incubation for 50 minutes) for the Chol-[(HEA)80%-r-(MES)20%]80. 

 

5.3.3.3 Mesalazine release from polymers 

The release of mesalazine from the mesalazine-loaded polymers was evaluated 

using a medium that simulates the intestinal environment. Fasted State Simulated 

Intestinal Fluid (FaSSIF) was prepared as previously described in literature48. This 

medium contains taurocholate and lecithin micelles49 to produce a model of the 
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intestinal luminal fluid in the fasted state50. For this investigation, we employed 

Slide-a-Lyzer™ Mini dialysis devices, which allow for drug release experiments to 

be carried out51 using small quantities of mesalazine-containing polymers51. 

To simulate the intestinal environment throughout the release assay, we needed 

to ensure that sink conditions were established. As defined by the European 

Pharmacopoeia, a drug is considered to be in sink conditions when it is in a volume 

of dissolution 3 to 10 times higher than the drug’s maximum solubility52. These 

conditions are designed to ensure correlation between the in vitro data obtained 

and the in vivo observations53. This is due to the fact that in more complex 

systems, there is continuous removal of drug as it is released, and the drug 

concentration never reaches saturation.  

Since mesalazine release was assessed at different pH values, sink conditions were 

established against the pH where mesalazine has the lowest solubility at 37 ˚C 

(pH 3, 1.5 mg/mL)54. The mesalazine-bearing polymer with the highest w/w 

mesalazine percentage is Chol-[(HEA)75%-r-(MES)25%]46, 23% w/w mesalazine. At 

the highest tested concentration of the polymer (3 mg/mL), there would be a 

maximum of 0.69 mg/mL mesalazine in the donor compartment. Since the donor 

compartment was loaded with 0.3 mL donor solution, the maximum amount of 

mesalazine releasable in each mini dialysis device was 0.23 mg. This equated to 

0.15 mg/mL in the 1.5 mL acceptor compartment. This value is 10% of the 

maximum solubility of mesalazine at the lowest known solubility registered for 

aqueous medium (between pH 1 and pH 6.7), confirming the sink conditions of 

these assays. 

These experiments were designed to investigate the release kinetics of the drug 

from Chol-[(HEA)75%-r-(MES)25%]46 polymer. The first experiment was conducted 

to ascertain whether the presence of esterase enzymes – porcine esterase in this 

case - could influence the drug release. Porcine esterase was employed at a 20 
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IU/mL concentration, as previously described in literature for release of 

methotrexate from a polyglycerol adipate polymer55. 

0 2 4 6

0

20

40

60

80

100

120

20 40 60

Time (h)

%
m

es
al

az
in

e 
re

le
as

ed

mesalazine release from Chol-[(HEA)80%-r-(MES)20%]80

FaSSIF

FaSSIF+Esterase

 

Figure 5.14 Mesalazine release (left) over the course of 3 days (n = 4, error bars expressed 

as SD), from Chol-[(HEA)80%-r-(MES)20%]80 polymer, with and without the presence of 
porcine esterase enzyme. Scheme of the setup for the Slide-a-lyzer™ mini dialysis device 
release assay (right), showing the donor and acceptor compartments. The example shown 
represents the approach employed with the introduction of porcine esterase in the donor 
compartment. 

 

The results of this comparison are illustrated in Figure 5.14 and showed that 

most of the mesalazine (70%) was released over the course of the first six hours, 

while the remaining 30% was fully released within 72 hours. As it can be observed, 

the presence of esterase has little to no impact on the release of the drug. 

Although the effects were not statistically significant (two-way ANOVA, Šídák's 

multiple comparisons test), we could observe a slightly slower release in the first 

2 hours and then a faster and more complete release in the presence of esterase. 

The difference between presence/absence of porcine esterase was non-

statistically significant because two large molecules such as a polymer and an 

enzyme tended to not interact easily due to the steric hindrance caused by two 

large molecules. Previous studies56,57 have shown esterase breakdown of 

methacrylate polymers; however, this effect was not observed for this mesalazine-

based polymer as it is based on amide chemistry. 
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Since we observed that esterase was not significantly impacting the release of 

mesalazine, we ran the successive tests in FaSSIF (without esterase) and different 

types of medium.  

A second series of experiments with buffers medium at pH levels was then run: 

A) acetate buffer 0.1 M (pH 4.0); B) FaSSIF 0.1 M buffer (pH 6.5) and C) 

phosphate buffer 0.1 M (pH 7.4). These different buffers were selected to observe 

changes in the release kinetics of mesalazine based on the acidity of the medium.  
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Figure 5.15 Release of Mesalazine from Chol-[(HEA)75%-r-(MES)25%]46 (n = 4, error bars 
expressed as SD) comparing different pH conditions, focusing on the first 8 hours of release. 

 

The results (Figure 5.15) showed that there was a marked increase in release 

when the polymer was in acidified aqueous medium. We could observe the 

mesalazine being fully released in 8 hours in acidic medium. When the polymers 

were exposed to more neutral aqueous solutions, the mesalazine release was 

statistically significantly slower, reaching only 30-40% release over the course of 

8 hours. Therefore, the main mechanism of release appeared to be an acid-

catalysed cleaving of the ester bond between mesalazine and HEA (Scheme 5.5). 

It is possible that protonation of mesalazine amine group which occurs under 
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increasingly more acidic conditions (pKaH ~ 2) could also affect the rate of 

hydrolysis of the mesalazine ester group. 

 

Scheme 5.5 Mechanism of acid-catalysed hydrolysis for mesalazine release from the 
polymers. 

 

The remaining polymers were then tested under analogous conditions, to 

understand whether polymers with a different membrane-inserting groups at the 

polymer chain-ends and mesalazine content would result in different kinetics of 

drug release. When comparing Chol-[(HEA)75%-r-(MES)25%]46 and Chol-[(HEA)90%-

r-(MES)10%]44, with very similar chain length but different mesalazine content, the 

one with the smaller percentage of mesalazine (10%) resulted in the faster release 

(Figure 5.16). This may be ascribed to the lower lipophilicity of Chol-[(HEA)90%-

r-(MES)10%]44, which would increase the exposure of the ester groups of the 

incorporated mesalazine to water, causing a faster release of the drug.  
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Figure 5.16 Release of mesalazine from Chol-[(HEA)75%-r-(MES)25%]46, Chol-[(HEA)90%-r-
(MES)10%]44, PABTC-[(HEA)90%-r-(MES)10%]38 and DOPE-[(HEA)90%-r-(MES)10%]44 in FaSSIF 
over the course of 24 hours (n = 4, error bars expressed as SD). 
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5.4 Concluding Remarks 

In summary in this part of our work we successfully encapsulated two different 

drugs with our polymers, using two different approaches: 

I. Nitrofurantoin was ionomerically encapsulated, with different degrees of 

success. However, earlier experiments (not reported) showed a low degree 

of reproducibility for these processes.  

II. Mesalazine was successfully incorporated by producing a mesalazine-based 

monomer and co-polymerising it to synthesise a small library of 5 

polymers, with different structural characteristics (chain length, 

mesalazine content, membrane anchoring chain-end moiety). 

The mesalazine-based polymers showed interactions with cells similar to what 

found for the non drug-conjugated polymers in Chapter 3, confirming that the 

introduction of this new mesalazine monomer did not alter the membrane-

interaction properties of the polymers. The cell membrane fluidification increase 

described in Chapter 3 and attributed to amphiphilic polymers was enhanced by 

the introduction of mesalazine in the polymer structure. Additionally, control 

polymers, which in Chapter 3 did not show effects on the cell membrane fluidity, 

caused cell membrane fluidity increase as mesalazine copolymers. 

The kinetics of mesalazine release from these polymers was investigated, showing 

that complete release could be achieved withing 24 hours in FaSSIF and PBS 

buffer, and faster complete release could be achieved in acid medium at pH 4.0 

(8 hours). Although minimal hydrolysis was observed under neutral conditions 

during the release studies and the mesalazine content in the purified polymers 

were in line to those expected based on initial monomer feed composition one 

could not completely rule out that a small proportion of mesalazine was not 

cleaved from the monomer and polymers during the polymerisation reactions  (2 

h at 70 ˚C) and purification by dialysis. This point will be investigated in future 
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studies, as well as potential application of mesalazine copolymers formulated for 

in vivo applications, to evaluate the potential of these formulations in more 

complex models. 
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Chapter 6  

 Conclusions and future directions 
 

This chapter will discuss the understanding of the polymer-cell membrane 

interaction gained throughout the PhD research described within this thesis, as 

well as conveying the key results produced within this study. 
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6.1 Conclusions 

Polymers are extensively employed in drug delivery for a wide variety of purposes 

Specifically, bioadhesive polymers have been proposed as drug delivery systems 

for decades1–3, with recent examples of cell membrane adhesive cholesterol-based 

polymers in hybrid liposomes for drug delivery4. Membrane-inserting polymers are 

emerging as very useful tools to investigate and dissect complex biologic 

phenomena. For example, Bertozzi and co-workers use them to elucidate the role 

of integrins5 and glycocalyx6,7 in cancer development. The same group utilised 

phospholipid-terminated glycopolymers to demonstrate that cancer cell 

hypersialylation is a key mechanism for their immunoevasion and subsequent 

cancer spreading8. The Godula group use glycocalyx engineering to influence 

complex cell-based processes as neuromuscular junction formation9 or fine 

investigations in the orientation of surface-bound macromolecules10. As a further 

example, Katayama and co-workers employed polymers based on short peptide 

moieties11 to and design artificial receptors12. However, whilst these (excellent) 

studies focus mostly on the added function – e.g. introduction of sugar-encoded 

information or a physical barrier at the cell-extracellular space interphase - to the 

best of our knowledge no study has yet addressed the impact that the insertion 

of these materials in biological membrane has on the physico-chemical properties 

of these lipid bilayers.  

An important aspect of this PhD work is that, although its overall aim was to design 

formulations for prolonged release of drugs in the GI tract, it allowed for a 

thorough investigation of the interactions between membrane-inserting polymers 

and lipid bilayers. To understand and characterise the interaction between 

amphiphilic polymers and membranes, we synthesised three main classes of 

polymers: i) cholesterol-; ii) DOPE phospholipid- and iii) PABTC-containing control 

polymers (Figure 6.1). Based on these considerations, we worked on the 
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production of these polymer libraries with different structural and functional 

characteristics: 

i) Nature of the membrane-inserting polymer chain end (or lack of it);  

ii) Chemical composition of the polymers, with hydrophilic and acid 

monomers in different proportions; 

iii) Chain length of the polymers. 

 

 

Figure 6.1 General structure of polymers employed in this study: cholesterol-, DOPE- and 
PABTC-containing control polymers (from top to bottom, respectively). 

We have demonstrated that the synthesised amphiphilic polymers containing cell 

membrane lipids at their polymer chain-end readily interacted with lipid bilayer 

membranes, as confirmed by in vitro and in silico experiments. Conversely, 

analogous hydrophilic control polymers missing those functional chain-ends 

showed a negligible degree of interaction with these membranes. The degree of 

polymer-membrane interaction has been investigated in vitro by different 

techniques, such as Laurdan assay to assess the effect of polymers on cell 

membrane fluidity, cell membrane damage and association of structurally 

analogous fluorescently labelled polymers. Further elucidation of the polymer-

membrane interaction was conducted on synthetic membrane models by SPR to 

characterise the kinetics (Ka and kd) and thermodynamics (KD) of polymer-



Chapter 6 

282 

 

membrane association (SPR), by molecular modelling simulations to provide a 

model for the effect of amphiphilic polymers on membrane order and by solid-

state NMR to confirm embedding of polymers in model membranes. The results 

showed that, for the cholesterol- and DOPE-containing polymers, the levels of 

polymer-membrane association, as well as kinetic and thermodynamic parameters 

for the membrane interaction were dependent on: i) the nature of the membrane-

binding anchor, with cholesterol showing a faster and more extensive process of 

membrane association than DOPE, and ii) length of the hydrophilic chain, with the 

shorter polymers showing a higher level of polymer association with membranes.  

The results obtained with these different investigations provided an initial 

understanding of these polymer-membrane interactions and suggests a structure-

function relationship for the membrane-inserting materials synthesised in terms 

of effect of polymers on membrane fluidity (Figure 6.2), kinetics and 

thermodynamics of membrane association and dissociation, and modelling of such 

interactions.  
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Figure 6.2 Correlation analysis between Griffin hydrophilic-lipophilic balance (HLB) of the 
polymers and average cell fluidity measurement (ΔGP) obtained for Caco-2 cells treated 
with a range of polymers at the same molar concentration (0.1 μM). 

 



Chapter 6 

283 

 

Finally, in Chapter 5 we focused on potential applications for membrane-

interacting polymers with two different approaches to drug incorporation. As 

membrane-binding polymers could help retention of the formulation in the 

targeted delivery area (small intestine), we worked on two potential delivery 

systems. We first focused on nitrofurantoin, an antibiotic used to treat infections 

in the urinary tract13,14 with a fast intestinal absorption and fast elimination. The 

encapsulation experiments for this drug were based on the formation of an ionic 

interaction between the acid-bearing polymers and the basic drug. This approach 

yielded promising initial results, but poor reproducibility prompted the adoption of 

covalent drug encapsulation. For this purpose, we used mesalazine, an 

immunomodulatory drug employed in the treatment of inflammatory bowel 

diseases. We synthesised a mesalazine-bearing monomer and employed this novel 

monomer to produce mesalazine-conjugated polymers. The membrane-

interacting polymers loaded with mesalazine were still able to interact with 

membranes. The polymers showed a pH-dependant mesalazine release and were 

able to fully release the encapsulated drug. These results showed that the 

membrane-inserting properties of the amphiphilic polymers were not influenced 

by the introduction of a covalently bound drug payload, constituting a proof-of-

principle for potential applications of these amphiphilic polymers in further studies 

on drug delivery.  

 

6.2 Future Directions 

Further studies will be required to improve, expand and apply on more complex 

systems the work presented in this thesis, and in particular: 

i. Synthesis and testing of additional cholesterol/DOPE/control-HEA 

polymers, with different DP ranges (20-40, 120-200) to expand the 

understanding of structure-activity relationship built within this work 
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ii. Application of the different polymers (cholesterol, phospholipid, control) on 

more relevant in vitro systems, such as polarised Caco-2 cells and Caco-2 

cells co-cultured with HT-29 cells to mimic the mucus lining 

iii. Application of the polymers in mucus diffusion studies, with models 

developed through microfluidics15 

iv. Application of the different polymers on ex vivo models, such as porcine 

intestine to study interaction and drug release in Ussing chambers 

v. Employing the understanding gained from this thesis, design more complex 

polymers: with more than one membrane binding anchor or polymers with 

the exact lipophilic/hydrophilic MW ratio to have an optimal membrane-

binding capability. 

vi. In vivo studies on relevant models for inflammatory bowel diseases, as well 

as models studying toxicity of the polymers and PD/PK of Mesalazine when 

administered as a drug-polymer conjugate 
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Figure A1.1 1H NMR spectrum of Chol-[(HEA)100%]108 in DMSO-d6 

A1 Supporting information for Chapter 2 

A1 Supporting information for Chapter 2 – NMR spectra 
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Figure A1.2 1H NMR spectrum of Chol-[(AA)100%]163 in D2O 
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Figure A1.3 1H NMR spectrum of Chol-[(HEA)90%-r-(AA)10%]51 in D2O 
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Figure A1.4 1H NMR spectrum of Chol-[(HEA)70%-r-(AA)30%]52 in D2O
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Figure A1.5 1H NMR spectrum of Chol-[(HEA)50%-r-(AA)50%]70 in D2O
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Figure A1.6 1H NMR spectrum of Chol-[(HEA)90%-r-(AAPA)10%]140 in D2O
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Figure A1.7 1H NMR spectrum of PABTC-[(AA)100%]140 in D2O 
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Figure A1.8 1H NMR spectrum of PABTC-[(HEA)100%]80 in D2O 
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Figure A1.9 1H NMR spectrum of PABTC-[(HEA)90%-r-(AAPA)10%]81 in D2O 
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Figure A1.10 1H NMR spectrum of PABTC-[(HEA)90%-r-(AA)10%]45 in D2O 
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Figure A1.11 1H NMR spectrum of PABTC-[(HEA)70%-r-(AA)30%]44 in D2O 
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Figure A1.12 1H NMR spectrum of PABTC-[(HEA)50%-r-(AA)50%]49 in D2O 
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Figure A1.13 1H NMR spectrum of Chol-[(HEA)100%]52 in DMSO-d6
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Figure A1.14 1H NMR spectrum of Chol-[(HEA)90%-r-(AAPA)10%]50 in DMSO-d6
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Figure A1.15 1H NMR spectrum of Chol-[(AA)100%]54 in DMSO-d6 
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Figure A1.16 1H NMR spectrum of Chol-[(HEA)90%-r-(AA)10%]54 in DMSO-d6
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Figure A1.17 1H NMR spectrum of Chol-[(HEA)70%-r-(AA)30%]94 in DMSO-d6 
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Figure A1.18 1H NMR spectrum of PABTC-[(HEA)100%]50in DMSO-d6 
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Figure A1.19 1H NMR spectrum of PABTC-[(AA)100%]46 in DMSO-d6 
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Figure A1.20 1H NMR spectrum of PABTC-[(HEA)90%-r-(AAPA)10%]46 in DMSO-d6 
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Figure A1.21 1H NMR spectrum of PABTC-[(HEA)90%-r-(AA)10%]75 in DMSO-d6 
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Figure A1.22 1H NMR spectrum of PABTC-[(HEA)70%-r-(AA)30%]80 in DMSO-d6 
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Figure A1.23 1H NMR spectrum of DDMAT-[(HEA)100%]42 in DMSO-d6 
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Figure A1.24 1H NMR spectrum of (6)-[(HEA)100%]102 in DMSO-d6 
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Figure A1.25 1H NMR spectrum of (6)-[(HEA)90%-r-(AAPA)10%]167 in DMSO-d6 
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Figure A1.26 1H NMR spectrum of (6)-[(AA)100%]120 in DMSO-d6 
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Figure A1.27 1H NMR spectrum of (6)-[(HEA)90%-r-(AA)10%]146 in DMSO-d6 
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Figure A1.28 1H NMR spectrum of (6)-[(HEA)70%-r-(AA)30%]130 in DMSO-d6 
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Figure A1.29 1H NMR spectrum of (6)-[(HEA)50%-r-(AA)50%]120 in DMSO-d6 
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Figure A1.30 1H NMR spectrum of [(5)30%-r-(HEA)70%]10-b-[(HEA)100%]65 in DMSO-d6 
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Figure A1.31 1H NMR spectrum of DOPE-[(HEA)100%]47 in DMSO-d6 
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Figure A1.32 1H NMR spectrum of DOPE-[(HEA)50%-r-(AA)50%]50 in DMSO-d6 
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Figure A1.33 1H NMR spectrum of DOPE-[(HEA)90%-r-(AAPA)10%]33 in DMSO-d6 
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Figure A1.34 1H NMR spectrum of DOPE-[(AA)100%]42 in DMSO-d6 
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Figure A1.35 1H NMR spectrum of 3-AAPA, (4) in DMSO-d6 

Figure A1.36 13C NMR spectrum of spectrum of 3-AAPA, (4) in DMSO-d6 
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Figure A1.37 1H NMR spectrum of 2-AP, (5) in CDCl3 

Figure A1.38 13C NMR spectrum of 2-AP, (5) in CDCl3 
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Figure A1.39 1H NMR spectrum of DOPE RAFT agent (2) in DMSO-d6 
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Figure A1.40 13C NMR spectrum of DOPE RAFT agent (2) in DMSO-d6 
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Figure A1.41 1H NMR spectrum of Pyranine methyl ester (7) in D2O 
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Figure A1.42 1H NMR spectrum of Pyranine ethylenediamine (8) in D2O 
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Figure A1.43 1H NMR spectrum of MalPyr Blue (9) in D2O 
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Figure A1.44 1H NMR spectrum of bromopropyonyl O-succinimide (10) in CDCl3 
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Figure A1.45 13C NMR spectrum of bromopropyonyl O-succinimide (10) in CDCl3 
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Figure A1.46 1H NMR spectrum of bromo-phosphatidylethanolamide (11) in DMSO-d6 

 

  



Appendix 

333 

 

 

 

Figure A1.47 1H NMR spectrum of 3-(trithiocarboxyl)propane-1-sulfonate (12) in D2O 
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Figure A1.48 1H NMR spectrum of first DOPE-based RAFT agent (13) in CDCl3 
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A1 Supporting information for Chapter 2 – Mass spectra 

 

Figure A1.49 ESI-MS analysis of DOPE RAFT agent (2) 

 

 

Figure A1 50 ESI-MS analysis of 3-AAPA (4) 

 

 

Figure A1.51 ESI-MS analysis of 2-AP (5) 

 

 

Figure A1.52 ESI-MS analysis of Pyranine methyl ester (7) 
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Figure A1.53 ESI-MS analysis of Pyranine ethylenediamine (8) 

 

 

Figure A1.54 ESI-MS analysis of MalPyr Blue (9) 
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A1 Supporting information for Chapter 2 – FT-IR spectra 
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Figure A1.55 FT-IR spectrum of DOPE RAFT agent (2)  
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Figure A1. 56FT-IR spectrum of 3-acrylamido propanoic acid monomer (4) 
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Figure A1. 57 FT-IR spectrum of 2-acrylamido palmitate monomer (5) 
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Figure A1. 58 FT-IR spectrum of MalPyr Blue fluorescent tagging agent (9) 
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A1 Supporting information for Chapter 2 – GPC Chromatograms 
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Figure A1. 59 Normalised SEC traces of HEA homopolymers. Analyses were performed in 
DMF + 0.1 % LiBr (PMMA standards) 

 

2 3 4 5 6

0.0

0.5

1.0

Acid-based polymers

logMW

d
W

_d
lo

gM

Chol-[(HEA)90%-r-(AA)10%]51

Chol-[(HEA)50%-r-(AA)50%]70

Chol-[(HEA)90%-r-(AAPA)10%]140

Chol-[(AA)100%]82

Chol-[(HEA)90%-r-(AA)10%]57

Chol-[(HEA)70%-r-(AA)30%]54

Chol-[(HEA)90%-r-(AAPA)10%]50

Chol-[(AA)100%]54

Chol-[(HEA)90%-r-(AA)10%]105

Chol-[(HEA)70%-r-(AA)30%]94

DOPE-[(HEA)50%-r-(AA)50%]57

DOPE-[(HEA)90%-r-(AA)10%]30

 

Figure A1. 60 Normalised SEC traces of HEA, AA and 3-AAPA (co)polymers. Analyses were 
performed in DMF + 0.1 % LiBr (PMMA standards) 
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Figure A1.61 Normalised SEC traces of DOPE HEA, AA and 3-AAPA (co)polymers. Analyses 

were performed in DMF + 0.1 % LiBr (PMMA standards) 
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Figure A1.62 Normalised SEC traces of PABTC HEA, AA and 3-AAPA (co)polymers. Analyses 
were performed in HPLC water + 0.1 M NaNO3 (PEO/PEG standards) 
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Figure A1.63 Normalised SEC traces of (6)-based HEA, AA and 3-AAPA (co)polymers. 
Analyses were performed in DMF + 0.1 % LiBr (PMMA standards) 
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Figure A1.64 Normalised SEC traces of fluorescently tagged HEA homopolymers. Analyses 
were performed in DMF + 0.1 % LiBr (PMMA standards) 
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Figure A1.65 Normalised SEC traces for the fractions of the (5)-HEA macro RAFT agent 
purified by SiO2 flash chromatography. Analyses were performed in DMF + 0.1 % LiBr 
(PMMA standards) 
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A2 Supporting information for Chapter 3 

A2 Supporting information for Chapter 3 - Toxicity graphs 

1e-003 1e-002 1e-001 1

0

25

50

75

100

Chol-[(HEA)100%]108

Concentration (M)

%

1e-003 1e-002 1e-001 1

0

25

50

75

100

Chol-[(HEA)90%-r-(AA)10%]51

Concentration (M)
%

1e-003 1e-002 1e-001 1

0

25

50

75

100

Chol-[(HEA)70%-r-(AA)30%]52

Concentration (M)

%

1e-003 1e-002 1e-001 1

0

25

50

75

100

Chol-[(HEA)90%-r-(AAPA)10%]140

Concentration (M)

%

1e-003 1e-002 1e-001 1

0

25

50

75

100

PABTC-[(AA)100%]141

Concentration (M)

%

1e-003 1e-002 1e-001 1

0

25

50

75

100

PABTC-[(HEA)100%]80

Concentration (M)

%

LDH PrestoBlue

 

Figure A2.1 Cell toxicity results for select cholesterol and control polymers. The assays 
were performed on Caco2 cells, after 24 hours exposition to the polymer suspensions at 
different concentrations. The graph shows LDH release, indicative of membrane damage, 
in red and PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were 

calculated using an [inhibitor] versus normalised response nonlinear regression curve 
fitting. 100% membrane damage was assumed for cells treated with a 1% Triton X-100 
solution and 0% membrane damage was assumed for untreated cells. 0% metabolic 
activity was assumed for cells treated with a 1% Triton X-100 solution and 100% metabolic 
activity was assumed for untreated cells. 
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Figure A2.2 Cell toxicity results for select DOPE-based polymers. The assays were 

performed on Caco2 cells, after 24 hours exposition to the polymer suspensions at different 
concentrations. The graph shows LDH release, indicative of membrane damage, in red and 

PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were calculated using 
an [inhibitor] versus normalised response nonlinear regression curve fitting. 100% 
membrane damage was assumed for cells treated with a 1% Triton X-100 solution and 0% 
membrane damage was assumed for untreated cells. 0% metabolic activity was assumed 
for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was assumed 

for untreated cells. 
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Figure A2.3 Cell toxicity results for select cholesterol-based polymers. The assays were 

performed on Caco2 cells, after 24 hours exposition to the polymer suspensions at different 
concentrations. The graph shows LDH release, indicative of membrane damage, in red and 
PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were calculated using 
an [inhibitor] versus normalised response nonlinear regression curve fitting. 100% 
membrane damage was assumed for cells treated with a 1% Triton X-100 solution and 0% 
membrane damage was assumed for untreated cells. 0% metabolic activity was assumed 

for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was assumed 
for untreated cells. 
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Figure A2.4 Cell toxicity results for select PABTC-based control polymers. The assays were 
performed on Caco2 cells, after 24 hours exposition to the polymer suspensions at different 
concentrations. The graph shows LDH release, indicative of membrane damage, in red and 
PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were calculated using 
an [inhibitor] versus normalised response nonlinear regression curve fitting. 100% 
membrane damage was assumed for cells treated with a 1% Triton X-100 solution and 0% 
membrane damage was assumed for untreated cells. 0% metabolic activity was assumed 

for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was assumed 

for untreated cells. 
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Figure A2. 5 Cell toxicity results for select PABTC-based control polymers. The assays were 
performed on Caco2 cells, after 24 hours exposition to the polymer suspensions at different 
concentrations. The graph shows PrestoBlue™ results, which indicate cell viability, in blue. 
IC50 values were calculated using an [inhibitor] versus normalised response nonlinear 

regression curve fitting. 0% metabolic activity was assumed for cells treated with a 1% 
Triton X-100 solution and 100% metabolic activity was assumed for untreated cells. 
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Figure A2.6 Cell toxicity results for select cholesterol-based polymers. The assays were 
performed on Caco2 cells, after 24 hours exposition to the polymer suspensions at different 

concentrations. The graph shows LDH release, indicative of membrane damage, in red and 
PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were calculated using 
an [inhibitor] versus normalised response nonlinear regression curve fitting. 100% 
membrane damage was assumed for cells treated with a 1% Triton X-100 solution and 0% 
membrane damage was assumed for untreated cells. 0% metabolic activity was assumed 
for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was assumed 
for untreated cells. 
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Figure A2.7 Cell toxicity results for select cholesterol and control polymers, comparing the 
polymers where trithiocarbonate is present as an omega chain end versus the polymers 

where this group was substituted with a H group (Cleaved). The assays were performed on 
Caco2 cells, after 24 hours exposition to the polymer suspensions at different 

concentrations. The graph shows LDH release, indicative of membrane damage, in red and 
PrestoBlue™ results, which indicate cell viability, in blue. IC50 values were calculated using 
an [inhibitor] versus normalised response nonlinear regression curve fitting. 100% 
membrane damage was assumed for cells treated with a 1% Triton X-100 solution and 0% 

membrane damage was assumed for untreated cells. 0% metabolic activity was assumed 
for cells treated with a 1% Triton X-100 solution and 100% metabolic activity was assumed 
for untreated cells. 
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A3 Supporting information for Chapter 5 

A3 Supporting information for Chapter 5 – NMR spectra 

 

 

Figure A3.1 1H NMR spectrum of Boc-protected mesalazine (14) in DMSO-d6 
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Figure A3.2 13C NMR spectrum of Boc-protected mesalazine (14) in DMSO-d6 

  



Appendix 

352 

 

 

 

Figure A3.3 1H NMR spectrum of Boc-protected mesalazine monomer (15) in DMSO-d6 
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Figure A3.4 1H NMR spectrum of mesalazine monomer (16) in DMSO-d6 
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Figure A3.5 13C NMR spectrum of mesalazine monomer (16) in DMSO-d6 
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A3 Supporting Information for Chapter 5  – Mass spectra 

 

Figure A3.6 ESI-MS analysis of Boc-protected mesalazine (14) 

 

 

Figure A3. 7 ESI-MS analysis of Boc-protected mesalazine monomer (15) 

 

 

Figure A3. 8 ESI-MS analysis of mesalazine monomer (16) 
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A3 Supporting information for Chapter 5 – GPC Chromatograms 
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Figure A3. 9 Figure A1.66 Normalised SEC traces of cholesterol HEA:3-AAPA block 
copolymers. Analyses were performed in DMF + 0.1 % LiBr (PMMA standards) 
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Figure A3. 10 Figure A1.67 Normalised SEC traces of HEA:(16) copolymers. Analyses were 
performed in DMF + 0.1 % LiBr (PMMA standards) 

 

 

 


