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Abstract 

The ability to programme and manipulate small changes at the molecular level to 

elicit a dramatically enhanced macroscopic response makes “stimuli-responsive” 

materials a fascinating topic of study. This work seeks to manipulate the solubility 

switch associated with polymers exhibiting a Lower Critical Solution Temperature 

without a temperature change (‘isothermally’). This concept, as overviewed in 

Chapter 1, has attractive applications in biological settings where variations in in 

vivo microenvironments may be used to produce increasingly targeted delivery 

vehicles, and to mediate cell membrane interactions.  

Using controlled radical polymerisation, pre-designed backbones, end-group(s) or 

side-chains can be targeted to control the hydrophilic-hydrophobic balance of a 

thermo-responsive system. Chapters 2 and 3 investigate this concept, using the 

chemical reduction of a functional polymer backbone or end-group to trigger 

isothermal polymer precipitation or solubilisation in linear and nanoparticle systems 

respectively. Chapter 4 applies a metal-ligand binding motif, prevalent in bacteria, 

to end-functional polymers as an alternative means of promoting isothermal polymer 

precipitation. This binding motif is then transferred to a nanoparticle system in 

Chapter 5, and used for the first time to prepare an optical, particle-based biosensor 

for the detection of physiologically relevant iron concentrations. Finally, Chapter 6 

describes the enzymatic degradation of a polymer side-chain as a means of triggering 

isothermal precipitation and considers its potential to mediate cellular uptake.  

In summary, a series of functionalised polymers and nanoparticles have been 

synthesised and their (isothermal) responses characterised. These materials may have 

exciting potential in the emerging field of nanomedicine.  
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Chapter 1 

1. Introduction  

1.1 The Importance of Drug Delivery in Modern 

Medicine 

One cannot underestimate the immense progress that has been made in medical 

fields over the past 100 years. Some spectacularly successful statistics have arisen 

from advances within the scientific community. For example, vaccine development 

saw the worldwide eradication of smallpox in 1977
1
 and today, only three countries 

remain polio endemic.
2
 The development of new chemotherapies and screening 

techniques has seen the 5-year survival rates for testicular cancer increase from 63 % 

to over 90% in the last 3 decades
3
 and, in those diagnosed with breast cancer, by 

over 50% since 1971.
4
 However, as the average life expectancy continues to rise, the 

mortality associated with a multitude of diseases remains an ever-increasing 

problem. Cancer, for example, is responsible for over 8 million deaths worldwide, 

with the number of new diagnoses expected to exceed 22 million in the next two 

decades.
5
 It is therefore imperative that developments in the field of “Drug 

Delivery”, a phrase which describes the approaches/technologies used to safely 

transport a pharmaceutical compound in order to achieve a therapeutic effect,
6, 7

 

continue if current limitations are to be overcome. 
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1.2 Enhancing Drug Delivery with Polymers 

In 1908, Paul Ehrlich proposed his revolutionary magische Kugel (magic bullet) 

theory. This idea reasoned that the ideal therapeutic agent should be a compound 

able to selectively target a disease-causing organism.
8
 Practically, this involves the 

delivery of a therapeutic agent, regardless of its composition and physical form, 

accurately, precisely and specifically to maximise efficacy whilst minimising 

undesirable side-effects.
9
 To achieve this, several fundamental physicochemical and 

processing properties require consideration. These include compound availability (or 

ease of synthesis), stability, solubility, therapeutic index, circulatory half-life and the 

ability to cross multiple biological barriers.
10-13

 Some of these challenges are well 

exemplified by the antimicrotubule agent Paclitaxel (Taxol®), a popular treatment 

for ovarian, breast and non-small cell lung cancers. This compound is notoriously 

difficult to synthesise
14

 and is hence obtained from the Pacific Yew tree, where the 

bark of four trees is required to produce the 2 g necessary for one patient’s 

chemotherapy. It possesses a low therapeutic index, is highly lipophilic and thus 

poorly soluble in aqueous media. Moreover, a lack of ionisable functional groups 

within a pharmaceutically useful range removes pH manipulation as a route towards 

improving solubility.
15

 Consequently, administration using an adjuvant containing 

the neuro- and cardio-toxic compound Cremophor EL is currently employed.
16

 

Novel ways of formulating Paclitaxel to circumvent some of these issues would 

clearly be highly desirable.  

In 1975, Ringsdorf introduced the concept of a polymer-anticancer drug.
17

 This 

prompted the study and development of a wide field of research, now broadly termed 

“polymer therapeutics” which, alongside polymeric drugs, includes the likes of 
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polymer-protein conjugates, multi-component micelles and polyplexes.
18

 The 

addition of a polymer to a drug delivery system has been shown to provide multiple 

therapeutic advantages such as increasing the plasma half-life, suppressing non-

specific drug-protein interactions, improving drug solubility and allowing the 

combination of multiple active components in a single system.
19

 The first example of 

this involved the addition of poly(ethylene glycol), PEG, to a protein in a process 

called PEGylation, as demonstrated by Abuchowski et al. This was shown to 

significantly enhance the properties of bovine serum albumin and bovine liver 

catalase in mice (Figure 1.1).
20, 21

 

 

Figure 1.1 Blood circulating life of catalase (×) and PEG-5000-catalase (○) in 

acatalasemic mice. Circulation time determined following injections three times per 

week after 1 (A), 30 (B), 60 (C) and 90 (D) days. Individual points represent mean 

and range of 4 animals. Taken from work by Abuchowski et al.
21
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Cancer remains a common target for polymer therapeutics, largely due to the 

Enhanced Permeability and Retention (EPR) Effect which describes the preferential 

accumulation of macromolecular species in tumours. This effect occurs due to rapid 

angiogenesis which results in the formation of a “leaky” vasculature.
22, 23

 A classic 

clinical demonstration of this phenomenon is in gallium scintigraphy where the 

radioactive 
67

Ga is injected intravenously; complexation of the gallium ion with the 

plasma protein transferrin produces a 90 kDa macromolecule complex which 

accumulates inside tumours to produce a distinct image.
24, 25

 In the early 1990’s, this 

concept inspired the preparation of SMANCS, the first polymer-protein therapeutic 

to reach the clinic comprising the anti- tumour protein neocarzinostatin (NCS) 

covalently linked to two styrene maleic anhydride (SMA) polymer chains. This 

development prompted a cascade of further research into polymer therapeutics.
19

  

Although the size of macromolecular species does offer an intrinsic advantage over 

small molecule analogues in some cases, these compounds can also be applied in a 

more sophisticated fashion. For instance, the body is an incredibly complex 

organism possessing a plethora of biochemical microenvironments varying in, 

amongst others, temperature, pH, osmotic pressure, enzymes, metal ion 

concentration and redox conditions. Furthermore, these environments are known to 

vary between disease states. For example, Alzheimer’s and cardiovascular disease 

have been characterised by elevated levels of oxidative stress;
26, 27

 Huntingdon’s 

disease has been shown to illicit an elevated cerebral pH
28

 whilst metal ions have 

emerged as a factor in epilepsy
29

 and neurodegenerative states such as Parkinson’s 

disease.
30

 It follows that such environments could be utilised to further improve the 

nature of drug delivery systems and hence target a range of disease states including 

and beyond cancer.
31
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1.3 Towards Well-Defined Polymers: Controlled 

Radical Polymerisation Techniques 

The preparation of polymers for biological applications is often hindered by the 

inherent dispersity associated with such systems. Fortunately, modern developments 

in polymer chemistry have provided several innovative ways of producing materials 

with high levels of definition, i.e. compounds in which high levels of control over 

the molecular weight, dispersity and architecture are observed. These techniques are 

generally referred to as controlled (living) radical polymerisation (C(L)RP) 

processes.
32

 

The concept of a “living” polymer was first highlighted by Szwarc et al. in 1956 who 

noted the existence of “living” ends in the polymerisation of styrene by a sodium-

naphthalene complex.
33, 34

 Following this ground-breaking report, the search for 

synthetic routes enabling high levels of control over the preparation of polymeric 

structures has progressed with ever-increasing speed. In the 1980's, Otsu and co-

workers first suggested the concept of living radical polymerisation following the 

development of "iniferters" – initiators which can induce radical polymerisation via 

initiation, propagation, primary radical termination and transfer to another initiator 

molecule. These polymerisations functioned by the insertion of the monomer into the 

iniferter bond, leading to two iniferter fragments at both chain ends which can 

continue to propagate. The so-called "living radical process" was coined given the 

negligible presence of bimolecular termination.
35, 36

 More recent developments have 

seen the growth of additional C(L)RP processes providing the modern chemist with 

a toolbox from which increasingly well-defined polymers of a pre-designed 

molecular weight and low dispersity can be accessed easily. Today, materials 
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possessing a wide-range of architectures and topologies are routinely available, with 

one's own imagination arguably becoming the main limiting factor in the search for 

novel materials. 

A variety of C(L)RP methodologies are now commonly used, a universal trait of 

which is the ability to cycle propagating chains between active and dormant states. 

The concentration of active radicals in a polymerisation mixture, and hence 

termination events, is therefore reduced. In Nitroxide-Mediated Polymerisation 

(NMP), this is achieved through the addition of an alkoxyamine initiator which 

results in the reversible end-capping of growing polymer chains with a nitroxide 

species.
37, 38

 Likewise, copper-mediated polymerisation techniques, of which an 

ongoing debate exists in the literature as to the true mechanism of this process, either 

single-electron transfer living radical polymerisation (SET-LRP)
39, 40

 or atom 

transfer radical polymerisation (ATRP),
41, 42

 cycles through the redox state of the 

metal (typically copper) catalyst used (Figure 1.2). 

 

Figure 1.2 (i) General mechanism for C(L)RP processes and how this is achieved in 

(ii) Nitroxide-Mediated and (iii) copper-mediated polymerisation processes. 
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The other major C(L)RP method, Reversible Addition-Fragmentation Chain Transfer 

(RAFT) polymerisation, was first reported by the CSIRO group in 1998.
43

 In this 

seminal work, a variety of (meth)acrylates, styrenic and acid(salt) monomers were 

polymerised by adding a small amount of a thiocarbonoylthio-containing compound 

as a chain transfer agent (CTA, Figure 1.3) in an otherwise free radical process. This 

enabled the production of polymers with dispersities typically < 1.2.  

 

Figure 1.3 Chemical structures of the main classes of RAFT CTA. 

Although an in-depth discussion of the mechanistic principles of RAFT is beyond 

the scope of this work, an overview of the generally accepted mechanism is shown 

below (Figure 1.4). Firstly, initiation is achieved in a conventional free-radical 

manner - the most common method of which is through the thermal decomposition 

of radical initiators such as 4,4’-azobis(4-cyanovaleric acid), ACVA, in which the 

initial radicals react with the CTA 1 to form species 2. Then, an initial equilibrium 

develops in which the radical intermediate 2 can fragment to yield the original CTA 

or, an oligomeric RAFT agent 3 with a reinitiating radical. Following re-initiation, 

the main propagating equilibrium ensues in which exchange between growing 

radicals and thiocarbonylthio-capped species occurs via intermediate 4. Finally, a 

small amount of termination will occur given its initiation based on free radical 

principles. It is for this reason that RAFT is sometimes referred to as a pseudo-living 

technique.
44
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Figure 1.4 Generally accepted mechanism of the RAFT process.
44

 

RAFT is arguably one of the most versatile C(L)RP techniques. A wide range of 

monomer species are accessible through simple modifications to the CTA structure 

which, broadly speaking, contains two key components. Firstly, the "R" group, 

which initiates polymer chain growth, should be a better leaving group than the 

propagating radical and must also be sufficiently reactive to re-initiate 

polymerisation. Secondly, the "Z" group should activate the C=S bond towards 

radical addition before providing enough, but not too much stability, to the resultant 

adduct.
45

 A number of factors have been shown to be important when optimising the 
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CTA structure for a given monomer and guidelines for effective Z and R groups 

have been provided by Moad et al.
46

 In the case of the "R" group, factors such as 

steric bulk and polarity should be considered whilst the rate of addition to the C=S 

bond is generally high when Z=aryl, alkyl (dithioesters) or S-alkyl 

(trithiocarbonates), and lower when Z=O-alkyl (xanthates) or N,N-dialkyl 

(dithiocarbamates). Typically, dithioesters and trithiocarbonates are better for "more-

activated" monomers such as  vinyl aromatics, (meth)acrylates and 

(meth)acrylamides, whilst  xanthates and dithiocarbamates are better for "less-

activated" monomers such as vinyl esters and vinyl amides.
47

 It should be recognised 

that tailoring CTA structure for each monomer is not ideal - the development of a 

"universal" CTA, which can be applied to all monomer classes, would help make the 

RAFT process even more accessible. Benaglia et al. have proposed a solution to this 

problem by preparing a pyridine-containing CTA which can polymerise different 

classes depending on the compounds electronics (Figure 1.5). When the CTA exists 

in its protonated and deprotonated states, controlled polymerisation of more and less 

activated monomers is achieved respectively.
48

 

 

Figure 1.5 “Switchable” RAFT CTA developed by Benaglia et al.
48
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An additional advantage of the RAFT methodology is its inherent ability to provide 

chemical functionality at both ends of the polymer chain. The α-terminus can be 

selected based on the R group of the CTA used, akin to the initiators employed in 

both NMP and copper-mediated polymerisations. Moreover, a particular advantage 

of RAFT is the presence of the thiocarbonylthio moiety at the ω-chain-end given its 

propensity for a variety of further chemistries.
49, 50

 For example, the addition of a 

nucleophile such as a primary amine (aminolysis) can produce a thiol terminus
51

 

which can be used for a variety of reactions such as Michael addition,
52

 thiol-

disulfide exchange
53

 and for the functionalisation of gold nanoparticles.
54

 Other 

reported reactions of the RAFT end-group include thermal elimination,
55, 56

 radical-

induced removal
57, 58

 and hetero Diels-Alder addition.
59, 60

  

 

1.4 Stimuli-Responsive Materials: Looking to 

Nature for Inspiration 

Much scientific research seeks to replicate what Mother Nature does so well. For 

one, She has mastered the concept of triggered responses providing us with endless 

examples of systems designed to react to changes in local environment. The human 

body is an excellent example of a carefully monitored and regulated system: The 

pancreas reacts to modulate our blood sugar levels,
61

 we intrinsically respond to 

repair wounds
62

 and muscular reflex reactions react to pain to help protect the body 

from further damage.
63

 Responses can also be seen on a far broader scale, such as in 

the animal kingdom where camouflage is crucial for survival.
64

 Inspired by Nature, 

the ability to prepare and apply synthetic materials capable of responding 
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specifically to one or multiple stimuli, either externally-applied or naturally 

occurring, has increasingly found itself at the fore-front of scientific and 

technological innovation.  

As described above, the variety of biochemical environments present in vivo provide 

attractive targets for chemists looking to develop suitably amenable materials. The 

concept of “responsive polymers”, whereby materials undergo significant structural 

changes in response to an external stimulus, is not new and such materials, also often 

termed as “stimuli-responsive” or “smart”, have received increasing attention.
65

 This 

has been further enhanced by the advances in C(L)RP given the high levels of 

definition afforded to polymer structures by these methods. Example stimuli can 

include temperature, pH, redox triggers, light, ultrasonication, ionic strength, 

magnetic and electric fields, whilst typical responses may include changes in shape, 

surface characteristics and solubility.
66-69

 

 

1.5 Thermally-Responsive Materials 

Of all stimuli-responsive materials, temperature is arguably the most commonly used 

trigger. These materials are characterised by a change in aqueous solubility, either 

the precipitation of a polymer solution at a lower critical solution temperature 

(LCST) or the solubilisation of a polymer precipitate at an upper critical solution 

temperature (UCST).
70

 Generally for therapeutic applications, the LCST is of greater 

utility given the human body temperature of approximately 37 °C. This phenomenon 

is understood by considering how the “favourability” of mixing changes with 

variations in temperature, as derived from the Helmholtz equation of Free Energy 
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(eqn. 1). Binary mixing of two species A and B (∆Fmix) is dependent on both 

entropic and enthalpic phenomena, where φ is the volume fraction of A, Nx is the 

number of lattice sites occupied by species A or B and χ is the Flory interaction 

parameter. 

∆𝐹𝑚𝑖𝑥 = 𝑘𝑇 [
𝜑

𝑁𝐴
ln(𝜑) +

(1−𝜑)

𝑁𝐵
ln(1 − 𝜑) + 𝜑𝜒(1 − 𝜑] (1) 

The enthalpics of mixing depend heavily on the Flory interaction parameter, itself 

comprised of an entropic term (A) and a temperature-dependent enthalpic term (B) 

(eqn. 2). When χ < 0, mixing is favoured and B is negative; when χ > 0, mixing is 

disfavoured and B is positive. 

𝜒 ≅ 𝐴 +
𝐵

𝑇
 (2) 

The LCST can be appreciated by considering equation 2. Χ can be rendered more 

positive by increasing the temperature and hence negating the ‘B’ term. Likewise, 

for a UCST, where B is positive, χ can be decreased by increasing the temperature. 

In practice, polymers exhibiting LCST-type behaviour exist in flexible, extended 

coils when dissolved in aqueous solution due to extensive hydrogen bonding with 

the surrounding water molecules. As the temperature is increased, this bonding is 

disrupted allowing intra- and inter-molecular hydrogen bonding between polymer 

molecules, together with hydrophobic interactions to become significant. 

Consequently, the polymer chains hydrophobically collapse and aggregate in a 

globule conformation (Figure 1.6).
71
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Figure 1.6 Schematic demonstrating the change in polymer conformation (coil - 

globule) observed when a polymer solution is heated through its LCST. 

It should also be highlighted at this point that transition temperatures quoted in the 

literature are not always the absolute LCST. This single temperature is represented 

as the lowest point on a temperature vs. volume fraction phase diagram (Figure 1.7). 

In the absence of such a diagram, the term “cloud point” is a more suitable term, 

describing the temperature at which a solution transitions from transparent to opaque 

at a given solution composition (or concentration).
72

 

 

Figure 1.7 Representation of the phase transition associated with the LCST (left) 

and UCST (right). Blue line represents the phase separation boundary at which a 

cloud point is observed. Red line represents the conformational change of a polymer 

from coil (open chain) to globule (compact chain). 
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The earliest study reporting a thermal transition was discussed by Klotz and co-

workers on a poly(N-isopropylacrylamide), pNIPAM, system.
73

 They measured the 

kinetics of hydrogen-deuterium exchange in D2O solutions and observed 

precipitation when the temperature of a 2 % aqueous polymer solution (molecular 

weight ≈ 200,000 g.mol
-1

) reached 31 °C. Although the most commonly used 

thermally responsive polymer is arguably still pNIPAM,
74

 a wide range of other 

polymers have been introduced including poly(N-substituted (meth)acrylamide)s, 

poly(N-vinylalkylamide)s, poly(lactam)s, poly(pyrrolidone)s, poly(alkoxide)s and 

poly(2-alkyl-2-oxazoline)s.
75

 The LCST response can also be translated into 

increasingly complex structures. For instance, thermo-responsive polymers have 

been used to instil the likes of polymer and inorganic nanoparticles with a responsive 

corona.
76-78

 Flat substrates have been functionalised such that the resulting polymer 

brushes can exist in extended or collapsed state depending on the temperature of the 

system
79, 80

 and desired properties have also been convened on polymer-protein 

conjugates.
81-84

  

The concept of an LCST transition holds a myriad of attractive applications such as 

to control cell culture and adhesion,
85, 86

 to influence catalytic activity,
87

 and as a 

purification tool.
88

 In a biological context, the hydrophilic-hydrophobic switch can 

be used to enhance a polymer’s interaction with biological membranes. In this 

manner, the cell uptake of thermo-responsive architectures can be enhanced by 

employing polymers in their hydrophobic, collapsed state.
89

 For instance, Saaka et 

al. have demonstrated that above their LCST poly[oligo (ethylene glycol) methyl 

ether methacrylates], pOEGMAs, are sufficiently lipophilic to insert into, or adhere 

to, lipid bilayers.
90

 Edwards et al. have demonstrated that gold nanoparticles capped 
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with thermo responsive pOEGMAs can cross reversibly between a water/oil 

interface which was used as a basic mimic of a biological surface.
91

  

Gold nanoparticles functionalised with a pNIPAM-co-acrylamide co-polymer 

possessing an LCST at 37 °C have also been used by Alexander and co-workers to 

drive uptake unto human breast adenocarcinoma MCF7 cells. When heated at 40 °C 

(above LCST), an 80-fold greater uptake was observed compared to when the same 

cells were heated at 34 °C (below LCST).
92

 This group has also prepared polymer 

particles comprising a biodegradable plactide-co-glycolide core, in which was 

internalised the anticancer drug paclitaxel and the dye rhodamine 6G, and a thermo-

responsive, PEG-based shell. A significantly enhanced uptake into MCF7 cells and 

paclitaxel-based cytotoxicity was observed when incubated above the particle 

thermal transition temperature (Figure 1.8).
93
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Figure 1.8 Formulation of thermoresponsive nanoparticles and the enhancement in 

cellular uptake due to change in surface corona with thermal response, as proposed 

by Alexander and co-workers: An increased signal from nanoparticle-encapsulated 

fluorescent dye is indicative of increased particle uptake above their thermal 

transition temperature in cells at 40 °C (bottom right) compared to 37 °C (bottom 

left).
93
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Okano and co-workers have loaded polymeric micelles comprising pNIPAM and the 

hydrophobic poly(butylmethacrylate) with the anti-cancer drug andriamycin. Higher 

cytotoxicity towards bovine aortic endothelial cells was observed above the micelle 

LCST with the temperature-induced hydrophobicity triggering drug release and/or 

enhanced adsorption to cells mediated by hydrophobic interactions.
89

 The same 

group has further explored the potential for thermo-responsive micelles prepared 

from fluorescently tagged p(NIPAM-co-dimethylacrylamide)-b-p(D,L-lactide) as 

drug delivery vehicles. These polymers were shown to form large aggregates and 

enhanced intracellular uptake into bovine carotid endothelial cells when held above 

the LCST. This uptake was proposed to be either the result of unique hydrophobic 

interactions between the cell membranes and hydrophobic micelle cores, promoted 

by a collapse of the thermo-responsive corona, or, due to the pNIPAM corona which 

can regulate micelle adhesion to cell surfaces and sustain intracellular uptake. 

Interestingly, the linear polymers devoid of a p(D,L-lactide) block (and hence unable 

to form micelles) exhibited no additional uptake when held above the LCST.
94, 95

 

Alternatively, Chilkoti and co-workers have demonstrated the accumulation of 

pNIPAM-co-acrylamide inside solid tumours to be greater when heated above its 

cloud point, though not to the extent of a thermally responsive elastin-like 

polypeptide where a higher, two-fold increase was observed. 
96
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1.6 Modulating Thermal Transitions through 

Polymer Structure Manipulation: The 

“Isothermal” Response  

A further extension of thermally-driven cell uptake lies in the treatment of disease. 

Many cancers, for instance, are characterised by mild hyperthermia (1-2 °C above 

healthy tissues) which can be used by materials to enhance targeted tumour 

delivery.
96-98

 Induced hyperthermia or thermotherapy using an external heat 

generator has therefore been applied previously as cancer treatment.
99

 Alternatively, 

the ability to trigger the benefits of thermo-responsive polymer systems (i.e. a 

solubility switch), without the need for external energy sources may be beneficial. 

Indeed, as our material understanding improves, an obvious extension is to prepare 

substances capable of responding to multiple stimuli, either in a parallel nature, or by 

serial interplay whereby the impact of one response affects another.
100

 It follows that 

for thermally-responsive systems, the hydrophilic-hydrophobic balance could be 

manipulated isothermally, through changes in the local environment. This can be 

understood by considering a simplified phase diagram of a typical LCST process 

where, at a fixed temperature (T1), the phase separation boundary of a system can be 

increased such that a hydrophobic polymer globule can solubilise (Figure 1.9A) or a 

hydrophilic coil can precipitate (Figure 1.9B). This provides an attractive approach 

where in vivo applications are to be considered. For example, the ability to trigger a 

solubility switch based on disease biomarkers, of which there are several including 

changes in pH or redox environment, would help increase specificity and minimise 

side-effects.
101

 Such a programmed response also offers a route towards specific, 
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controlled therapeutic release.
102, 103

 Removing the need for an external heat source 

may benefit patient compliance, such as in some hyperthermic cancer treatments for 

instance, and would remove the sometimes challenging need for an energy source 

that can penetrate sufficiently through the skin.
104

 

 

Figure 1.9 Representation of the phase diagrams associated with a polymer 

exhibiting an isothermal LCST transition at a fixed temperature, T1. Blue line 

represents the phase separation boundary at which a cloud point is observed. Red 

line represents a polymer coil (open chain) or globule (compact chain). 
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To respond to such environments, a carefully designed synthetic structure is 

required. Analysis of a typical polymer suggests four main areas which could be 

manipulated to alter the overall hydrophilic-hydrophobic balance of the compound 

and hence the transition temperature of an aqueous polymer solution. These are the 

(i) backbone; (ii) end-group(s); (iii) side-chain or (iv) local aqueous environment 

(i.e. presence of additives, Figure 1.10).  

 

Figure 1.10 Areas of a polymer structure/solution which may be modified to tune 

the macroscopic behaviour. 

The following sections therefore seek to highlight some of the published reports 

describing the use of multiple stimuli to achieve changes in polymer LCST by 

influencing these areas of a polymer chain. It should be noted that some cases merely 

demonstrate the ability to shift the system LCST; not all utilise the change to trigger 

an isothermal property change.  
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1.6.1 Triggering an “Isothermal” Response via Backbone 

Modification 

To introduce a responsive element to polymer backbones, functionality beyond the 

carbon-carbon chains intrinsic to many polymerisation processes is required. 

Poly(esters) or poly(amides), prepared by ring-opening or NCA polymerisation 

respectively, offer a route towards this where degradation by hydrolytic and/or 

enzymatic means is possible. Moreover, the development of further functionalised 

backbones upon which further chemistry can be performed remains an important 

area of study.
105-110

 Poly(sulfides) provide an option for situations in which an 

oxidative response, such as those found in wound sites, is required
111, 112

 and 

poly(disulfides) have potential application given the highly reducing environment 

found within cells compared to the systemic circulation.
113, 114

 However, there are 

minimal reports using backbone degradation or alteration to further manipulate the 

material’s thermal response. One report which has utilised a functional polymer 

chain, namely PEG, has been described by Choi et al. who showed the polymer 

LCST to be sensitive to the gases dissolved in the solution. A reversible LCST was 

observed between the temperatures of 24.5 °C to 26.0 °C when dissolved carbon 

dioxide was replaced by oxygen. This observation was accounted for by considering 

differing degrees of PEG dehydration and also minute differences in the 

intermolecular interactions in the presence of the two gases.
115

 Given the lack of 

additional reports, methods of combining main-chain degradation with thermal 

responses would be a profitable investigation. 
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1.6.2 Triggering an “Isothermal” Response via End-Group 

Modification 

The development of C(L)RP has increasingly afforded polymers with high levels of 

structural control. Importantly, the functionality of both chain-ends is now routinely 

accessible following careful selection of the chain transfer agents/initiators that are 

employed, and/or through the use of post-polymerisation modification 

methodologies.
116-118

 Thermo-responsive polymer function can therefore be elegantly 

modified using single, simple alterations to the chain-end in a controlled manner to 

manipulate the hydrophilic-hydrophobic balance. The functionality of any end-

groups is known to have a pronounced effect on the thermal transition temperature 

with hydrophilic/hydrophobic moieties generally increasing/decreasing the overall 

LCST respectively.
119-121

 Moreover, the effect of the end-group is more pronounced 

with decreasing molecular weight on account of it contributing to a higher 

percentage of the total structure.
122, 123

  

Theato and co-workers prepared thermally responsive systems based on pOEGMA 

in which the hydrophilic-hydrophobic balance could be modulated by irradiation 

with light. Samples were prepared by the RAFT methodology and azobenzene units 

installed at either the α-terminus alone, or at both chain-ends using a combination of 

functional CTAs and aminolysis-based post polymerisation processing. The LCST of 

the polymers decreased with increasing azobenzene incorporation and with 

decreasing polymer chain length. Moreover, azobenzene units undergo a trans-cis 

conformational change upon application of UV light, which was shown to increase 

the LCST due to a change in dipole moment. This transition could also be reversed 
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by irradiating with visible light, providing a region in which a light-triggered 

isothermal transition could be realised (Figure 1.11).
124

 

 

Figure 1.11 Light-triggered isothermal transition: The application of different 

wavelengths of light to alter the conformation of α- and ω-terminal azobenzene units 

and hence the LCST, as described by Theato and co-workers.
124

 

Hyperbranched polymers provide an attractive option for end-group modulations 

given the inherently large number associated with their structure. The Rimmer group 

has exploited this to prepare imidazole-terminated hyperbranced pNIPAM which 

exhibit higher LCSTs in the presence of Cu(II) due to an increased hydrophilicity of 

the polymer chains.
125

 Similarly, when functionalised with vancomycin or polymixin 

end-groups, a selective ligand for Gram-positive/negative bacteria respectively, 

incubation with Staphylococcus aureus or Pseudomonas aeruginosa induced a coil-
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to-globule phase transition. Subsequent cooling of the aggregated bacterium/polymer 

mixture below its LCST released the bacterium.
126, 127

 

pH remains an intriguing stimulus given the range found throughout the body and in 

diseased tissues. For instance, in vivo pH ranges from 1 – 8.2, whilst chronic wounds 

and cancer tumours have different pH to healthy tissues.
72

 Typical monomers which 

are pH responsive are those containing carboxylic acid or tertiary amine functional 

groups which can be deprotonated or protonated respectively to generate 

polyelectrolytes from neutral starting materials.
128

 Work by Stayton and co-workers 

using carboxylic acid-terminated pNIPAM-co-propylacrylic acid exemplifies this, 

where alkaline conditions prompted an increase in LCST due to ionisation of the 

chain-end.
129

 

1.6.3 Triggering an “Isothermal” Response via Side-Chain 

Modification 

The side-chain remains the most commonly accessed way of influencing the 

macromolecular properties of a polymer given the wide-range of monomers 

applicable to C(L)RP and easy modification of the resulting structure. For example, 

the ability to tailor the polymer response by co-polymerising with hydrophilic or 

hydrophobic monomers is well known.
130-134

 Jochum and Theato have prepared 

thermo-responsive acrylamides containing salicylideneaniline groups via 

postpolymerisation modification of a poly(pentafluorophenyl acrylate) precursor. 

Salicylideneaniline is known to isomerise upon UV irradiation from the enol form to 

the keto form, with the accompanying difference in dipole moment capable of 

influencing the polymer LCST.
135

 Light has also been used by Shimoboji et al. to 

regulate substrate access and enzyme activity of endoglucanase 12A. This was 
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achieved by varying the wavelength of light irradiated on copolymers of N,N-

dimethylacrylamide (DMA) and azophenyl-containing monomers held at a fixed 

temperature. Changes in size and hydration of the polymer chain were photo-induced 

to regulate enzyme activity.
136

 Light-triggered solution self-assembly of amphiphilic 

co-polymers comprising NIPAM, ethylene oxide and azobenzene-functional 

acrylamide blocks has been described by Liu et al. The LCST of the co-polymers 

decreased with increasing hydrophobic azobenzene units up to 11 mol% before 

unexpectedly increasing above this. Moreover, a surprising decrease in LCST upon 

irradiation with UV light was observed, implying the azobenzene units in their more 

polar (cis) form exhibit poorer aqueous solubility, in contrast to that typically 

expected. This was shown to correlate with the formation of inter-chain assemblies 

in solution, highlighting the potential of hydrophobic clustering as a tool for tailoring 

the thermal properties of these polymer systems.
137

 In addition to azobenzene and 

salicylideneaniline,
135

 studies utilising fulgimides
138

 and spiropyran
139

 as light-

responsive units have also been reported.  

Another popular motif for influencing a systems’ solubility is based on compound 

binding/sequestration. Yin and co-workers have developed an isothermal, 

thermochromic sensor based on an ABC triblock copolymer consisting of pNIPAM, 

poly(methacrylic acid) and poly(2-hydroxyethyl methacrylate) which was modified 

to contain tetra(4-carboxylatophenyl)porphyrin. In water at 32 °C, the polymer has a 

transparent, red-brown colour which becomes turbid and orange when heated above 

its LCST due to porphyrin aggregation. When held below its cloud point, a variety of 

colours are produced depending on the metal cation added to the system. The sensor 

also displayed thermochromic characteristics in the temperature range of 35 – 61 °C 

depending on the metal ion used (Figure 1.12).
140 
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Figure 1.12 Metal ion-driven isothermochromic sensor: Observed changes in the 

solubility and colour in the absence (left) and upon introduction (right) of various 

metal ions.
140

 

Wischerhoff and co-workers have used protein binding to influence the 

thermoresponsive behaviour of biotin-containing pOEGMA samples prepared by 

free-radical polymerisation. The high affinity of this unit for avidin was used to 

manipulate the LCST with the cloud point increasing proportionally with avidin 

concentration up to a maximum of 9 °C at 60 µmol.L
-1

. This observation suggested 

the polymer-biotin complex was more hydrophilic than the polymer alone. The 

specificity of this binding process was demonstrated by a reduction in LCST upon 

the addition of free biotin due to competition with the polymer-bound avidin.
141

 

Redox cycling motifs have been applied by a variety of groups to modulate the 

LCST of thermo-responsive systems. For example, Fu et al. have synthesised 

acrylamide co-polymers containing N-isopropyl and redox-sensitive 4-N-amino-

2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl (TEMPO) groups. The incorporation of 5 – 

10 % TEMPO groups in the copolymer structure was sufficient to afford the material 

redox-responsive LCST behaviour: At a polymer concentration of 10 mg.mL
-1

, 
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reduction with 19.2 mM ascorbic acid increased the LCST by 14 °C whilst re-

oxidation with 48 mM K3[Fe(CN)6] largely reversed the change.
142

 Simple redox 

activity of the ferrocene/ferrocenium ion pair has been used by Kuramoto and 

Shishido to shift the cloud point of a variety of thermo-responsive polymers 

isothermally.
143, 144

 Likewise, Peng and co-workers have used host-guest 

complexation between ferrocene and β-cyclodextrin as a means of modulating the 

LCST of a thermo-responsive co-polymer comprising N,N-dimethylacrylamide and 

ferrocene. When in its reduced form, ferrocene could interact with β-cyclodextrin (β-

CD), increasing the LCST due to disruptions in hydrophobic associations between 

ferrocene side groups. However, minimal change in LCST was observed when the 

ferrocene was oxidised to the ferrocenium ion due to a weaker interaction with β-

CD.
145

 The same group has developed an approach to self-tuneable thermosensitive 

behaviour using the Belousov-Zhabotinsky reaction. Redox-triggered dynamic 

complex formation between NIPAM-containing co-polymers and a terpyridine-

ruthenium complex was sufficient to cycle the system between soluble and insoluble 

states.
146

  

The application of pH to trigger hydrophilic-hydrophobic changes in the side-chain 

has been explored by several groups. Xiao et al. demonstrated a significant effect of 

pH on the LCST of tertiary amine-functionalised poly(L-glutamates). As the N-

substituted groups became more hydrophobic, the LCST was observed to increase in 

acidic conditions due to the increased hydrophilicity imparted by the protonated 

amino group.
147

 Müller and co-workers have employed a similar strategy to change 

the cloud point of star and linear polymers of poly(N,N-dimethylaminoethyl 

methacrylate), pDMAEMA.
148

 Several other examples describing the protonation of 
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tertiary-amine functionalised side-chains as a way of altering LCST have also been 

reported.
149, 150

  

The incorporation of acid-labile groups has proven attractive where a response at low 

pH is required. For example, Huang et al. have prepared polymers from N-(2-

ethoxy-1,3-dioxan-5-yl) methacrylamide where hydrolysis of the cyclic orthoester to 

hydroxyl groups allowed complete re-solubilisation of previously hydrophobic 

polymers at 37 °C - an acid-catalysed isothermal transition.
151

 Similarly, Heath et al. 

have used trimethoxy benzene-linked acetal-functional polymers to influence the 

solution self-assembly of NIPAM-based materials isothermally. This was achieved 

due to increased system hydrophilciity upon acid-catalysed cleavage of an acetal to 

diol.
152

 Acetals have also been employed by Zhang et al. to raise the cloud point of 

tri(ethylene glycol) acrylate-based co-polymers upon cleavage. In this case, acid-

catalysed hydrolysis was used to promote micelle disassembly at pH 4, release the 

encapsulated Nile Red within 200 hrs and re-solubilise the polymer materials. The 

co-polymers were also shown to be well tolerated by the mouse macrophage 

(RAW264.7) cell line and a primary dermal fibroblast cell line (HCA2-hTERT).
153

 

Monteiro and co-workers have devised a clever hydrolysis-based degradation 

strategy to disassemble nanoparticles within a pre-determined timeframe (Figure 

1.13). Micelles were prepared by heating a solution of diblock copolymers 

comprising a hydrophilic pDMA block and a random copolymer block comprising 

N,N-dimethylaminoethyl acrylate, DMAEA, butyl acrylate, BA, and NIPAM at 37 

°C (above NIPAM LCST). As DMAEA hydrolysed to acrylic acid, the LCST of the 

diblock increased above 37 °C resulting in micelle disassembly. The time taken for 

disassembly to start was controlled by the number of BA units whilst the time taken 



 

29 

 

for complete disassembly was controlled by the number of DMAEA units in the 

polymer structure.
154

  

 

Figure 1.13 Acid-catalysed isothermal transition: Synthesis and self-assembly of 

thermoresponsive and self-catalysed degradable polymers described by Monteiro and 

co-workers. Degradation of DMAEA to acrylic acid shifts the polymer LCST and 

triggers micelle disassembly.
154

 

Other stimuli that have also been applied to trigger an “isothermal”-type transition 

include ultrasound, dynamic covalent bond formation, dissolved gases and enzymes. 

Ultrasound, a longitudinal pressure wave with frequency above 20 kHz, has been 

used for a variety of medical applications including tissue ablation and release of 

drugs from a polymer matrix. This is largely due to the heat generated following 

absorbance of energy by tissues and delivery systems.
155, 156

 Using this trigger, Xuan 

et al. prepared micelles from a diblock copolymer comprising the water soluble 

poly(ethylene oxide), pEO, and the thermoresponsive poly(2-(2-
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methoxyethoxy)ethyl methacrylate). The latter block was modified to contain a small 

amount of high-intensity focused ultrasound (HIFU)-labile 2-tetrahydropyranyl 

methacrylate (THPMA). Hence, ultrasound irradiation-triggered hydrolysis of the 

THPMA groups to the more hydrophilic methacrylic acid increased the LCST 

resulting in isothermal micelle disassembly.
157

 

Bon and co-workers have exploited hydrazide-aldehyde chemistry to control the 

solubility of pNIPAM-based microgels. Here, the addition of aldehydes to a 

methacryloyl hydrazide containing co-polymer chain furnished dynamic hydrazone 

bonds. Importantly the microgel solubility, and hence volume phase transition, could 

be modulated by careful selection of aldehydes with varying hydrophilicities.
158

  

Guo et al. prepared an amidine-based polymer which underwent a hydrophobic-

hydrophilic transition using CO2 as a stimulus. When added to a biphasic water-

chloroform system, the polymer initially resided within the organic layer. However, 

upon bubbling with CO2, the amidine groups converted into amidinium bicarbonates 

producing a charged, hydrophilic polyelectrolyte which transferred into the aqueous 

phase. Moreover, the reversible hydrophilic-hydrophobic transition was observed to 

be reversible at 60 °C upon the bubbling of CO2 or N2 respectively.
159

  

Finally, the ability to alter solubility isothermally through enzymatic activity has 

obvious application in vivo, yet there are few examples in the literature. 

Thayumanvan and co-workers tethered varying numbers of pOEGMA chains to 

oligoamine scaffolds also containing a hydrophobic, methyl ester-terminated alkyl 

chain. Upon increasing the number of pOEGMA chains involved from one 

(monomer) to six (hexamer), a systematic decrease in the LCST was observed. 

Moreover, incubation with porcine liver esterase converted the methyl esters to a 
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more hydrophilic carboxylic acid. Thus, a significant increase in the onset 

temperature was observed following enzyme treatment at pH 7.4, whilst no change 

was seen in the absence of enzyme. To verify the propensity for ester hydrolysis, the 

authors measured the cloud point without enzyme at various pH. Whilst the cloud 

point gradually increased at pH 10.8 due to hydrolysis and subsequent deprotonation 

of the carboxylic acid group, no change was observed between pH 5.0 and pH 8.5, 

confirming the change in LCST was due to esterase-mediated degradation.
160

  

1.6.4 Triggering an “Isothermal” Response via the Surrounding 

Environment 

The phase separation properties of an aqueous polymer solution are well-known to 

be influenced by the presence of a variety of additives. Salts, for instance, are able to 

act as water "structure-makers" or "structure-breakers", thus affecting the polymer 

hydration shell and the resulting transition temperature.
161-163

 This is largely dictated 

by the Hofmeister series which originates from the ability of ions to precipitate egg 

white proteins.
164

 Surfactants have been shown to improve the solubility of polymer 

chains and hence increase the transition temperature as they adsorb onto the polymer 

by means of their hydrophobic tails, either individually or as micelles.
165, 166

 Ionic 

liquids have been shown to have an impact depending on their hydrophilicity; the 

LCST of poly(N-vinylcaprolactam), for example, increases in the presence of 

hydrophobic ionic liquids, but remains largely unaffected in the presence of 

hydrophilic alternatives.
167

 Other additives such as saccharides
168

 and alcohols
169

 

have also been reported to have an effect. It therefore stands to reason that alterations 

in the solution in which the polymer is dissolved can be used to isothermally change 

its solubility.  
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To date, most reports have used salts to achieve this. Alexander and co-workers 

prepared thermally responsive co-polymers of different OEGMAs containing 3 and 8 

PEG units. A linear increase in LCST was observed with increasing proportions of 

the more hydrophilic, larger PEG-containing OEGMA. Incubation of these polymers 

with NaSCN (a strong chaotrope), NaCl and Na2SO4 (a strong kosmotrope) greatly 

affected the cloud point with NaSCN and Na2SO4 prompting an increase and 

decrease respectively. "Hybrid" co-polymers were then prepared by adding an 

additional 8-PEG containing OEGMA homoblock to the pre-existing statistical co-

polymer. As the two blocks had different LCSTs, heating at a temperature above the 

LCST of the statistical block, but below that of the homoblock generated micelles, in 

which the dye carboxyfluorescein was encapsulated. When these micelles were held 

at 37 °C, minimal dye release was observed. The addition of NaCl however lowered 

the cloud point of the statistical block so that it returned to a hydrophilic state, 

resulting in micelle disassembly and dye release. Sharper release was observed when 

Na2SO4 was added due to a salting-out effect.
170

 Wang et al. have used the influence 

of salts to affect the self-assembly behaviour of double hydrophilic block co-

polymers comprising the weak polybase poly(N-(morpholino)ethyl methacrylate), 

pMEMA and the zwitterionic poly 4-(2-sulfoethyl)-1-(4-vinylbenzyl)pyridinium 

betaine, pSVBP. In aqueous solution, pMEMA becomes insoluble in the presence of 

Na2SO4 (> 0.6 M), whereas pSVBP dissolves in the presence of NaBr (> 0.2 M). 

Hence, "schizophrenic" micellisation behaviour was observed depending on the 

concentrations and types of salts added.
171

 

Bloksma et al. have also demonstrated the Hofmeister effect on poly(2-oxazoline)s 

observing an ionic response that was strongly dependent on the hydrophilicity of the 

polymer. Here, the LCST of the most hydrophilic polymer, poly(2-ethyl-2-
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oxazoline), could be tuned over almost the whole temperature range of water under 

atmospheric pressure whilst the LCST of the more hydrophobic poly(2-isopropyl-2-

oxazoline) and poly(2-n-propyl-2-oxazoline) varied to a lesser extent. Comparisons 

between linear and comb polymers highlighted the architecture did not significantly 

influence the effect of the Hofmesiter ions.
172

 Finally, Sharma and Srivastava have 

prepared amphiphilic random copolymers based on biodegradable polyaspartamides 

that respond to temperature, pH and metal-ions.  Reversible thermosensitivity was 

achieved by the attachment of the hydrophobic 1-propylimidazole or hydrophilic, 

dimethylpropylammonium pendants. The anions of the Hofmeister series were found 

to affect the thermosensitivity. Modulation of the LCST was also achieved by 

varying the pH or by including metal ions in the solution (Figure 1.14).
173 

 

Figure 1.14 Summary of the multi-responsive co-polymers prepared by Sharma and 

Srivistava. Response to temperature, pH, anions and transition metals was 

observed.
173
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1.7 Aims and Thesis Summary 

Considering the above, this project aimed to develop several ways of introducing 

polymer solubility switches under physiologically-relevant conditions utilising the 

diverse sections of a polymer chain. Analysis of the literature suggests the number of 

examples using backbone modifications is sparse. Chapter 2 describes a novel 

method with which to introduce redox-susceptible disulfide linkages into a thermo-

responsive backbone. A post-polymerisation modification strategy is used to 

introduce these linkages into pNIPAM chains which exhibit an inversely 

proportional relationship between cloud point and molecular weight. Selective 

degradation by a crucial in vivo anti-oxidant (glutathione) at intracellular 

concentrations, rather than those found in the extracellular environment, is 

demonstrated. The associated change in molecular weight is sufficient to trigger a 

change in cloud point, allowing for an isothermal solubility switch. 

Literature examples using end-group modifications to alter a polymer's solubility are 

also limited. This is perhaps surprising given the elegant and simple nature of a 

single functional-group modification as a way of altering a system's macroscopic 

properties. In Chapter 3, the LCST is first used to prepare polymer nanoparticles 

following a "nanoprecipitation"-type approach using hot water as the "bad solvent". 

These polymers contain a disulfide end-group which is easily installed by judicial 

application of a functional RAFT chain transfer agent. Glutathione-mediated 

cleavage of this disulfide end-group is shown to be sufficient to disassemble these 

polymer nanoparticles and release encapsulated cargo. Moreover, this degradation 

increases the hydrophilicity and hence cloud point of the polymers used, meaning the 

resulting polymer matrix can be re-solubilised, isothermally. 



 

35 

 

Chapter 4 describes another simple end-group modification using a metal-ion 

binding phenomenon to cause isothermal precipitation of an aqueous polymer 

solution. The 1,2-dihydroxybenzene (catechol)-Fe
3+

 binding motif, which is of 

critical importance in the competitive sequestration of iron by bacteria inside 

mammalian hosts, is applied and shown to decrease the cloud point of a catechol-

terminated thermo-responsive polymer.  

Chapter 5 describes the first example of a gold nanoparticle-based biosensor based 

on the catechol-Fe
3+

 binding motif for the detection of physiologically relevant iron 

concentrations. Gold nanoparticles were coated with water-soluble polymer chains 

containing a catechol moiety protruding from the nanoparticle surface. The 

introduction of Fe
3+

 at concentrations found in serum (between 8 and 25 µM) was 

sufficient to cause gold nanoparticle aggregation due to catechol-unit cross-linking 

and hence introduce an optical, colorimetric response. 

Finally, Chapter 6 describes an alternative method of triggering polymer 

precipitation isothermally using side-chain modifications. Specifically, given the 

minimal examples describing enzymes as LCST-modifiers, a polymer with a 

phosphorylated side-chain is prepared and shown to be degraded by calf intestinal 

alkaline phosphatase. Thermally responsive co-polymers containing partially 

phosphorylated side-chains are then prepared. The enzyme-mediated functional 

group interconversion of phosphate to less hydrophilic hydroxyl group promotes a 

reduction in cloud point, causing isothermal polymer precipitation. Initial 

investigations into the biocompatibility of these polymers with MCF7 cells, together 

with the ability to enhance polymer uptake by heating the polymer through its LCST 

are described. Finally, attempts to trigger this uptake isothermally, using 

phosphatase-mediated dephosphorylation as a trigger, are discussed. 
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Chapter 2 

2. Isothermally-Responsive, Biodegradable 

Poly(disulfide)s  

2.1 Chapter Summary 

Telechelic, Reversible Addition-Fragmentation Chain Transfer (RAFT)-derived 

macromonomers with a pyridyl disulfide end-group were converted into high 

molecular weight, disulfide-linked polymers using a polycondensation, step-growth 

procedure. The applicability of this method to polycondense a library of 

macromonomers with different functionalities including (meth)acrylates and 

acrylamides was investigated. Side-chain sterics were found to be important as non-

linear poly(ethylene glycol) analogues proved incompatible with this synthetic 

methodology, as did methacrylates due to their pendant methyl group. This method 

was used to incorporate disulfide bonds into poly(N-isopropylacrylamide), pNIPAM, 

precursors to give dual-responsive (thermo- and redox) materials. These polymers 

were shown to selectively degrade in the presence of intracellular concentrations of 

glutathione, but be stable at low, extracellular concentrations. Due to the molecular 

weight-dependent cloud point of pNIPAM, the lower critical solution temperature 

behaviour could be switched off by a glutathione gradient without a temperature 

change; an isothermal transition.  
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2.2 Introduction 

Responsive or ‘smart’ materials are capable of undergoing a physical response upon 

the application of an external stimulus. These materials are finding application in a 

diverse range of fields including switching surfaces and adhesives, artificial muscles, 

sensors,
1
 and biomedical fields such as drug delivery,

2
 gene delivery

3
 and tissue 

engineering.
4
 Synthetic polymers exhibiting a lower critical solution temperature 

(LCST) have been extensively investigated as smart, thermo-responsive materials. 

Upon increasing the solution temperature above the cloud point (the measureable 

property of an LCST) an aqueous polymer solution becomes insoluble and 

aggregates/precipitates. This property can be exploited for either drug release
5
 or 

hyperthermia-triggered cellular uptake due to increased lipophilicity above the 

LCST.
5-7

 Examples of polymers displaying this behaviour include 

poly[(oligoethyleneglycol)methyl ether methacrylate] (pOEGMA),
8, 9

 poly(N-

isopropylacrylamide) (pNIPAM)
10

 and poly(N-vinylpiperidone).
11

 While 

temperature changes are useful, some applications may require a change in polymer 

solubility (i.e. to switch between “active” and “inactive” states) without applying a 

thermal gradient. “Isothermal” transitions have previously been demonstrated by 

Alexander and co-workers based on salt concentration gradients,
12, 13

 Steinhauer et 

al. following aminolysis of RAFT-derived polymer chains
14

 and by Rimmer and co-

workers due to bacterial binding.
15

 Other examples include the use of light,
16, 17

 

protein binding
18

 and the application of dissolved gases.
19

 We have demonstrated 

that selective cleavage of a single polymer end-group results in a shift in pNIPAM 

cloud point allowing an isothermal transition based on bioreduction.
20
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Polymer degradation is a critical consideration for in vivo applications such as drug 

or gene delivery. This is typically achieved by the incorporation of one or more 

cleavable linkers into either the polymer backbone, side-chain or as a cross-linker.
21, 

22
 Common degradation triggers include hydrolysis, thermolysis or enzymatic 

action.
23-26 A major challenge associated with the development of biodegradable 

polymers is the introduction of functional groups onto the polymer backbone. For 

example ring opening polymerisation of N-carboxyanhydrides or cyclic esters, which 

give degradable poly(amides) or poly(esters) respectively, are incompatible with 

most functional groups.
27-29

 Conversely, controlled radical polymerisation processes 

enable a vast range of functional groups to be incorporated into a polymer structure, 

but give rise to an all-carbon backbone which cannot degrade.
30 To address the 

above paradox, we have previously reported a synthetic route towards degradable, 

main-chain disulfide bond-containing pNIPAM. This was achieved by polymerising 

NIPAM using a RAFT chain transfer agent containing a pyridyl disulfide moiety at 

the α-terminus. Following aminolysis of the ω-terminal dithioester, a 

polycondensation-type, step-growth polymerisation with release of pyridine thione 

occurred (Figure 2.1). The degradability of this material was demonstrated by the 

addition of a reducing agent which produced polymer chains with a higher LCST 

than the disulfide-linked counterpart. Hence, a novel method to ‘switch off’ LCST 

behaviour using a secondary chemical stimulus was illustrated.
31

 A similar procedure 

combining aminolysis and thiol-disulfide exchange has also been recently applied to 

alkyl disulfides.
32
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Figure 2.1 Preparation of disulfide-linked polymers using a polycondensation-type 

methodology: (i) Ethanolamine (1 eq.); triethylamine (2 eq.); THF; N2; 25 °C; 24h.
31

 

 

The redox-sensitive nature of disulfide-containing polymers is of particular interest 

for triggered cellular delivery applications. The main reducing agent (anti-oxidant) 

inside cells is glutathione (GSH) where it is present at mM concentrations. 

Conversely, the extracellular GSH concentration is only µM hence this differential 

provides a unique and selective trigger to promote intracellular degradation, whilst 

ensuring stability in the circulation.
33, 34

 The use of disulfide-containing polymers 

has seen a particular focus on gene delivery therapies to date
35-40

 though there are 

also reports utilising redox-sensitive materials for targeted, drug delivery 

applications.
41-47

  

 

This chapter explores the scope of our synthetic methodology as a means of 

preparing controlled radical polymerisation-derived, highly functionalised disulfide-

linked polymers. The biodegradability of these materials using biorelevant 

glutathione concentrations is investigated to ensure selectivity for intracellular 

conditions. Finally, thermally responsive, degradable polymers are tested for their 
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isothermal response to glutathione gradients to enable their LCST behaviour to be 

‘switched off’ once inside a cell (Figure 2.2). 

 

Figure 2.2 Study concept: Disulfide-linked, biodegradable pNIPAM will be 

prepared and the in vivo GSH concentration gradient used to trigger selective 

degradation and isothermal LCST behaviour. 

 

 

 

 

 

 

 

 

 



 

57 
 

2.3 Results and Discussion 

The aim of this work was to exemplify our previous report on the synthesis of 

disulfide-linked pNIPAM, obtained by a polycondensation-type reaction of pyridyl 

disulfide-terminated, RAFT-derived polymers, Scheme 2.1.
31

 Previously we used a 

dithioester chain transfer agent (Scheme 2.2, compound 1) which, although an 

excellent mediator for the polymerisation of a wide range of monomers, is less 

synthetically accessible than trithiocarbonate RAFT agents. We therefore prepared 

the trithiocarbonate  propanoic acid 2-{[(dodecylthio)thioxomethyl]thio}-2-methyl-

2-(2-pyridinyldithio)ethyl ester (PADE, 4) using a method modified from that 

described by Skey and O’Reilly.
48

 First, 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoic acid, 2, was prepared by the reaction of dodecane thiol with carbon 

disulfide and 2-bromo methyl propionic acid in the presence of potassium phosphate. 

This compound was then coupled to pyridyl disulfide-containing alcohol 3 in the 

presence of N,N-diisopropylcarbodiimide and 4-dimethylaminopyridine to give 

PADE (Scheme 2.2, compound 4), which was isolated using column 

chromatography on silica to give a yellow oil in good yield (78 %).  

 

Structure and purity was confirmed by 
1
H NMR, 

13
C NMR spectroscopies and high 

resolution mass spectrometry. As shown in Figure 2.3, analysis by 
1
H NMR 

spectroscopy revealed 4 peaks between 7.10 and 8.47 ppm and two triplets at 4.36 

and 3.03 ppm corresponding to the pyridyl protons and two CH2 groups on the 

starting alcohol. Signature peaks from the carboxylic acid fragment include a triplet 

and doublet at 0.88 and 3.27 ppm corresponding to the CH3 and terminal CH2 group 

in the dodecyl chain. Key signature peaks in the 
13

C NMR spectrum include the C=S 
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carbon at 221.5 ppm and the CH3 carbon at 25.3 ppm from the carboxylic acid 

fragment together with the pyridyl carbons between 119.8 and 159.9 ppm. 

 

Scheme 2.1 Synthetic strategy for the preparation of a disulfide-linked polymer from 

trithiocarbonate starting material: (i) Polymerisation of monomer; (ii) 

Polycondensation-type reaction, employing nucleophile and base, with liberation of 

pyridine thione.  

 

 

Scheme 2.2 RAFT agents used in this study: (A) Chemical structure of pyridyl 

disulfide-containing dithiobenzoate (1); (B) Synthetic strategy for the preparation of 

pyridyl disulfide-containing trithiocarbonate (PADE, 4). 
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Figure 2.3 NMR spectroscopic characterisation of PADE in CDCl3: (A) 
1
H

 
and (B) 

13
C spectra.  
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Our strategy for the preparation of disulfide-linked polymers from RAFT-derived 

macromonomers requires aminolysis of the RAFT agent to yield a thiol-terminated 

polymer. This can then react in situ with pyridyl disulfide groups on neighbouring 

chains (Scheme 2.1) giving a polycondensation type, step-growth polymerisation, 

with elimination of pyridine thione. To verify that our method could be extended to a 

trithiocarbonate CTA, pNIPAM-1 was prepared using PADE (Table 2.1, entry 1). 

Attempts to polycondense in the presence of oxygen failed to produce a substantially 

higher molecular weight polymer due to oxidative side-reactions giving 

macromonomer- and dimer-derived species only (Figure 2.4A). When degassed 

(Figure 2.4A), the same bimodal trace was observed, albeit with a small high 

molecular weight tail indicating either a slow rate of reaction or the presence of 

residual oxygen. To circumvent the former issue, triethylamine (TEA) was added to 

the degassed solution. In this case, a higher molecular weight polymer was formed 

with only small amounts of residual macromonomer observed. Inclusion of base was 

therefore crucial, presumably by increasing thiol nucleophilicity by deprotonation.  

 

To verify that the resulting polycondensed product contained the desired disulfide 

linkages, it was incubated with the strong reducing agent tributylphosphine and 

analysed by Size Exclusion Chromatography (SEC) (Figure 2.4B). A trace with a 

molecular weight slightly lower than the starting material was observed, concurrent 

with disulfide bond cleavage. The loss of end-groups and the potentially different 

elution behaviour of thiol-terminated chains could explain the difference in observed 

molecular weight between starting and cleaved materials. These results confirm that 

trithiocarbonates provide suitable end-groups for our new polycondensation-type 

polymerisation. 
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Figure 2.4 SEC data showing the polycondensation of pNIPAM-1: (A) 

Optimisation of the polycondensation conditions using an inert atmosphere, and a 

base; (B) Verifying the redox-responsive nature of the polycondensed species. 

 

Our study subsequently focused on extending the polycondensation methodology to 

a wider range of polymeric precursors. A representative library of polymers was 

synthesised using 4,4’-azobis(4-cyanovaleric acid), ACVA, as radical initiator and 

PADE covering methacrylate, acrylate and acrylamide functionalities. Targeted 

molecular weights were determined by the ratio of Monomer:PADE used in the 

polymerisation and all polymers were characterised by SEC and 
1
H NMR 

spectroscopy. All polymers were found to be well-defined with narrow dispersities 

and most molecular weights, as determined by SEC, were in decent agreement with 

the theoretical values (Table 2.1). Any differences can be accounted for by the 

different solvation and elution behaviour of the polymers relative to the poly(methyl 

methacrylate) standards used. These polymers were subjected to the optimised 

polycondensation conditions (vide supra) and the results are summarised in Table 

2.2. 
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Table 2.1 Characterisation of polymers prepared in this study using PADE. 

Entry Polymer [M]:[CTA] 

Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b
 

Mw/Mn
b 

1 pNIPAM-1 20 91.7 2100 2000
 

1.18
 

2 pNIPAM-2 40 91.4 4100 3100
 

1.16
 

3 pNIPAM-3 488 73.3 40500 25400
c 

1.24
c 

4 pOEGMA300
 

15 89.9 5400 18300
 

1.12
 

5 pOEGA480
 

22 85.1 10600 9600
 

1.10
 

6 pDEGMA
 

20 80.4 3000 23000
 

1.24
 

7 pMMA 30 58.1 1700 6400 1.38 

8 ptBuA
 

20 91.0 2300 2500
 

1.16
 

9 pDMA
d 

34 93.1 3000 2800
 

1.10
 

10 pDMA
e
 100 56.7 5700 3700 1.18 

pNIPAM = poly(N-isopropylacrylamide); pOEGMA300 = poly[oligo(ethylene glycol, 

average Mn = 300 g.mol
-1

) methyl ether methacrylate]; pOEGA480 = 

poly[oligo(ethylene glycol, average Mn = 480 g.mol
-1

) methyl ether acrylate]; 

pDEGMA = poly(diethylene glycol methyl ether methacrylate); pMMA = 

poly(methyl methacrylate); ptBuA = poly(tert-butyl acrylate); pDMA = poly(N,N-

dimethylacrylamide); 
a
Determined by 

1
H NMR spectroscopy relative to an internal 

standard (mesitylene); 
b
Determined by SEC (THF inc. 2 % TEA) relative to PMMA 

standards unless otherwise stated; 
c
Determined by SEC (DMF inc. 5 mM NH4BF4) 

relative to PMMA standards; 
d
Prepared with trithiocarbonate CTA (PADE, 4); 

e
Prepared with dithiobenzoate CTA 1. 
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Table 2.2 SEC Characterisation of poly(disulfide)s. 

Entry 

Poly 

(disulfide) 

Mw 

(SM)
a
 

Mw 

(Pc)
a 

Mp 

(SM)
a
 

Mp 

(Pc)
a
 

-S-S- 

links/chain
b 

Mw/Mn 

(Pc)
a 

1 ss-pNIPAM-1
 

2400
 

8900
 

2400
 

7600
 

2.2 1.81
 

2 ss-pNIPAM-2 3600
 

20300
 

3700
 

15300 3.1 1.78
 

3 ss-pNIPAM-3 31200
c 

128900
c 

35900
c 

140700
c 

2.9 2.01
c 

4 ss-pOEGMA300
 

22100
 

59600
 

20000
 

38500
 

0.9 1.38
 

5 ss-pOEGA480
 

28500 44200
 

26600
 

32600
 

0.2 1.5
 

6 ss-pDEGMA
 

10500
 

15700
 

10400
 

10900
 

0.0 1.27
 

7 ss-pMMA 8900 8800 9000 8900 0.0 1.61 

8 ss-ptBuA 2900
 

12200
 

3100
 

11700
 

2.8 2.35
 

9 ss-pDMA
d 

2800
 

8300
 

3100
 

11100
 

2.6 1.45
 

10 ss-pDMA
e
 4400 7600 4800 10100 1.1 1.49 

ss-pNIPAM = disulfide-linked poly(N-isopropylacrylamide); ss-pOEGMA300 = 

disulfide-linked poly[oligo(ethylene glycol, average Mn = 300 g.mol
-1

) methyl ether 

methacrylate]; ss-pOEGA480 = disulfide-linked poly[oligo(ethylene glycol, average 

Mn = 480 g.mol
-1

) methyl ether acrylate]; ss-pDEGMA = disulfide-linked 

poly(diethylene glycol methyl ether methacrylate); ss-pMMA = disulfide-linked 

poly(methyl methacrylate); ss-ptBuA = disulfide-linked poly(tert-butyl acrylate); ss-

pDMA = disulfide-linked poly(N,N-dimethylacrylamide); 
a
Weight-average 

molecular weight (Mw), peak maximum molecular weight (Mp) or dispersity (Mw/Mn) 

of starting material (SM) or polycondensed product (Pc) determined by SEC (THF 

inc. 2 % TEA) relative to PMMA standards unless otherwise stated; 
b
Average 

number of disulfide links per chain following polycondensation {[Mp(Pc)/Mp(SM)]-

1}; 
c
Determined by SEC (DMF inc. 5 mM NH4BF4) relative to PMMA standards; 

d
Homopolymer prepared with trithiocarbonate CTA (PADE, 4); 

e
Homopolymer 

prepared with dithiobenzoate CTA 1. 
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Polycondensation of poly(N,N-dimethylacrylamide) (pDMA) proceeded to give a 

noticeable increase in both Mw (weight-average molecular weight) and Mp (peak 

maximum molecular weight) (Table 2.2, entry 9; Figure 2.5A/B). Identical results 

were observed for pDMA obtained from the precursor prepared with dithioester 1 as 

a control experiment (Table 2.2, entry 10; Figure 2.5C/D), indicating that this 

strategy can be applied to monomer types other than NIPAM; a key aim of this 

study. The average number of ‘macro’ repeat units per chain was estimated from 

SEC and shown in Table 2.2. All successful polymerisations gave 2 – 3 disulfides 

(3-4 repeat units) whereas the unsuccessful (vide infra) gave numbers close to 0. 

 

Figure 2.5 Polycondensation of pDMA with PADE and CTA 1: (A/C) SEC data; 

(B/D) Chemical structure of polymer precursor/product.  
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A particularly interesting class of polymers is those based on oligo(ethylene glycol) 

methacrylates (OEGMAs). These polymers are indicated to be biocompatible, 

similar to their parent linear PEG,
49

 but are synthetically accessible by controlled 

radical polymerisation. Furthermore, they also display tuneable LCST behaviour 

which can be exploited for a range of biotechnological applications.
8, 50

 It is 

important to note that the pOEG(M)As prepared in Table 2.1 have notably higher 

molecular weights than the other polymers due to their relatively long side chains. 

They were designed to have similar degrees of polymerisation to allow direct 

comparison with other polymers used in this study. Initial attempts to polycondense 

pOEGMA300 proved unsuccessful indicating dimers and no higher order polymers 

could be formed (Table 2.2, entry 4; Figure 2.6).  

 

Figure 2.6 (A) SEC data showing the attempted polycondensation reaction of 

pOEGMA300 and (B) chemical structure of polymer precursor. 

 

Xu et al. observed that thiolactones can form between a terminal thiol, generated by 

aminolysis of a RAFT end-group, and the penultimate repeat unit of a methyl 

methacrylate backbone (Figure 2.7).
51

 While this explanation for thiol deactivation 

fits our observations, there are other reports of the successful reaction of RAFT-
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derived thiols with pyridyl disulfide groups in acrylate and methacrylate polymers.
52

 

An alternative explanation therefore may be steric hindrance of the terminal thiol by 

the oligo(ethylene glycol) side chains. This theory is supported by visual 

examination of the reaction mixture: when pyridyl disulfide is successfully displaced 

by a thiol, the released pyridine thione has a strong yellow colouration. In the case of 

pOEGMAs however, no colour change was observed suggesting no thiol-pyridyl 

disulfide reaction had occurred.  

 

Figure 2.7 Representation of possible thiolactone-forming side-reaction following 

aminolysis of a thiocarbonylthio-terminated methacrylate. Adapted from work by Xu 

et al.
51

  

 

To further probe this, poly(diethylene glycol methacrylate), pDEGMA, which has a 

shorter PEG chain (2 units as opposed to 7) was tested, but yielded only a minor 

increase in Mp (Table 2.2, entry 6; Figure 2.8). The increase in Mw of approximately 

50 % suggested some dimer-formation was occurring, whilst the solution remained 
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colourless, indicating limited or no pyridine thione elimination. To confirm that the 

reaction was not kinetically limited, it was left for an extended time period (7 days). 

Analysis after this time showed no additional change to that seen after 48 hrs 

suggesting that pOEGMAs cannot be polycondensed in this fashion.  

 

Figure 2.8 (A) SEC data showing the attempted polycondensation reaction of 

pDEGMA and (B) chemical structure of polymer precursor. 

 

Another reason for the successful polycondensation of pDMA and pNIPAM 

compared to the pOEGMAs could be the lack of a backbone methyl group. The 

resulting secondary thiol would be expected to be more nucleophilic than a tertiary 

thiol. To address this, poly[oligo(ethylene glycol) methyl ether acrylate] 

(pOEGA480) was also synthesised using PADE. However, subsequent 

polycondensation gave only a higher molecular weight shoulder of approximately 

double the starting material molecular weight (Table 2.2, entry 5; Figure 2.9), 

confirming that that the PEG side chain can limit the polycondensation process.  
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Figure 2.9 (A) SEC data showing the attempted polycondensation reaction of 

pOEGA480 and (B) chemical structure of polymer precursor. 

 

To elucidate the role of the pendant methyl group, polycondensation of a 

poly(methyl methacrylate) macromonomer, pMMA, which should have no steric 

hindrance was attempted (Table 2.2, entry 7). SEC analysis showed no evidence for 

multi disulfide-linked polymers even with extended reaction times (4 days, Figure 

2.10). We propose the tertiary thiol present at the chain end of poly(methacrylate)s is 

not sufficiently nucleophilic to react with the pyridyl disulfide moiety meaning 

methacrylates are not compatible with this methodology. 

 

Figure 2.10 (A) SEC data showing the attempted polycondensation of pMMA and 

(B) chemical structure of the polymer precursor.  
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To further investigate steric effects of the thiol terminus, tert-butyl acrylate was 

utilised given its branched structure is similar to NIPAM and DMA. It also lacks the 

long side-chain present in OEGMA, DEGMA and OEGA and has no pendant methyl 

group. Polycondensation of ptBuA saw a 4-fold increase in Mw and Mp indicative of 

a disulfide-linked polymer (Table 2.2, entry 8; Figure 2.11). This demonstrates that 

acrylates are compatible with our technique to generate disulfide-linked polymers, 

but that sterics must be considered. Post-polymerisation modification may offer an 

approach to overcome this.  

 

Figure 2.11 (A) SEC data showing the polycondensation of ptBuA and (B) chemical 

structure of the polymer precursor. 

 

The work described above utilised relatively low molecular weight polymers as it 

was anticipated that these would show faster rates of polycondensation. It was 

therefore prudent to attempt to apply this methodology to larger precursors, which in 

turn may give rise to higher molecular weight, disulfide-linked polymers. This is 

particularly important for drug delivery applications where the polymeric delivery 

device should ideally be larger than the renal filtration limit (~ 40 kDa), but have 

degradation products below this.
21

  In the case of pNIPAM, tuning the molecular 
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weight of the polymeric precursors also allows control over their lower critical 

solution temperatures.
31

 Two further pNIPAM homopolymers were therefore 

prepared with PADE to give molecular weights (by SEC) of 3100 (pNIPAM-2) and 

25400 (pNIPAM-3) g.mol
-1

 respectively (Table 2.1, entries 2 and 3). Both polymers 

were successfully polycondensed into disulfide-linked materials (Table 2.2, entries 2 

and 3; Figure 2.12). It should be noted that these reactions were performed on a 

larger scale (~ 100 mg) than those shown in the above section (5-10 mg) and 

therefore required longer reaction times to achieve high conversions (5-7 days). ss-

pNIPAM-3 gave an Mw above the renal filtration limit (Mw = 128900 g.mol
-1

), whilst 

the precursor Mw of 31200 g.mol
-1

 was below this. The redox-sensitivity of these 

disulfide-linked pNIPAMs was again demonstrated by the addition of 

tributylphosphine (Figure 2.12), resulting in a reduction in molecular weight back to 

the original polymer. 

 

Figure 2.12 SEC data showing polycondensation and subsequent reduction from (A) 

pNIPAM-2 and (B) pNIPAM-3 precursors. 

 

Analysis of ss-pNIPAM-2 by electrospray ionisation (ESI) mass spectrometry 

following the addition of tributylphosphine confirmed that degradation was via 

disulfide bond reduction (Figure 2.13). Lower molecular weight, thiol-terminated 
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polymers were observed, thus ruling out alternative modes of degradation such as 

hydrolysis or reduction of the ester units. 

 

Figure 2.13 ESI (+ve) mass spectrometry analysis of ss-pNIPAM-2 following 

degradation by tributyl phosphine.
 

 

The molecular weight dependent cloud point (CP) of these materials was measured 

with the small and large precursors giving CPs of 22 °C and 31 °C respectively 

(Figure 2.14). Turbidity measurements indicated a higher CP for both disulfide-

linked polymers relative to their precursors.  ss-pNIPAM-2 had a CP of 30 °C (Fig. 

2.14A), whilst ss-pNIPAM-3 had a CP of 32 °C (Figure 2.14B), an increase of 8 °C 

and 1 °C respectively. Although pNIPAM generally exhibits an inversely 

proportional relationship between cloud point and molecular weight, the increase 

observed here can be attributed to a change in end-group functionality, namely loss 
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of the highly hydrophobic dodecane thiol and pyridyl disulfide moieties. We have 

recently reported the importance of end-groups on the cloud point of pNIPAMs.
20

  

 

To assess the effect of disulfide degradation on the CP, the samples were treated 

with tris(2-carboxyethyl)phosphine, TCEP, a water soluble phosphine, and analysed 

by turbidimetry (Figure 2.14). The CP of ss-pNIPAM-2 following TCEP reduction 

increased compared to the disulfide-linked starting material, as expected given the 

inversely proportional relationship between CP and pNIPAM molecular weight. The 

CP of ss-pNIPAM-3 following TCEP reduction did not change as pNIPAMs CP is 

relatively constant above 10000 g.mol
-1

.
31

  

 

Figure 2.14 Cloud point data (polymer concentration = 5 mg.mL
-1

) for (A) 

pNIPAM-2/ss-pNIPAM-2 (solid curves added to guide the eye) and (B) pNIPAM-

3/ss-pNIPAM-3. Note: GSH concentration = 1 mM. 

 

To test degradation under more biorelevant conditions, glutathione (GSH) was used 

as the reducing agent. This in vivo reducing agent is present at µM concentrations in 

the extracellular environment but mM concentrations in the intracellular 

environment. Previous work has shown that poly(disulfide)s are preferentially 

cleaved at higher GSH concentrations, providing a selective, intracellular trigger for 

polymer degradation.
38, 39, 41

 Both ss-pNIPAM-2 and ss-pNIPAM-3 were stirred in 
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aqueous glutathione solutions at 1 µM and 1 mM concentrations for 24 hrs. The 

samples were then analysed by turbidimetry (Figure 2.14). An increase in CP was 

again observed, with the change larger than that obtained with TCEP for both 

samples. This is possibly due to a difference in the mechanism of degradation: TCEP 

works by simple disulfide bond cleavage whilst GSH, a tripeptide containing a 

cysteine residue, is more likely to degrade by thiol-disulfide exchange. There is 

hence a difference in hydrophilicity of the generated end-groups. After stirring in 

aqueous GSH solution the polymers were freeze-dried and analysed by SEC. After 

72 hrs at mM GSH concentrations, both polymers had undergone significantly more 

degradation than those incubated at µM GSH concentration (Figure 2.15) indicating 

the specific response to intracellular-GSH.  

 

Figure 2.15 SEC data showing degradation of (A) ss-pNIPAM-2
 
and (B) ss-

pNIPAM-3 at different GSH concentrations. 

 

Given the large change in CP following incubation of ss-pNIPAM-2 with GSH 

(shift of 9 °C), we investigated whether this could be used as a switch to trigger 

isothermal polymer re-solubilisation. This would be useful, for example, following 

thermally triggered uptake into hyperthermic cells
7
 where the increased GSH 

concentration should lead to degradation and an increase in cloud point. This will 

prompt polymer resolubilisation, which is preferable for eventual excretion, and 
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removes the issue of insoluble polymer aggregates inside cells. Three aqueous 

polymer solutions of ss-pNIPAM-2 were incubated at 37 °C and their absorbance at 

650 nm was observed. Each sample aggregated in solution as expected given the CP 

of the polymer was 30 °C. Glutathione was then added to give total GSH 

concentrations of 0 (control), 1 µM and 1 mM. Whilst the polymer solutions with 0 

and 1 µM GSH concentrations remained turbid, re-solubilisation of the polymer held 

at 1 mM GSH concentration occurred rapidly (within mins) as the CP exceeded that 

of the temperature at which it was being held (Figure 2.16A). This was confirmed by 

the rapid decrease in absorbance and was also observed visually (Figure 2.16A, 

inset). The same experiment using ss-pNIPAM-3 yielded the same results (Figure 

2.16B). It was not possible to estimate the kinetics of degradation from this 

experiment due to the cooperative behaviour of pNIPAM. We have demonstrated 

that mixtures of pNIPAMs with different chain lengths (and hence CPs) show a 

single transition, controlled by the mass fraction of each chain length.
53

 Therefore, 

complete resolubilisation will occur when sufficient numbers of short chains are 

present to increase the CP above the local temperature. This is a desirable feature 

allowing for more rapid responses without being limited by chain degradation 

kinetics.  

 

These experiments demonstrate that disulfide-linked polymers obtained by RAFT 

polymerisation can be used as doubly responsive polymeric carriers with potential 

application in drug delivery or biosensing fields.  

 



 

75 
 

 

Figure 2.16 Isothermal turbidimetry data for (A) ss-pNIPAM-2 and (B) ss-

pNIPAM-3 (polymer concentration = 5 mg.mL
-1

). Temperature = 37 °C (A) and 34 

°C (B), GSH added at time indicated by asterisk. Black = control (polymer and 

water); red = 1 µM GSH; blue = 1 mM GSH. Inset (A) = photo at end of experiment 

(left = control; centre = 1 µM GSH; right = 1 mM GSH). 
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2.4 Conclusions 

This chapter demonstrates the polycondensation of pyridyl disulfide-terminated, 

RAFT derived polymers to obtain a library of disulfide-linked polymers. The use of 

trithiocarbonate RAFT agents widens the scope of this versatile method. 

Investigations into the polycondensation process indicated that macromonomer side-

chain length limits the reactivity of the thiol-end groups and hence prevents the 

polymerisation of non-linear PEG analogues. Moreover methacrylates, on account of 

their pendant methyl group, were found to be incompatible. A range of acrylamides 

and acrylates were shown to be applicable to this methodology. Dual-responsive 

materials were created by introducing disulfides into the main chain of the thermo-

responsive pNIPAM. The disulfide unit showed a strong selectivity for glutathione 

degradation at concentrations expected in an intracellular environment. This, coupled 

with the molecular-weight dependent cloud point behaviour of pNIPAM enabled a 

change in solubility to be triggered without the need for a change in applied 

temperature, an isothermal transition. This may be important in some biological 

situations where, for example, an LCST-type transition is desired whilst avoiding 

protein denaturation. Ultimately this method provides a valuable way of 

incorporating redox-responsive linkages into polymer structures en route to 

preparing increasingly complex materials with multiple responses. 
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2.5 Experimental 

2.5.1 Materials 

All chemicals were used as supplied unless stated. Methanol, hexane, ethyl acetate, 

dichloromethane, toluene, acetone, 40-60 °C petroleum ether, tetrahydrofuran, 

diethyl ether,  glacial acetic acid (analytical reagent grade) and 1,4-dioxane 

(analytical reagent grade) were all purchased from Fisher Scientific at laboratory 

reagent grade unless otherwise stated. Deuterated chloroform (99.9 atom % D), 

aldrithiol-2 (98.0 %), 2-mercaptoethanol (≥ 99.0 %), 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (≥ 98.0 %), dodecane thiol (≥ 98.0 %), 

tribasic potassium phosphate (reagent grade, ≥ 98.0 %), 2-bromo-2-methylpropionic 

acid (98.0 %), 4-dimethylaminopyridine (≥ 99.0 %), N,N’-diisopropylcarbodiimide 

(99.0 %), N-isopropylacrylamide (97.0 %), 4,4’-azobis(4-cyanovaleric acid) (≥ 98.0 

%), ethanolamine (≥ 99.0 %), tributylphosphine (97.0 %), triethylamine (≥ 99.0 %), 

tris(2-carboxyethyl)phosphine hydrochloride (≥ 98.0 %), glutathione (99.0 % 

reduced) and mesitylene (analytical standard) were all purchased from Sigma-

Aldrich. Oligo(ethylene glycol, average Mn = 300 g.mol
-1

) methyl ether 

methacrylate, di(ethylene glycol) methyl ether methacrylate (95.0 %), oligo(ethylene 

glycol, average Mn = 480 g.mol
-1

) methyl ether acrylate, tert-butyl acrylate (98.0 %), 

methyl methacrylate (99.0 %) and N,N-dimethylacrylamide (99.0 %) were also 

purchased from Sigma-Aldrich but inhibitors were removed by passing through a 

column of basic alumina before polymerisation. 
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2.5.2 Analytical Methods 

NMR spectroscopy (
1
H, 

13
C) was conducted on a Bruker DPX-300, Bruker DRX-

500 or a Bruker AV III 600 spectrometer. Deuterated chloroform was used with all 

chemical shifts reported in ppm (δ) relative to that solvent.  

High resolution mass spectra were recorded on a Bruker Electrospray Ultra-High 

Resolution tandem TOF mass spectrometer using electrospray ionization (ESI) in 

positive mode on samples prepared in methanol. Degraded sample mass spectral 

analysis was carried using a Bruker MaXis UHR-Q-TOF mass spectrometer using 

ESI in positive mode over a scan range of 500 – 7000 m/z. Samples were prepared in 

methanol, diluted 20-fold in 50:50 methanol: water and introduced by direct infusion 

at 90 µL.hr
-1

. Source conditions were: end plate offset at -500 V; capillary at -4500 

V; nebulizer gas (N2) at 1.6 bar; dry gas (N2) at 8 L.min
-1

; dry temperature at 180 °C. 

Ion transfer conditions were: ion funnel RF at 400 Vpp; multiple RF at 400 Vpp; 

quadruple low mass set at 455 m/z; collision energy at 5.0 eV; collision RF at 1200 

Vpp; ion cooler RF at 250-600 Vpp; transfer time set at 121 µs; pre-pulse storage 

time set at 15 µs. Calibration was completed with sodium formate (10 mM).  

FTIR spectra were acquired using a Bruker Vector 22 FTIR spectrometer with a 

Golden Gate diamond attenuated total reflection cell. A total of 64 scans were 

collected on samples in their native (dry) state.  

SEC analysis was performed on one of two systems:  

(i) Dimethylformamide:  Varian 390-LC MDS system equipped with a PL-AS 

RT/MT autosampler, a PL-gel 3 µm (50 × 7.5 mm) guard column, two PL-gel 5 µm 

(300 × 7.5 mm) mixed-D columns using DMF with 5 mM NH4BF4 at 50 °C as the 

eluent at a flow rate of 1.0 mL.min
-1

. The system was equipped with ultraviolet (UV) 
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(set at 280 nm) and differential refractive index (DRI) detectors. Narrow molecular 

weight PMMA standards (200 - 1.0 × 10
6
 g.mol

-1
) were used for calibration using a 

second order polynomial fit.  

(ii) Tetrahydrofuran: Varian 390-LC MDS system equipped with a PL-AS RT/MT 

autosampler, a PL-gel 3 µm (50 × 7.5 mm) guard column, two PL-gel 5 µm (300 × 

7.5 mm) mixed-D columns equipped with a differential refractive index and a 

Shimadzu SPD-M20A diode array detector, using THF (including 2 % TEA) as the 

eluent at a flow rate of 1.0 mL.min
-1

. Narrow molecular weight PMMA standards 

(200 - 1.0 × 10
6
 g.mol

-1
) were used for calibration using a second order polynomial 

fit. 

The cloud points were measured using an Optimelt MPA100 system (Stanford 

Research Systems). The recorded turbidimetry curve was normalised between values 

of 0 and 1. The cloud point was defined as the temperature corresponding to a 

normalised absorbance of 0.5. A polymer concentration of 5 mg.mL
-1 

and a constant 

heating rate of 1 °C.min
-1 

were used in all experiments.  

UV-Vis measurements were undertaken on a Biotech Synergy HT and processed 

using the Gen5 software package. 
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2.5.3 Procedures 

2.5.3.1 Synthesis of hydroxyethyl pyridyldisulfide  

Aldrithiol-2 (10 g, 45.40 mmol) was dissolved in methanol (50 mL) and glacial 

acetic acid (1.50 mL) was then added. To this mixture, a solution of 2-

mercaptoethanol (2.36 g, 2.12 mL, 30.23 mmol) in methanol (10 mL) was added 

dropwise over 45 mins with continuous stirring. After this time, the reaction mixture 

had turned bright yellow. The reaction mixture was left to stir overnight under 

ambient conditions. The solution was concentrated under vacuum to leave the crude 

product as a yellow oil. Purification by column chromatography (hexane: ethyl 

acetate, 85:15) yielded the title product as a pale yellow oil (3.40 g, 60 %). 

1
H NMR (400.05 MHz, CDCl3) δppm: 8.50 (1H, d, J1-2 = 5.04 Hz, H

1
); 7.59 (1H, td, 

J3-2, J3-4 = 8.04 Hz J3-1 = 2.00 Hz, H
3
); 7.41 (1H, d, J4-3 = 8.04 Hz, H

4
); 7.15 (1H, 

ddd, J2-3 = 8.04 Hz, J2-1 = 5.04 Hz, J2-4 = 1.00 Hz, H
2
); 5.72 (1H, s, br., H

8
); 3.81 

(2H, t, J7-6 = 5.28 Hz, H
7
); 2.95 (2H, t, J6-7 = 5.28 Hz, H

6
). 

13
C NMR (100.58 MHz, CDCl3) δppm: 159.13 (C

5
); 149.85 (C

1
); 136.87 (C

3
); 121.91 

(C
4
); 121.52 (C

2
); 58.27 (C

7
); 42.68 (C

6
). 

IR cm
-1

: 3303 (br., O-H stretch); 3048 (aryl-H stretch); 2922 (alkyl C-H stretch). 

MS (ESI +) m/z: 188.1 [M+H]
+
; 210.0 [M+Na]

+ 
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Figure 2.17 NMR spectroscopic characterisation of hydroxyethyl pyridyl disulfide 

in CDCl3: (A) 
1
H and (B) 

13
C spectra.  
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2.5.3.2 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methypropanoic acid   

Dodecane thiol (4.00 g, 4.73 mL, 19.76 mmol) was added dropwise to a stirred 

suspension of tribasic potassium phosphate (4.20 g, 19.76 mmol) in acetone (60 mL) 

over 25 mins. Carbon disulfide (4.10 g, 3.24 mL, 53.85 mmol) was added and the 

solution turned bright yellow. After stirring for ten mins 2-bromo-2-methylpropionic 

acid (3.00 g, 17.96 mmol) was added and a precipitation of KBr was noted. After 

stirring for 16 hrs, the solvent was removed under reduced pressure and the residue 

was extracted into dichloromethane (2 x 200 mL) from 1M HCl (200 mL). The 

organic extracts were washed with water (200 mL) and brine (200 mL) and further 

dried over magnesium sulfate. The solvent was removed under reduced pressure and 

the residue was purified by column chromatography on silica using an eluent 

comprising 75:24:1 40 – 60 °C petroleum ether: diethyl ether: acetic acid to yield a 

bright yellow solid (4.01 g, 61 %).  

1
H NMR (500.133 MHz, CDCl3) δppm: 3.22 (2H, t, J12-11 = 7.55 Hz, H

12
); 1.66 (6H, 

s, H
15

); 1.60 (2H, p, J11-10, 11-12 = 7.70 Hz, H
11

); 1.31 (2H, p, J10-9, 10-11 = 7.70 Hz, 

H
10

); 1.24-1.19 (16H, m, H
2-9

); 0.81 (3H, t, J1-2 = 7.25 Hz, H
1
). 

13
C NMR (125.721 MHz, CDCl3) δppm: 220.92 (C

13
); 177.17 (C

16
); 55.46 (C

14
); 

37.10 (C
12

); 31.93, 29.71, 29.64, 29.57, 29.46, 29.35, 29.12, 22.70 (C
2-9 

); 28.97 

(C
10

); 27.82 (C
11

); 25.26 (C
15

); 14.13 (C
1
). 

IR cm
-1

: 2955 (alkyl-H stretch); 1712 (C=O stretch); 1069 (S-(C=S)-S stretch).  

HRMS (ESI +) m/z: 365.1632 [M+H]
+
; expected 365.1637 (C17H33O2S3). 
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Figure 2.18 NMR spectroscopic characterisation of 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid in CDCl3: (A) 
1
H NMR and 

(B) 
13

C NMR spectra. 
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2.5.3.3 Synthesis of 2-(pyridyldisulfanyl) ethyl 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoate 

2-(pyridyldisulfanyl) ethyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate 

was prepared using a method similar to that already reported.
54

  Hydroxyethyl 

pyridyl disulfide (1.61 g, 8.57 mmol), 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoic acid (2.50 g, 6.86 mmol) and 4-dimethylaminopyridine (0.25 g, 

2.06 mmol) were dissolved in dichloromethane (50 mL). N,N’-

Diisopropylcarbodiimide (1.08 g, 1.33 mL, 8.57 mmol) was added to the solution 

under ice and dropwise over a period of 20 mins. The mixture was left to warm to 

room temperature and stirred for 24 hrs. The observed precipitate was removed by 

gravity filtration and the solvent concentrated in vacuo. The resulting yellow residue 

was purified by column chromatography using silica gel as the stationary phase and 

49:1 hexane: ethyl acetate mixture as eluent to yield a yellow/orange oil (2.85 g, 78 

% yield). 

1
H NMR (600.132 MHz, CDCl3) δppm: 8.47 (1H, d, J23-22 = 4.14 Hz, H

23
); 7.73 (1H, 

d, J20-21 = 7.86 Hz, H
20

); 7.66 (1H, t, J21-20, 21-22 = 7.71 Hz, H
21

); 7.10 (1H, t,  J22-21, 22-

23 = 6.24 Hz, H
22

); 4.36 (2H, t, J17-18 = 6.36 Hz, H
17

); 3.27 (2H, t, J12-11 = 7.56 Hz, 

H
12

); 3.03 (2H, t, J18-17 = 6.36 Hz, H
18

); 1.70 (6H, s, H
15

); 1.65 (2H, p, J11-12, 11-10 = 

7.50 Hz, H
11

); 1.37 (2H, p, J10-11, 10-9 = 7.50 Hz, H
10

); 1.23-1.31 (16 H, m, H
2-9

); 0.88 

(3H, t, J1-2 = 6.96 Hz, H
1
). 

13
C NMR (150.864 MHz, CDCl3) δppm: 221.48 (C

13
); 177.80 (C

16
); 159.90 (C

19
); 

149.68 (C
23

); 137.09 (C
21

); 120.77 (C
22

); 119.76 (C
20

); 63.36 (C
17

); 55.79 (C
14

); 

37.21 (C
18

); 37.00 (C
12

); 31.91, 29.71, 29.62, 29.55, 29.44, 29.34, 29.10, 22.69 (C
2-

9
); 28.93 (C

10
); 27.86 (C

11
); 25.34 (C

15
); 14.13 (C

1
). 
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IR cm
-1

: 3049 (aryl-H stretch); 2923 (alkyl-H stretch); 1735 (C=O stretch); 1063 (S-

(C=S)-S stretch). 

HRMS (ESI +) m/z: 534.1661[M+H]
+
; expected 534.1657 (C24H40NO2S5). 

 

2.5.3.4 Synthesis of 2-(pyridyldisulfanyl) ethyl 4-cyano-4-

(phenylcarbonothioylthio)pentanoate 

Hydroxyethyl pyridyl disulfide (0.66 g, 3.52 mmol), 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (0.48 g, 1.32 mmol) were 

dissolved in dichloromethane (20 mL). N,N’-Diisopropylcarbodiimide (0.56 g, 0.69 

mL, 4.42 mmol) was added to the solution under ice and dropwise over a period of 

10 mins; a precipitate was observed. The mixture was left to warm to room 

temperature and stirred overnight. Precipitate was removed by gravity filtration and 

solvent removed in vacuo. The pink/red residue was purified by column 

chromatography using silica gel as the stationary phase and 49:1 dichloromethane: 

diethyl ether mixture as eluent to yield a pink oil (0.10 g, 13 % yield). 

1
H NMR (600.132 MHz, CDCl3) δppm: 8.48 (1H, d, J18-17 = 4.86 Hz, H

18
); 7.91 (2H, 

d, J3-2 = 8.28 Hz, H
3
); 7.66 (2H, m, H

15,16
); 7.57 (1H, t, J1-2 = 7.50 Hz, H

1
); 7.40 (2H, 

t, J2-1 = 7.50 Hz, H
2
); 7.11 (1H, m, H

17
); 4.39 (2H, t, J12-13 = 6.36 Hz, H

12
); 3.06 (2H, 

t, J13-12 = 6.36 Hz, H
13

); 2.69-2.65 (2H, m, H
10

); 2.63 – 2.58, 2.45-2.40 (2H, m, H
9
); 

1.94 (3H, s, H
8
). 

13
C NMR (150.864 MHz, CDCl3) δppm: 222.23 (C

5
); 171.23 (C

11
); 159.49 (C

14
); 

149.80 (C
18

); 144.5 (C
4
); 137.1 (C

16
); 133.1 (C

1
); 128.6 (C

2
); 126.7 (C

3
); 121.0 (C

17
); 

120.0 (C
15

); 118.5 (C
7
); 62.8 (C

12
); 45.7 (C

6
); 37.2 (C

13
); 33.3 (C

9
); 29.7 (C

10
); 24.2 

(C
8
). 
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IR cm
-1

: 3049 (aryl-H stretch); 2975 (alkyl-H stretch); 2233 (C≡N stretch); 1736 

(C=O stretch); 1179 (C=S) stretch. 

HRMS (ESI +) m/z: 471.0302 [M+Na]
+
; expected 471.0300 (C20H20N2O2S4Na). 

 

Figure 2.19 NMR spectroscopic characterisation of 2-(pyridyldisulfanyl) ethyl 4-

cyano-4-(phenylcarbonothioylthio)pentanoate in CDCl3: (A) 
1
H

  
and (B) 

13
C spectra.  
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2.5.3.5 Polymerisation of N-isopropylacrylamide 

In a typical procedure N-isopropylacrylamide (0.25 g, 2.21 mmol), 2-

(pyridyldisulfanyl) ethyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate (59.0 

mg, 110.69 µmol) and 4,4’-azobis(4-cyanovaleric acid) (6.19 mg, 22.10 µmol) were 

dissolved in methanol: toluene (1:1) (4 mL) in a glass vial containing a stir bar. 

Mesitylene (100 µL) was added as an internal reference and the mixture stirred (5 

mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 

analysis. The vial was fitted with a rubber septum and degassed by bubbling with 

nitrogen gas (30 mins). The vial was then placed in an oil bath thermostated at 70 

°C. After 4 hrs the reaction mixture was opened to air and quenched in liquid 

nitrogen. An aliquot was removed and conversion determined by 
1
H NMR 

spectroscopy. The product was purified three times by precipitation from toluene 

into diethyl ether, isolated by centrifugation and dried under vacuum overnight to 

give a yellow solid. The overall monomer conversion was determined from the 
1
H 

NMR spectrum by measuring the decrease in intensity of the vinyl peaks associated 

with the monomer relative to mesitylene. Conversion (NMR): 91.7 %; Mn 

(theoretical): 2100 g.mol
-1

; Mn (SEC) 2000 g.mol
-1

; Mw/Mn (SEC): 1.18. 

 

2.5.3.6 Polymerisation of oligo(ethylene glycol) methyl ether methacrylate 

Oligo(ethylene glycol, average Mn = 300 g.mol
-1

) methyl ether methacrylate (0.92 g, 

2.3 mmol), 2-(pyridyldisulfanyl) ethyl 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoate (81.95 mg, 153.75 µmol) and 4,4’-azobis(4-cyanovaleric acid) 

(8.60 mg, 30.68 µmol) were dissolved in dioxane (3 mL) in a glass vial containing a 

stir bar. Mesitylene (100 µL) was added as an internal reference and the mixture 

stirred (5 mins). An aliquot of this starting mixture was removed for 
1
H NMR 
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spectroscopic analysis. The vial was fitted with a rubber septum and degassed by 

bubbling with nitrogen gas (30 mins). The vial was then placed in an oil bath 

thermostated at 70 °C. After 4 hrs the reaction mixture was opened to air and 

quenched in liquid nitrogen. An aliquot was removed and conversion determined by 

1
H NMR spectroscopy. The product was purified three times by precipitation from 

dioxane into diethyl ether, isolated by centrifugation and dried under vacuum 

overnight to give a waxy, yellow solid. Conversion (NMR): 89.9 %; Mn (theoretical): 

5400 g.mol
-1

; Mn (SEC) 18300 g.mol
-1

; Mw/Mn (SEC): 1.12. 

2.5.3.7 Polymerisation of oligo(ethylene glycol) methyl ether acrylate 

Oligo(ethylene glycol, average Mn = 480 g.mol
-1

) methyl ether methacrylate (0.64 g, 

1.13 mmol), 2-(pyridyldisulfanyl) ethyl 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoate (27.82 mg, 52.11 µmol) and 4,4’-azobis(4-cyanovaleric acid) 

(2.92 mg, 10.42 µmol) were dissolved in dioxane (3 mL) in a glass vial containing a 

stir bar. Mesitylene (100 µL) was added as an internal reference and the mixture 

stirred (5 mins). An aliquot of this starting mixture was removed for 
1
H NMR 

spectroscopic analysis. The vial was fitted with a rubber septum and degassed by 

bubbling with nitrogen gas (30 mins). The vial was then placed in an oil bath 

thermostated at 70 °C. After 4 hrs the reaction mixture was opened to air and 

quenched in liquid nitrogen. An aliquot was removed and conversion determined by 

1
H NMR spectroscopy. The product was purified three times by precipitation from 

dioxane into diethyl ether, isolated by centrifugation and dried under vacuum 

overnight to give a waxy, yellow solid. Conversion (NMR): 85.1 %; Mn (theoretical): 

10600 g.mol
-1

; Mn (SEC) 9600 g.mol
-1

; Mw/Mn (SEC): 1.10. 
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2.5.3.8 Polymerisation of diethyleneglycol methyl ether methacrylate 

Diethyleneglycol methyl ether methacrylate (1.04 g, 5.49 mmol), 2-

(pyridyldisulfanyl) ethyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate (0.15 

g, 281.43 µmol) and 4,4’-azobis(4-cyanovaleric acid) (15.40 mg, 54.95 µmol) were 

dissolved in dioxane (4 mL) in a glass vial containing a stir bar. Mesitylene (200 µL) 

was added as an internal reference and the mixture stirred (5 mins). An aliquot of 

this starting mixture was removed for 
1
H NMR spectroscopic analysis. The vial was 

fitted with a rubber septum and degassed by bubbling with nitrogen gas (30 mins). 

The vial was then placed in an oil bath thermostated at 70 °C. After 3 hrs the 

reaction mixture was opened to air and quenched in liquid nitrogen. An aliquot was 

removed and conversion determined by 
1
H NMR spectroscopy. The product was 

purified three times by precipitation from dioxane into diethyl ether, isolated by 

centrifugation and dried under vacuum overnight to give a waxy, yellow solid. 

Conversion (NMR): 80.4 %; Mn (theoretical): 3000 g.mol
-1

; Mn (SEC) 23000 g.mol
-

1
; Mw/Mn (SEC): 1.24.  

2.5.3.9 Polymerisation of methyl methacrylate 

Methyl methacrylate (0.52 g, 5.19 mmol), 2-(pyridyldisulfanyl) ethyl 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoate (94.70 mg, 177.67 µmol) and 

4,4’-azobis(4-cyanovaleric acid) (9.70 mg, 34.61 µmol) were dissolved in dioxane (3 

mL) in a glass vial containing a stir bar. Mesitylene (200 µL) was added as an 

internal reference and the mixture stirred (5 mins). An aliquot of this starting mixture 

was removed for 
1
H NMR spectroscopic analysis. The vial was fitted with a rubber 

septum and degassed by bubbling with nitrogen gas (30 mins). The vial was then 

placed in an oil bath thermostated at 70 °C. After 3.5 hrs the reaction mixture was 
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opened to air and quenched in liquid nitrogen. An aliquot was removed and 

conversion determined by 
1
H NMR spectroscopy. The product was purified three 

times by precipitation from dioxane into diethyl ether, isolated by centrifugation and 

dried under vacuum overnight to give a pale yellow solid. Conversion (NMR): 58.2 

%; Mn (theoretical): 1700 g.mol
-1

; Mn (SEC) 6400 g.mol
-1

; Mw/Mn (SEC): 1.38. 

2.5.3.10 Polymerisation of tert-butyl acrylate 

Tert-butyl acrylate (0.67 g, 5.23 mmol), 2-(pyridyldisulfanyl) ethyl 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoate (139.54 mg, 261.37 µmol) and 

4,4’-azobis(4-cyanovaleric acid) (14.65 mg, 52.27 µmol) were dissolved in dioxane 

(5 mL) in a glass vial containing a stir bar. Mesitylene (200 µL) was added as an 

internal reference and the mixture stirred (5 mins). An aliquot of this starting mixture 

was removed for 
1
H NMR spectroscopic analysis. The vial was fitted with a rubber 

septum and degassed by bubbling with nitrogen gas (30 mins). The vial was then 

placed in an oil bath thermostated at 70 °C. After 3 hrs the reaction mixture was 

opened to air and quenched in liquid nitrogen. An aliquot was removed and 

conversion determined by 
1
H NMR spectroscopy. The product was purified by 

precipitation once from dioxane into water and three times from THF into a 30:70 

methanol: water mixture. The solid was isolated by centrifugation and dried under 

vacuum overnight to give a waxy, yellow solid. Conversion (NMR): 91.0 %; Mn 

(theoretical): 2300 g.mol
-1

; Mn (SEC) 2500 g.mol
-1

; Mw/Mn (SEC): 1.16. 

2.5.3.11 Polymerisation of N,N-dimethylacrylamide with 2-(pyridyldisulfanyl) 

ethyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate 

N,N-dimethylacrylamide (0.55 g, 5.55 mmol), 2-(pyridyldisulfanyl) ethyl 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoate (87.12 mg, 163.18 µmol) and 
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4,4’-azobis(4-cyanovaleric acid) (9.15 mg, 32.64 µmol) were dissolved in methanol: 

toluene (1:1) (4 mL) in a glass vial containing a stir bar. Mesitylene (230 µL) was 

added as an internal reference and the mixture stirred (5 mins). An aliquot of this 

starting mixture was removed for 
1
H NMR spectroscopic analysis. The vial was 

fitted with a rubber septum and degassed by bubbling with nitrogen gas (30 mins). 

The vial was then placed in an oil bath thermostated at 70 °C. After 1.5 hrs the 

reaction mixture was opened to air and quenched in liquid nitrogen. An aliquot was 

removed and conversion determined by 
1
H NMR spectroscopy. The product was 

purified three times by precipitation from toluene into diethyl ether, isolated by 

centrifugation and dried under vacuum overnight to give a yellow solid. Conversion 

(NMR): 93.1 %; Mn (theoretical): 3000 g.mol
-1

; Mn (SEC) 2800 g.mol
-1

; Mw/Mn 

(SEC): 1.10. 

2.5.3.12 Polymerisation of N,N-dimethylacrylamide with 2-(pyridyldisulfanyl) 

ethyl 4-cyano-4-(phenylcarbonothioylthio)pentanoate 

N,N-dimethylacrylamide (0.36 g, 3.63 mmol), 2-(pyridyldisulfanyl) ethyl 4-cyano-4-

(phenylcarbonothioylthio)pentanoate (16.27 mg, 36.32 µmol) and 4,4’-azobis(4-

cyanovaleric acid) (2.04 mg, 7.26 µmol) were dissolved in methanol: toluene (1:1) 

(3.3 mL) in a glass vial containing a stir bar. Mesitylene (160 µL) was added as an 

internal reference and the mixture stirred (5 mins). An aliquot of this starting mixture 

was removed for 
1
H NMR spectroscopic analysis. The vial was fitted with a rubber 

septum and degassed by bubbling with nitrogen gas (30 mins). The vial was then 

placed in an oil bath thermostated at 70 °C. After 8 hrs the reaction mixture was 

opened to air and quenched in liquid nitrogen. An aliquot was removed and 

conversion determined by 
1
H NMR spectroscopy. The product was purified three 

times by precipitation from toluene into diethyl ether, isolated by centrifugation and 
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dried under vacuum overnight to give a pink solid. Conversion (NMR): 56.7 %; Mn 

(theoretical): 5700 g.mol
-1

; Mn (SEC) 3700 g.mol
-1

; Mw/Mn (SEC): 1.18. 

2.5.3.13 General polycondensation procedure 

Polymer with pyridyl disulfide end-group (170 mg) was dissolved in tetrahydrofuran 

(2 mL) in a Schlenk tube equipped with a stir bar and rubber septum. This solution 

was degassed by a minimum of three freeze-pump-thaw cycles. A separate solution 

containing ethanolamine (5 equivalents) and triethylamine (2 equivalents) was 

degassed by a minimum of three freeze-pump-thaw cycles. The amine solution was 

added to the polymer solution by a syringe purged with dry nitrogen, and the 

solution left to stir at room temperature for five days. After this time, the mixture had 

turned bright yellow. The polymer was purified by multiple precipitations from 

tetrahydrofuran into diethyl ether and the product isolated by centrifugation. After 

drying overnight under vacuum, a white solid was achieved. This product was then 

analysed by SEC. The same sample was also treated with tributyl phosphine (2 

drops) and re-analysed by SEC to confirm disulfide-bond presence.  

2.5.4 Assay Conditions 

2.5.4.1 General procedure for turbidimetry-monitored, glutathione-mediated 

degradation of disulfide-containing polymers 

A 5 mg.mL
-1

 stock solution of pNIPAM (theoretical Mn = 4000 g.mol
-1

) in water was 

prepared. 3 x 180 µL aliquots of this stock were transferred into three individual 

wells of a 96-well plate. The plate was left to incubate at 37 °C in the plate reader 

until all samples had precipitated out of solution. Once this had been observed, the 

plate was removed and the well volume made to 200 µL with distilled water or 

glutathione solution to give final glutathione concentrations of 0, 1 µM and 1 mM. 
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The plate was re-incubated at 37 °C and the absorbance at 650 nm recorded for a 

further 2.5 hrs. 

2.5.4.2 General procedure for SEC evaluation of glutathione-mediated 

degradation 

Polycondensed pNIPAM (theoretical Mn = 40000 g.mol
-1

, 16 mg) was dissolved in 

distilled water (3.96 mL) in a glass vial (vial A). 1.98 mL of this stock solution was 

transferred to a separate vial (vial B). To vial A, 20 µL of a 100 µM glutathione 

solution was added, and to vial B 20 µL of a 100 mM glutathione solution to give 

final concentrations of 1 µM and 1 mM respectively. Both vials were left to stir at 

ambient conditions with a 4 mg aliquot removed after 24 and 72 hrs. Aliquots were 

freeze-dried and subsequently analysed by SEC (DMF). 
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Chapter 3 

3. Glutathione-Triggered Disassembly of 

Isothermally Responsive Polymer 

Nanoparticles Obtained by 

Nanoprecipitation of Hydrophilic Polymers  

3.1 Chapter Summary 

The encapsulation and selective delivery of therapeutic compounds within polymeric 

nanoparticles offers hope for the treatment of a variety of diseases. Traditional 

approaches to trigger selective cargo release typically rely on polymer degradation 

which itself is a nonspecific process. In this report, we prepare nanoparticles from 

thermoresponsive polymers with a ‘solubility release catch’ at the chain-end. This 

release catch is exclusively activated in the presence of intracellular glutathione, 

triggering an ‘isothermal’ response and promoting a change in polymer solubility. 

This solubility switch leads to specific and rapid nanoparticle disassembly, release of 

encapsulated cargo and produces completely soluble polymeric side-products.  
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3.2 Introduction 

The application of polymeric nanoparticles for the delivery of therapeutic 

compounds exhibiting poor pharmacological profiles (e.g. low solubility and high 

toxicity) holds exciting promise for the treatment of many diseases, particularly 

cancer.
1-5

 Nanomedicine approaches should enable improved patient compliance by 

reducing side-effects and administration frequency. To achieve this aim it is 

preferable that the nanoparticles can release their cargo specifically at the site of 

action (normally in the cytosol). Typical release mechanisms include the GFLG 

peptide sequence, which is sensitive to lysosomal cathepsins,
6
 or more commonly 

the degradation of main-chains or cross-links within the constituent polymers.
7
 Ester 

and amide linkages are routinely employed for this purpose as they slowly hydrolyse 

in biological milieu with the assistance of ester-/peptid-ases. For example, Harth and 

co-workers have reported cross-linked polyesters with potential for intracellular 

delivery.
8, 9

 These particles have been used to entrap high concentrations of 

hydrophobic therapeutics whilst displaying linear degradation characteristics 

dependent on their crystallinity. When functionalised with a targeting peptide, these 

particles were used successfully to deliver paclitaxel to tumours exposed to ionising 

radiation.
10

 Yang et al. reported the use of polyester/DNA nanoparticles to deliver 

the gene for vascular endothelial growth factor into stem cells to promote limb 

growth in mice,
11

 and Palamoor and Jablonski exploited the gradual degradation of 

poly(orthoesters) for ocular applications, achieving delivery of epinephrine over a 

period of several months.
12

  

Perhaps the most appealing feature of polyesters is for sustained (slow) release 

applications. For example, cross-linked polyester nanoparticles required ~ 10 days to 
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degrade by 82.5 % in the best case,
8
 whilst emulsion-derived polyesters degraded by 

only ~ 50 % after several months.
13

 However, the non-specific degradation 

mechanism of such functionality poses two challenges: unwanted, non-specific cargo 

leaching of targeted delivery agents, and the generation of acidic side-products due 

to ester hydrolysis.
14, 15

 For instance, the generation of acid within degrading 

microparticles of poly(lactic-co-glycolic acid) led to regions with a pH as low as 1.5 

after several days.
16

 An alternative degradable linkage is the disulfide bond which is 

sensitive to the primary in vivo reducing agent glutathione (GSH). GSH is attractive 

given the 1000-fold concentration differential between intra- and extracellular 

environments.
17

 This gradient has been exploited to ensure nanocarriers are stable in 

the circulation, but rapidly disassemble in the intracellular environment.
18-21

 Zhong 

and co-workers compared the rate of doxorubicin release from poly(ethyleneglycol)-

block-poly(caprolactone) micelles with and without a disulfide linker in a reducing 

environment. Complete drug release from the disulfide-containing micelles occurred 

after 10 hrs whilst only 20 % doxorubicin was released via ester hydrolysis from the 

non-disulfide containing structures, highlighting the advantage of bioreduction over 

ester hydrolysis when rapid release is desirable.
22, 23

 However, introduction of 

disulfide linkages between two distinct polymer blocks typically requires 

macromolecular coupling reactions which are not always efficient and require 

extensive purification.
22

 We have previously incorporated a disulfide linkage into 

thermoresponsive polymers whereby the lower critical solution temperature (LCST) 

can be modulated in response to intracellularly-relevant concentrations of GSH. This 

enabled the soluble-insoluble transition associated with an LCST to be manipulated 

using biochemical triggers rather than temperature changes, an “isothermal” 

transition.
24-27

 Other examples of isothermal responses include the use of salt 
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gradients,
28

 redox-active spin labels
29

 and bacterial binding,
30

 the key advantage of 

which is that known responsive polymers can be easily modified to initiate complex 

responses under more biologically relevant conditions. 

The incorporation of redox and thermally responsive components into nanoparticles 

via complex block copolymer self-assembly can be synthetically challenging. 

However, nanoprecipitation (or interfacial deposition) has emerged as a facile 

alternative for the preparation of nanoparticles requiring only a hydrophobic 

polymer. To process polymers in this way, two methodologies are generally 

employed: (i) Dialysis of polymer solvent against non-solvent and (ii) dropwise 

addition of polymer solution to the non-solvent. The latter method is particularly 

useful when using volatile solvents that can be removed by simple evaporation 

whilst dialysis may be better where less volatile solvents are concerned (Figure 

3.1).
31

  

 

Figure 3.1 Nanoprecipitation as a route towards nanoparticle preparation using: (A) 

Dialysis and (B) dropping methods.
31

  

Applications of this technique, which generally describe the precipitation of a 

dissolved material following exposure to a miscible non-solvent, have been prevalent 

for decades. The polyolefin industry has, for example, used nanoprecipitation as an 

effective tool for purifying synthetic polyolefins from the reaction solvent in a 
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simpler, lower energy process to the otherwise extensive heating (sometimes under 

vacuum) that was required.
32

 It was however in the late 1980’s that Fessi et al. 

patented the nanoprecipitation technique as a means of preparing dispersible 

colloidal systems of a polymeric substance in the form of nanoparticles, exemplified 

by their report describing the preparation of indomethacin-loaded nanocapsules of 

poly(lactide).
33, 34

 Today, nanoprecipitation enables the processing of nanoparticles 

from polymeric starting materials quickly and easily with control over particle size 

and cargo molecule loading.
35, 36

 Typically however, hydrophobic polymers or at 

least the need for polymers containing significant hydrophobic portions has 

essentially constrained this technique to the likes of functionalised-dextrans,
37

 

poly(esters)
38, 39

 plus some examples of poly(styrenes)
36, 40, 41

 and amphiphilic co-

polymers.
42

  

Here, nanoparticles are prepared from hydrophilic, thermoresponsive polymers 

containing a disulfide-linked ‘solubility release catch’ at their chain-end by the 

nanoprecipitation technique. This release catch is designed to promote rapid 

nanoparticle disassembly and cargo release upon encountering intracellular levels of 

GSH. Furthermore, reduction of the end-group switches the material’s LCST 

rendering the polymer and resulting by-products fully hydrophilic. 
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3.3 Results and Discussion 

It was reasoned that thermoresponsive polymers displaying an LCST could be used 

to prepare particles via nanoprecipitation if they were held above their transition 

temperature. Furthermore, by introducing a redox-responsive chain-end ‘solubility 

release catch’ to generate an isothermal response, it should be possible to programme 

the polymer such that its LCST increases in the presence of intracellular GSH. This 

will allow the particle solubility to switch, triggering disassembly and cargo release 

using only end-group reduction events rather than random degradation of the 

polymer backbone. Ultimately, the released polymer will be hydrophilic and of 

sufficiently low molecular weight to be removed by renal elimination, without the 

need for further polymer degradation (Figure 3.2). 

 

Figure 3.2 Isothermal disassembly concept: Glutathione reduction of the disulfide 

end-group shifts the LCST to induce a solubility switch and triggers cargo release. 

In this study poly(N-isopropylacrylamide), pNIPAM, was selected as the responsive 

polymer given its strong shift in cloud point (measurable property of the LCST) 

upon polymer end-group modification provides the desired ‘solubility release 
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catch’.
24, 25, 30

 PNIPAM-1 was prepared using the Reversible Addition-

Fragmentation Chain Transfer (RAFT) methodology and the pyridyl disulfide (PDS) 

end-group installed using a pre-functionalised chain transfer agent (Scheme 3.1, 

Table 3.1). The polymer was characterised by SEC (Figure 3.3A), turbidimetry 

(Figure 3.3B) and 
1
H NMR spectroscopy (Figure 3.3C). The latter confirmed the 

successful installation of the pyridyl disulfide α-end-group, as seen by peaks at 7.7 

and 8.5 ppm corresponding to the aromatic protons, and the trithiocarbonate ω-end-

group given the peak at 0.85 ppm corresponding to the terminal methyl group. 

 

 

Scheme 3.1 Synthesis of pNIPAM-1: Pyridyl disulfide end-group installed using a 

pre-functionalised RAFT chain transfer agent. 

 

Table 3.1 Characterisation of pNIPAM-1. 

Polymer
a 

[NIPAM]: 

[CTA] 

Conversion
 
 

(%)
b 

Mn, Theo 

(g.mol
-1

)
b 

Mn,SEC
 

(g.mol
-1

)
c 

Mw/Mn
c
 

 
CP (°C)

d 

pNIPAM-1 488:1 73.3 40500 25400 1.24 31.5  

a
NIPAM = N-isopropylacrylamide,

 b
Determined by 

1
H NMR spectroscopy relative to 

an internal standard (mesitylene); 
c
Determined by SEC (DMF inc. 5 mM NH4BF4) 

relative to PMMA standards; 
d
CP = Cloud Point at polymer concentration of 0.5 

mg.mL
-1

. 
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Figure 3.3 Characterisation of pNIPAM-1: (A) SEC Characterisation using DMF 

inc. 5 mM NH4BF4 as eluent, relative to PMMA standards; (B) Turbidimetry 

analysis and (C) 
1
H NMR spectrum in CDCl3. 

PNIPAM-1 with Mn = 25,400 g.mol
-1

, Mw/Mn = 1.24 and cloud point ~ 32 °C was 

dissolved in acetone (1 mg.mL
-1

) and added dropwise into water at 50 °C to give a 

pale blue, opalescent suspension, indicative of nanoparticle formation. Dynamic light 

scattering (DLS) at 50 °C revealed nanoparticles with an average hydrodynamic 

diameter of 197 nm (polydispersity 0.2, Figure 3.4A) and demonstrated colloidal 

stability for 7 days without aggregation. To further characterise these particles, 
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transmission electron microscopy (TEM) was initially employed. Whilst the 

occasional particle was observed, the vast majority of structures resembled 

amorphous polymer material (Figure 3.4B). This observation was speculated to be a 

result of the drying involved in this technique during which time, the temperature of 

the particles will have decreased below their cloud point prompting re-solubilisation.  

 

Figure 3.4 Characterisation of nanoparticles prepared from pNIPAM-1: (A) 

Dynamic light scattering and (inset) example cryo-TEM image; (B) TEM image. 

Hence, for the particles to be imaged properly, we determined the sample must be 

held above the polymer cloud point to maintain its hydrophobicity. Cryogenic 

transmission electron microscopy (cryo-TEM) with rapid vitrification was therefore 

used. Cryo-TEM takes a snapshot of the system in its “real” state by rapidly cooling 

(vitrifying) the system, thus eliminating any sample deformation or destruction 

possible upon sample drying.
43

 This technique enabled the structural integrity of our 

particles to be maintained and imaging revealed a number average particle size 

(determined using ImageJ software) of 138 nm. An example cryo-TEM image 

together with the particle size is included in Figure 3.4A for ease of comparison 

whilst a greater selection of the cryo-TEM images recorded is shown in Figure 3.5A.  

As each individual image contained relatively few nanoparticles, data analysis was 

performed using multiple images (Figure 3.5B). The particle sizes by both DLS and 
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cryo-TEM were in broad agreement. Differences in particle size between the two 

techniques may be rationalised by considering the average particle size provided by 

cryo-TEM is a number average compared to the z-average (i.e. intensity weighted 

harmonic mean size) provided by DLS. Moreover the swelling of particles dispersed 

in the solvent of analysis is also possible.  

It is also worth noting that although no work designed to tune the size of these 

particles was undertaken here, there are multiple reports on the influence of various 

factors on the size of particles produced by the nanoprecipitation technique. Legrand 

et al. found the choice of good solvent affected the particle sizes obtained from 

linear poly(DL-lactic acid): Smaller particles were always produced when the 

polymer was initially dissolved in acetone compared to THF as a result of its 

increased polarity.
44

 Kissel and co-workers made a similar observation in the 

aqueous nanoprecipitation of poly(lactic-co-glycolic acid), PLGA, using acetone, 

acetonitrile and THF as good solvents. Particles from acetone and acetonitrile 

produced particles of similar size whilst when THF was used, significantly larger 

particles were produced. This observation was accounted for by the lower diffusion 

coefficient and higher viscosity of THF resulting in slower solvent diffusion and 

hence larger nanoparticles.
45

 Concentration is also an important factor with larger 

particles routinely observed at higher concentrations of the starting polymer solution 

as this increased solution viscosity, lowering velocity of diffusion and maintaining a 

higher ratio of polymer molecules to solvent molecules.
46, 47

 The ability to control 

nanoparticle synthesis using modern technology platforms such as microfluidics has 

also been demonstrated by Farokhzad and co-workers who were able to tune the 

particle size of a PLGA-b-PEG copolymer in acetonitrile/water by altering the flow 

rate.
48

  



110 
 

 

Figure 3.5 (A) Cryo-TEM images of nanoparticles prepared from pNIPAM-1. Some 

discontinuity was noticed in the ice layer which has been previously attributed to 

over blotting;
49

 (B) Particle size (Dn determined using ImageJ) analysis of 

nanoparticles prepared from pNIPAM-1. The size distribution can be used to 

determine Dw (∑D
2
/∑D) = 168 nm or Dz (∑D

6
/∑D

5
) = 281 nm size averages which 

are more appropriate for comparison with the DLS result of DH = 200 nm. 
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To ensure that the resulting particles retained the intrinsic thermo-responsiveness of 

their constituent polymer, temperature-dependent DLS was conducted (Figure 3.6). 

As the nanoparticles were cooled from 50 to 20 °C a decrease in scattering intensity 

(count rate) was observed indicating disassembly of the particles. This was also 

confirmed by the visual change from an opalescent suspension to a colourless 

solution. An overlay of this DLS data with turbidimetric analysis of pNIPAM-1 

indicated that disassembly correlated with the cloud point of the polymer. 

 

Figure 3.6 Thermal disassembly of nanoparticles (black, DLS) and turbidimetry data 

of linear pNIPAM-1 (red). Concentration = 0.5 mg.mL
-1

.  

The principal aim of this study was to evaluate whether the nanoparticles would 

specifically disassemble in response to intracellular levels of GSH via reduction of 

the PDS solubility release catch. To verify a GSH-induced physical response, the 

nanoparticles were held at 50 °C, GSH was added at 10 μM (extracellular) or 1 mM 

(intracellular) and the particle size measured. Addition of 10 µM GSH showed no 

changes visually, or by DLS. In contrast, addition of 1 mM GSH resulted in rapid 
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precipitation of the nanoparticles and a significant increase in the particle size to ca. 

1.5 microns (Figure 3.7). It should be noted that this experiment is not intended to 

mimic in vivo conditions, but to demonstrate the concept of isothermal disassembly. 

Hence, aggregation is observed as the experimental temperature, which is above the 

cloud point of both the original and GSH-modified polymer (Table 3.1), means the 

resulting disassembled polymer chains exist in a globular conformation. Further 

exemplification under more physiological conditions leading to dissolution of the 

polymers is described later (vide infra). 

 

Figure 3.7 DLS-monitored, GSH-triggered disassembly of nanoparticles prepared 

from pNIPAM-1: Temperature = 50 °C; line of best fit shown as solid curve (inset: 

nanoparticle appearance following GSH addition). 

A fluorescent probe, diphenylhexatriene (DPH), was encapsulated in the particle by 

co-precipitation as a model cargo. DPH only fluoresces in hydrophobic 

environments allowing direct observation of its release into an aqueous 
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environment.
50

 Addition of up to 10 µM GSH caused no decrease in fluorescence 

intensity, with the slight increase observed attributable to evaporation given the 

elevated (50 °C) temperatures being used. Addition of 1 mM GSH led to an almost 

immediate decrease in fluorescence intensity demonstrating that particles assembled 

from thermoresponsive polymers are capable of releasing a cargo in response to a 

biochemical stimulus (Figure 3.8). The observed release agreed with DLS data and 

confirmed the polymer phase transition as the trigger. Release was both specific, yet 

significantly faster than that observed with disulfide-linked micelles which required 

over 10 hrs
7
 or 40 hrs

51
 to release their cargo. We believe the fast release kinetics 

may be due to the co-operative nature of pNIPAM’s LCST; if a small fraction of the 

polymer chains undergo an increase in their LCST (due to bioreduction), then the 

LCST of those remaining is also raised, facilitating disassembly.
52

 This co-operative 

LCST behaviour is not found with all thermoresponsive polymers, such as 

poly[oligo (ethyleneglycol)methacrylates], highlighting the importance of the choice 

of pNIPAM. Other polymers with co-operative LCST behaviour include elastin-side 

chain poly(methacrylates)
53

 and poly(N-vinyl lactams). The observation may also be 

explained by considering the location of encapsulated material in different 

nanoparticle structures. For example, cross-linked micelles contain hydrophobic 

cargo within the core. In our particles however, we expect the cargo molecules to be 

diffusely spread throughout the structure, meaning cargo release occurs as soon as 

the outer polymers pass through their phase transition.  
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Figure 3.8 GSH-triggered disassembly of cargo-loaded nanoparticles prepared from 

pNIPAM-1: Fluorescence change of DPH-containing nanoparticles incubated with 

GSH. 

GSH contains two functional groups capable of potentially altering the structure of a 

RAFT-derived polymer: (i) reduction of the pyridyl disulfide α-end-group by the 

cysteine residue and (ii) aminolysis of the trithiocarbonate ω-end-group by the 

glutamic acid residue (Scheme 3.2). The latter reaction seems unlikely given the 

likelihood of GSH existing as a zwitterion in aqueous solutions whereby the amino 

group will be protonated (pKa (NH2) = 8.75) and rendered non-nucleophilic. 

However, to confirm that the isothermal particle disassembly process was triggered 

solely by the reduction reaction, additional UV-visible spectrophotometry 

experiments were performed. UV-Visible spectra of pNIPAM-2 and pNIPAM-3, 

two polymers of similar molecular weights containing a trithiocarbonate end-group 

and either a tert-butyl carbamate (pNIPAM-2) or pyridyl disulfide (pNIPAM-3) 
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end-group (Table 3.2, Figure 3.9), were obtained as a function of GSH 

concentration, at the same concentration (0.5 mg.mL
-1

) at which the particles were 

prepared.  

 

Scheme 3.2 Potential reactions of glutathione with RAFT-derived pNIPAM: 

Aminolysis (top) or disulfide reduction (bottom). Inset: Chemical structure of 

glutathione. 

 

Table 3.2 Characterisation of polymers used for UV-Visible spectrophotometry 

experiments. 

Polymer
a 

[M]:[CTA] Conversion (%)
b 

Mn(th) 

(g.mol
-1

)
b
  

Mn(SEC) 

(g.mol
-1

)
c 

Mw/Mn
c 

pNIPAM-2 237:1 80.0 21500 18000 1.13 

pNIPAM-3 450:1 27.4 14000 19200 1.19 

a
NIPAM = N-isopropylacrylamide; 

b
Determined by 

1
H NMR spectroscopy relative 

to an internal standard (mesitylene); 
c
Determined by SEC (DMF inc. 5 mM NH4BF4) 

relative to PMMA standards. 



116 
 

 

Figure 3.9 SEC Characterisation of pNIPAM-2/3.  

 

The trithiocarbonate end-group and pyridine thione (by-product of the reaction of a 

thiol with pyridyl disulfide, Scheme 3.3) have distinct peaks in the UV-visible 

spectrum (λmax = 309 nm and 343 nm respectively) providing a useful tool for 

determining the nature of the interaction between polymer and GSH.  

 

Scheme 3.3 Thiol-disulfide exchange reaction between a thiol and pyridyl disulfide 

to yield a mixed disulfide and pyridine thione. 

At all concentrations of GSH there was no significant change in absorbance at 309 

nm for either polymer after 1 hour indicating that the trithiocarbonate end-group is 

stable to aqueous solutions of GSH. The small increase in absorbance at 309 nm 

observed in Figure 3.10 can be attributed to the release of pyridine thione, whose 

spectrum exhibits some absorbance overlap with that of the trithiocarbonate. Spectra 

obtained after 20 hrs revealed no additional change. 
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Figure 3.10 UV-visible spectra as a function of GSH concentration of (A) 

pNIPAM-2 and (B) pNIPAM-3. Concentration = 0.5 mg.mL
-1

.  

The motivation for using an isothermally responsive polymer nanoparticle, as 

opposed to a conventional hydrophobic polymer, lies in the solubility switch 

observed upon end-group bioreduction. PNIPAM-1 had an LCST ~ 32 °C which is 

not suitable for in vivo applications therefore statistical copolymers of NIPAM and 

N-hydroxyethyl acrylamide (HEA) were prepared and their thermoresponsivity 

measured (Table 3.3, Figure 3.11).  
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Table 3.3 Characterisation of pNIPAM-co-HEA samples prepared in this study. 

Polymer
a 

[NIPAM]: 

[HEA]: 

[CTA] 

Conversion 

(%)
b 

Mn(th) 

(g.mol
-1

)
d 

Mn(SEC)
 

(g.mol
-1

)
e 

Mw/Mn
e
 

 

CP: 0  

(1 mM) 

GSH 

(°C)
f 

pNIPAM98

-co-HEA2 

439:9:1 84.8/Nd
c 

- 60300 1.31 33.5 (-) 

pNIPAM95

-co-HEA5 

404:21:1 79.9/89.2 38700 56900 1.31 35.3 (37.1) 

pNIPAM90

-co-HEA10 

407:45:1 76.1/88.8 39600 45600 1.25 38.2 (39.3) 

a
NIPAM = N-isopropylacrylamide, HEA = N-Hydroxyethylacrylamide;

 b
x/y = % 

conversion NIPAM/HEA; 
c
Nd = Not determined due to low intensity of NMR peaks 

preventing quantitative determination; 
d
Determined by 

1
H NMR spectroscopy 

relative to an internal standard (mesitylene); 
e
Determined by SEC (DMF inc. 5 mM 

NH4BF4) relative to PMMA standards; 
f
CP = Cloud Point at polymer concentration 

of 0.5 mg.mL
-1

 in 0 (1 mM) GSH solution. 

 

 

 

Figure 3.11 SEC Characterisation of pNIPAM-co-HEA.  
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It is well established that the overall LCST of a system can be increased and 

decreased by the incorporation of hydrophilic or hydrophobic co-monomers 

respectively.
54, 55

 In this case, the co-polymerisation of NIPAM with increasing 

proportions of the hydrophilic monomer HEA led to an increase in cloud point from 

33.5 °C to 35.2 °C to 38.2 °C as the mol% of HEA in the polymerisation mixture 

increased from 2 % to 5 % to 10 %. Importantly, the co-polymerisation of a 95:5 

mol% NIPAM:HEA produced a polymer with a cloud point which, when reduced 

with 1 mM GSH, increased to 37 °C. Nanoparticles with diameter ~ 200 nm were 

then produced following the nanoprecipitation method used previously. Example 

cryo-TEM images (Figure 3.12A) and DLS data (Figure 3.12B) for these 

nanoparticles are shown below. Note that there were not enough particles seen to 

plot a histogram in this case. Furthermore, the smaller objects seen in Figure 3.12A 

are crystalline ice contamination on the surface of the vitrified ice layer in which the 

200 nm particles are embedded. 

 

Figure 3.12 (A) Cryogenic Transmission Electron Microscopy (magnification = 

20000x) and (B) Dynamic Light Scattering of nanoparticles prepared from 

pNIPAM95-co-HEA5.  
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Like the homopolymer, nanoparticles based on the co-polymer were found to be 

stable at 37 °C in the presence of 10 µM GSH, the extracellular concentration. 

Increasing the GSH concentration to 1 mM (as found in many intracellular 

compartments) resulted in particle disassembly (blue suspension to colourless 

solution) and dye release experiments showed quenching of DPH fluorescence 

(Figure 3.13). This observation demonstrates that by fine-tuning the polymer 

structure and hence transition temperature, isothermal disassembly can be employed 

to trigger cargo release from nanoparticles specifically in response to biochemical 

triggers. We anticipate that this concept could also be translated to degradable 

thermoresponsive polymers such as elastin-based peptides
56

 or 

poly(phosphoesters).
57

  

 

Figure 3.13 Turbidimetric response of linear p(NIPAM95-co-HEA5) with and 

without addition of 1 mM GSH. Inset: Visual change in the fluorescence of 

nanoparticles (37 °C), before and after addition of 1 mM GSH. Fluorescence change 

is due to DPH release and quenching. 
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3.4 Conclusions 

To summarise, this chapter demonstrates the use of isothermally responsive 

polymers which are capable of shifting their phase behaviour upon the application of 

the specific biochemical stimulus glutathione. Nanoparticles were formed by holding 

pNIPAM above its transition temperature allowing the use of nanoprecipitation; a 

method typically associated with hydrophobic polymers. The nanoparticles were 

shown to specifically disassemble and release a cargo upon exposure to intracellular 

levels of glutathione with complete release in around 30 mins. The fast, but highly 

specific release kinetics offers a significant advantage over other reducible carriers 

such as micelles. Importantly the particles were stable for extended periods in the 

presence of circulatory-levels of glutathione which is essential for a disulfide-linked 

delivery system where cargo leaching is undesirable. The mechanism of disassembly 

was shown to be due to the isothermal phase transition of the pNIPAM, caused by 

rapid and selective cleavage of the disulfide-linked end-group. The ability to tune 

this transition temperature using simple co-polymerisation methodologies was also 

demonstrated to generate responses at physiological temperatures. This report 

represents a powerful strategy to generate nanoparticles from hydrophilic polymers, 

without the need for cross-linking or block copolymers. Furthermore, these 

structures can be tuned to trigger release in response to specific cellular stimuli 

without requiring a non-specific polymer degradation step. Future work will include 

the in vitro assessment of the nanoparticles as drug delivery vehicles and the 

incorporation of degradable/targeting functionalities into the polymer main-chain. 
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3.5 Experimental 

3.5.1 Materials 

All chemicals were used as supplied unless stated. Methanol, hexane, ethyl acetate, 

dichloromethane, toluene, acetone, 40-60 °C petroleum ether, tetrahydrofuran, 

diethyl ether and glacial acetic acid (analytical reagent grade) were all purchased 

from Fisher Scientific at laboratory reagent grade unless otherwise stated. Deuterated 

chloroform (99.9 atom % D), aldrithiol-2 (98.0 %), 2-mercaptoethanol (≥ 99.0 %), 

dodecane thiol (≥ 98.0 %), 2-(boc-amino) ethanethiol (97.0 %), tribasic potassium 

phosphate (reagent grade, ≥ 98.0 %), carbon disulfide, 2-bromo-2-methylpropionic 

acid (98.0 %), benzyl bromide (98.0 %), 4-dimethylaminopyridine (≥ 99.0 %), N,N’-

diisopropylcarbodiimide (99.0 %), N-isopropylacrylamide (97.0 %), N-hydroxyethyl 

acrylamide (97.0 %), mesitylene (analytical standard), glutathione (99.0 % reduced) 

and 1,6-diphenyl-1,3,5-hexatriene (98.0 %) were all purchased and used as received 

from Sigma-Aldrich. Hydroxyethyl pyridyl disulfide, 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid and 2-(pyridyldisulfanyl) 

ethyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate were synthesised as 

described in Chapter 2. 
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3.5.2 Analytical Methods 

NMR spectroscopy (
1
H, 

13
C) was conducted on a Bruker DPX-400, Bruker DRX-

500, a Bruker AV III-600 or a Bruker AV II-700 spectrometer. Deuterated 

chloroform was used with all chemical shifts reported in ppm (δ) relative to that 

solvent.  

High resolution mass spectra were recorded on a Bruker Electrospray Ultra-High 

Resolution tandem TOF mass spectrometer using electrospray ionization (ESI) in 

positive mode on samples prepared in methanol. FTIR spectra were acquired using a 

Bruker Vector 22 FTIR spectrometer with a Golden Gate diamond attenuated total 

reflection cell. A total of 64 scans were collected on samples in their native (dry) 

state. UV-visible spectra were obtained using an Agilent Cary 60 UV-visible 

spectrophotometer at a “medium” scan-speed.  

SEC analysis was performed on a Varian 390-LC MDS system equipped with a PL-

AS RT/MT autosampler, a PL-gel 3 µm (50 × 7.5 mm) guard column, two PL-gel 5 

µm (300 × 7.5 mm) mixed-D columns using DMF with 5 mM NH4BF4 at 50 °C as 

the eluent at a flow rate of 1.0 mL.min
-1

. The GPC system was equipped with 

ultraviolet (UV) (set at 280 nm) and differential refractive index (DRI) detectors. 

Narrow molecular weight PMMA standards (200 - 1.0 × 10
6
 g.mol

-1
) were used for 

calibration using a second order polynomial fit.  

The cloud points were measured using an Optimelt MPA100 system (Stanford 

Research Systems). The recorded turbidimetry curve was normalised between values 

of 0 and 1. The cloud point was defined as the temperature corresponding to a 

normalised absorbance of 0.5. A polymer concentration of 0.5 mg.mL
-1 

and a 

constant heating rate of 1 °C.min
-1 

were used for all experiments.  
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Fluorescence measurements were performed using a Biotech Synergy HT and 

processed using the Gen5 software package version 1.11. 

Particle size analysis was determined by Dynamic Light Scattering using a Malvern 

Zetasizer Nano ZS instrument. A 4 mW He-Ne 633 nm laser module was used and 

scattered light was measured at 173° (back scattering). The attenuator and position 

were selected automatically by the instrument.  

For Transmission Electron Microscopy, images were obtained on a JEOL 2000fx 

microscope, 200 kV, LaB6 instrument operated with a beam current of ~115 mA; 

images were captured using a Gatan Orius 11 megapixel camera.  Samples were 

prepared by applying a small volume (typically 4 µL) of sample to a GO-TEM grid
43

 

held with a pair of tweezers. The water was wicked away with a piece of filter paper 

and the grid left to dry. 

Cryogenic Transmission Electron Microscopy samples (0.5 mg/mL in water) were 

examined using a Jeol 2010F TEM operated at 200 kV and imaged using a 

GatanUltrascan 4000 camera. Images were captured using Digital Micrograph 

software (Gatan). A 3 µL droplet of the sample solution held at 50 °C was rapidly 

transferred to a holey carbon-coated copper grid, and the grid was blotted to remove 

excess solution. Subsequently, the grid was plunged into liquid ethane to vitrify the 

sample. The temperature of the cryogenic stage was maintained below -170 °C, 

using liquid nitrogen, during imaging. Where appropriate, particle size analysis was 

performed using ImageJ version 1.48a. 
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3.5.3 Procedures 

3.5.3.1 Synthesis of benzyl 2-[(tert-butoxycarbonyl)amino]ethyl trithiocarbonate 

2-(Boc-amino)ethanethiol (1.00 g, 0.95 mL, 5.64 mmol) was added dropwise to a 

stirred suspension of tribasic potassium phosphate (1.32 g, 6.21 mmol) in acetone 

(20 mL) over 25 mins. Carbon disulfide (1.29 g, 1.02 mL, 16.94 mmol) was added 

and the solution turned bright yellow. After stirring for 10 mins benzyl bromide 

(0.97 g, 0.67 mL, 5.64 mmol) was added. After stirring for 16 hrs, the solvent was 

removed under reduced pressure and the residue was purified by column 

chromatography on silica using a 40 – 60 °C petroleum ether – ethyl acetate gradient 

to yield a bright yellow solid (1.20 g, 62 %).  

1
H NMR (700.134 MHz, CDCl3) δppm: 7.29 - 7.37 (5H, m, H

10-12
); 4.84 (1H, s, br., 

H
4
); 4.64 (2H, s, H

8
); 3.57 (2H, t, J6-5 = 6.44 Hz, H

6
); 3.46 (2H, t, J5-6 = 6.44Hz, H

5
); 

1.47 (9H, s, H
1
). 

13
C NMR (176.008 MHz, CDCl3) δppm: 223.3 (C

7
); 155.9 (C

3
); 135.0 (C

9
); 129.4, 

128.9, 128.0 (C
10-12

); 79.9 (C
2
); 41.8 (C

8
); 39.3 (C

5
); 36.7 (C

6
); 28.5 (C

1
). 

FTIR cm
-1

: 3368 (N-H stretch); 2975, 2922, 2873 (Alkyl C-H stretch); 1681 (C=O 

stretch); 1523 (Aryl C=C stretch); 1070 (C=S stretch).  

HRMS (ESI +) m/z: 366.0623 [M+Na]
+
; expected 366.0627 (C15H21NO2S3Na). 
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Figure 3.14 NMR spectroscopic characterisation of benzyl 2-[(tert-

butoxycarbonyl)amino]ethyl trithiocarbonate: A) 
1
H NMR and B) 

13
C NMR spectra.  
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3.5.3.2 Polymerisation of N-isopropylacrylamide using 2-(pyridyldisulfanyl) 

ethyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate 

In a typical procedure N-isopropylacrylamide (2.16 g, 19.09 mmol), 2-

(pyridyldisulfanyl) ethyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate 

(20.90 mg, 39.15 µmol) and 4,4’-azobis(4-cyanovaleric acid) (1.79 mg, 6.39 µmol) 

were dissolved in methanol: toluene (1:1) (4 mL) in a glass vial containing a stir bar. 

Mesitylene (100 µL) was added as an internal reference and the mixture stirred (5 

mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 

analysis. The vial was fitted with a rubber septum and degassed by bubbling with 

nitrogen gas (30 mins). The vial was then placed in an oil bath thermostated at 70 

°C. After 3 hrs the reaction mixture was opened to air and quenched in liquid 

nitrogen. An aliquot was removed and conversion determined by 
1
H NMR 

spectroscopy. The product was purified three times by precipitation from 

tetrahydrofuran into cold diethyl ether, isolated by centrifugation and dried under 

vacuum overnight to give a pale yellow solid. The overall monomer conversion was 

determined from the 
1
H NMR spectrum by measuring the decrease in intensity of the 

vinyl peaks associated with the monomer relative to mesitylene. Conversion (NMR): 

73.3 %; Mn (theoretical): 40500 g.mol
-1

; Mn (SEC) 25400 g.mol
-1

; Mw/Mn (SEC): 

1.24. 

 

3.5.3.3 Polymerisation of (N-isopropylacrylamide) using benzyl 2-[(tert-

butoxycarbonyl)amino]ethyl trithiocarbonate 

N-isopropylacrylamide (1.00 g, 8.84 mmol), benzyl 2-[(tert-

butoxycarbonyl)amino]ethyl trithiocarbonate (12.80 mg, 37.26 µmol) and 4,4’-

azobis(4-cyanovaleric acid) (2.10 mg, 7.49 µmol) were dissolved in methanol: 
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toluene (1:1) (4 mL) in a glass vial containing a stir bar. Mesitylene (200 µL) was 

added as an internal reference and the mixture stirred (5 mins). An aliquot of this 

starting mixture was removed for 
1
H NMR spectroscopic analysis. The vial was 

fitted with a rubber septum and degassed by bubbling with nitrogen gas (30 mins). 

The vial was then placed in an oil bath thermostated at 70 °C. After 1.5 hrs the 

reaction mixture was opened to air and quenched in liquid nitrogen. An aliquot was 

removed and conversion determined by 
1
H NMR spectroscopy. The product was 

purified three times by precipitation from tetrahydrofuran into cold diethyl ether, 

isolated by centrifugation and dried under vacuum overnight to give a pale yellow 

solid. The overall monomer conversion was determined from the 
1
H NMR spectrum 

by measuring the decrease in intensity of the vinyl peaks associated with the 

monomer relative to mesitylene. Conversion (NMR): 80.0 %; Mn (theoretical): 

21500 g.mol
-1

; Mn (SEC) 18000 g.mol
-1

; Mw/Mn (SEC): 1.13. 

 

3.5.3.4 Co-polymerisation of N-isopropylacrylamide and N-

hydroxyethylacrylamide 

In a typical procedure N-isopropylacrylamide (1.25 g, 11.05 mmol), N-hydroxyethyl 

acrylamide (66.7 mg, 579.35 µmol), 2-(pyridyldisulfanyl) ethyl 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoate (14.5 mg, 27.16 µmol) and 4,4’-

azobis(4-cyanovaleric acid) (2.50 mg, 8.92 µmol) were dissolved in methanol: 

toluene (1:1) (2.7 mL) in a glass vial containing a stir bar. Mesitylene (200 µL) was 

added as an internal reference and the mixture stirred (5 mins). An aliquot of this 

starting mixture was removed for 
1
H NMR spectroscopic analysis. The vial was 

fitted with a rubber septum and degassed by bubbling with nitrogen gas (30 mins). 

The vial was then placed in an oil bath thermostated at 70 °C. After 40 mins the 
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reaction mixture was opened to air and quenched in liquid nitrogen. An aliquot was 

removed and conversion determined by 
1
H NMR spectroscopy. The product was 

purified four times by precipitation from tetrahydrofuran into cold diethyl ether, 

isolated by centrifugation and dried under vacuum overnight to give a pale yellow 

solid. The overall monomer conversion was determined from the 
1
H NMR spectrum 

by measuring the decrease in intensity of the vinyl peaks associated with the 

monomer relative to mesitylene. Conversion (NMR): 79.9 % (NIPAM); 89.2 % 

(HEA); Mn (theoretical): 38700 g.mol
-1

; Mn (SEC) 56900 g.mol
-1

; Mw/Mn (SEC): 

1.31. 

 

3.5.3.5 General Procedure for nanoparticle preparation  

Polymer (5 mg) was dissolved in acetone (5 mL) and added dropwise to a round 

bottom flask containing a stir bar and deionised water (10 mL) held at 50 °C over a 

period of one hr. The flask was left stirring, open to air at 50 °C for several hrs to 

allow acetone to evaporate. The resulting pale blue, partially turbid solution was 

used within 7 days. The preparation of 1,6-diphenyl-1,3,5-hexatriene (DPH)-loaded 

nanoparticles followed the same methodology only DPH was dissolved alongside 

polymer in acetone at a concentration of 0.05 mg.mL
-1

. 

3.5.4 Assay Conditions 

3.5.4.1 DLS assay 

Nanoparticles (570 µL) were transferred to a low volume, disposable polycarbonate 

cuvette and incubated at 50 °C in the Zetasizer Nano ZS for 30 mins. After this time 

30 µL of a concentrated glutathione solution was added to give the desired final 
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glutathione concentration. A measurement was recorded every 30 seconds (5 scans x 

5 seconds). 

3.5.4.2 Nanoparticle fluorescence assay 

A generalised procedure for the fluorescence assay is as follows. Nanoparticles (190 

µL) were incubated in a 96-well plate at 50 °C for 1 hr. 10 µL water or concentrated 

glutathione solution was added to give final glutathione concentrations of 0, 0.01 and 

1 mM and the fluorescence monitored over a period of 2 hrs. Excitation wavelength 

set at 360 nm, emission wavelength at 460 nm and the plate maintained at 50 °C 

throughout. 

3.5.4.3 UV-Visible spectrophotometric experiments 

For each polymer tested, 2.5 mL of a 0.5 mg.mL
-1

 polymer solution was transferred 

to three disposable, polycarbonate cuvettes and a UV-visible spectrum recorded. 

Water or concentrated glutathione solution was added to give final glutathione 

concentrations of 0, 0.01 and 1 mM. The cuvettes were stirred at ambient conditions 

and their UV-visible spectra re-recorded after one hour and twenty hrs. 
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Chapter 4 

4. Isothermally-Responsive Polymers 

Triggered by Selective Binding of Fe
3+

 to 

Siderophoric Catechol End-Groups 

4.1 Chapter Summary 

Thermo-responsive polymers have attracted huge interest in the development of 

smart/adaptable materials for bio-medicine, particularly due to changes in their 

solubility above the Lower Critical Solution Temperature. However, temperature is 

not always an appropriate or desirable stimulus given the variety of other cellular 

microenvironments that exist including pH, redox potentials, ionic strength and 

metal ion concentration. Here we achieve a highly specific, isothermal solubility 

switch for poly(N-isopropylacrylamide) by application of ferric iron (Fe
3+

), a species 

implicated in a range of neurodegenerative conditions. This is achieved by the site-

specific incorporation of (Fe
3+

-binding) catechol units onto the polymer chain-end, 

inspired by the mechanism by which bacterial siderophores sequester iron from 

mammalian hosts. The ability to manipulate the hydrophilicity of responsive systems 

without the need for a temperature gradient offers an exciting approach towards 

preparing increasingly selective, targeted polymeric materials.  
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4.2 Introduction 

The design of systems which respond to small changes in local environment has 

been mastered by Nature. Within the human body for instance, the pancreas reacts to 

modulate our blood sugar levels; we intrinsically respond to repair wounds and 

muscular reflex reactions react to pain to protect the body from further damage. 

Inspired by this, synthetic stimuli-responsive or “smart” materials have increasingly 

found themselves at the forefront of scientific and technological innovation.
1
 Such 

systems can undergo significant macroscopic property changes in response to a wide 

range of stimuli such as redox potentials, pH and commonly temperature, where 

aqueous polymer solutions can reversibly precipitate, often upon heating through a 

Lower Critical Solution Temperature (LCST).
2
 This property has been applied to a 

number of areas such as for catalysis,
3
 purification

4
 and to control cell culture and 

adhesion.
5
 Moreover, the biological potential of these systems, either for controlled 

release
6
 or to modulate interactions with biological membranes,

7, 8
 is obvious given 

the wide range of microenvironments found in the body. These environments can 

also be combined to produce increasingly complex materials eliciting multiple 

responses in a parallel or sequential manner.
9
 To exemplify a thermo-responsive 

polymer, the associated solubility switch can be manipulated without the need for a 

temperature change (i.e. isothermally) by using alternative triggers to control the 

systems’ hydrophilic-hydrophobic balance. This has been achieved using stimuli 

such as redox potentials,
10, 11

 light,
12

 pH
13, 14

 and ionic strength.
15

 

A lesser studied stimulus is that of host-guest complexation based on metal ion 

binding. Metal ions have also been implicated as biomarkers in certain disease states 

providing an attractive precedent for targeted, responsive systems.
16

 Chiper et al. 
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have prepared terpyridine-terminated p(N-isopropylacrylamide), pNIPAM, samples 

where the LCST is dependent on the addition of Zn
2+

 and Fe
2+

 to trigger metallo-

supramolecular dimer formation.
17

 Sharma and Srivastava have used metal ions to 

cross-link thermosensitive polyaspartamides containing propylimidazole pendants, 

lowering the LCST through stabilisation of the globular form.
18

 Rimmer and co-

workers have functionalised hyperbranched pNIPAM samples with imidazole end-

groups and observed an increase in LCST in the presence of Cu
2+

 due to an increased 

hydrophilicity of the polymer.
19

 Crown ethers have been used to modulate the LCST 

depending on the binding affinity of the metal ion employed,
20, 21

 and thermo-

responsive ratiometric fluorescent indicators have been prepared for the detection of 

Cu
2+

, Zn
2+

, Pb
2+

 and K
+
.
22-24

 

Another metal of biological interest is iron given its role in a variety of functions 

such as oxygen transport, metabolic processes and the association of undesirable iron 

levels with conditions such as anaemia, Alzheimer’s and Parkinson’s.
25, 26

 Ferric iron 

(Fe
3+

) predominates in aerobic conditions but, given its propensity to form 

compounds with poor aqueous solubility in these conditions (~ 10
-18

 M), requires 

proteins like transferrin, or heme for efficient transportation.
27

 Bacteria are also 

dependent on Fe
3+ 

to survive where it is obtained through competitive abstraction 

from mammalian hosts using siderophores.
28

 These low molecular weight 

compounds contain functional groups such as α-hydroxycarboxylates, hydroxamates 

and catecholates capable of binding Fe
3+

 with association constants in excess of 10
50 

M, mimics of which have provided the basis for pharmaceutical and antibiotic drug 

targeting devices.
29, 30

 Enterobactin remains one of the best-understood siderophores 

where three catecholate functionalities linked to a triserine macrocycle are used to 

coordinate iron.
31

 We hypothesised that the catechol-Fe
3+

 binding motif could be 
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applied to responsive polymers in order to influence the hydrophilic-hydrophobic 

balance of a polymer system isothermally. One of the few examples exhibiting a 

response to Fe
3+

 has been demonstrated by Yin and co-workers who prepared an 

isothermal, thermochromic sensor based on a co-polymer containing porphyrin 

groups in the side-chain. This system exhibited thermochromic characteristics in the 

presence of a variety of ions,
32

 though multiple side-chain interactions were required 

to achieve the observed response. Alternatively, polymer function can be elegantly 

manipulated using simple alterations in polymer end-group functionality. In this 

fashion, absolute control over a polymer property, such as solubility, can be 

maintained using only one or two functionalisation events, rather than the multiple 

reactions required on a polymer side-chain. This concept is also easily accessible 

given the development of controlled radical processes such as Reversible Addition-

Fragmentation Chain Transfer (RAFT) polymerisation which afford high levels of 

control over polymer structure.
33

 End-groups can therefore be installed with high 

degrees of fidelity and can be easily accessed based on the chain transfer agent used, 

or through post polymerisation modification techniques.
34

  

Despite this, few reports pursuing this approach exist. Jochum et al. have prepared 

azobenzene chain-end functional poly[(oligo ethylene glycol) methyl ether 

methacrylate], allowing the LCST to be modulated by the wavelength of applied 

light.
35

 Rimmer and co-workers have functionalised hyperbranched pNIPAM 

samples with vancomycin or polymyxin end-groups which, in the presence of Gram-

positive and Gram-negative bacteria respectively, undergo a coil-to-globule phase 

transition.
36, 37

 Stayton and co-workers have used pH to alter the ionisation state of 

carboxylic acid-terminated pNIPAM-propylacrylic acid co-polymers and hence the 

LCST,
38

 whilst we have applied the anti-oxidant glutathione to trigger isothermal 
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transitions in both linear systems and polymer nanoparticles containing reduction-

sensitive disulfide bonds.
39, 40

 Herein, we seek to exploit isothermal polymer 

technologies in combination with the biologically-relevant catechol binding motif to 

prepare systems whereby the solubility can be controlled in response to the presence 

of Fe
3+

 as an alternative to temperature changes (Figure 4.1). 

 

Figure 4.1 Isothermal concept: An LCST and polymer conformational change can 

be induced through catechol-Fe
3+

 binding, rather than using a temperature change. 
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4.3 Results and Discussion 

To prepare catechol-functional polymers, a new chain-transfer agent was synthesised 

based on an adaptation of the method described by Zobrist et al.
41

 First, 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid, 1, was prepared by the 

reaction of dodecane thiol with carbon disulfide and 2-bromo methyl propionic acid 

in the presence of potassium phosphate, as described by Skey and O’Reilly.
42

 

Standard coupling chemistry using N,N’-diisopropylcarbodiimide (DIC) and N-

hydroxysuccinimide (NHS) was then employed to furnish the activated ester 2 which 

was finally reacted with a slight excess of dopamine hydrochloride (Dop.HCl), in the 

presence of triethylamine (TEA), to furnish 3 in good yield (Scheme 4.1).  

 

Scheme 4.1 Synthetic scheme for preparation of catechol-functional CTA 3: (i) 

NHS/DIC, THF, 0 °C  r.t, 16 hrs; (ii) Dop.HCl/TEA, MeOH, r.t, 48 hrs. 

Importantly, the product could be isolated by precipitation in hexane, negating the 

need for column chromatography which may be complicated by the presence of an 

unprotected catechol unit. Moreover, no by-product generated by aminolysis of the 

trithiocarbonate was observed,
11, 34

 as confirmed by 
1
H and 

13
C NMR spectroscopy 

(Figure 4.2). To exemplify the former, signature catechol aromatic peaks 6.78, 6.67 

and 6.57 ppm were observed, together with peaks corresponding to the dodecyl chain 

between 0.88 and 1.69 ppm. 
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Figure 4.2 NMR spectroscopic characterisation of 1-((3,4-

dihydroxyphenethyl)amino)2-methyl-1-oxopropan-2-yl dodecyl carbonotrithioate in 

CDCl3: A) 
1
H and B) 

13
C spectra. 
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Infrared spectroscopy can also be used to follow the successful preparation of chain 

transfer agent 3 (Figure 4.3). Activation of the carboxylic acid terminus of 1 with an 

NHS ester was confirmed by the loss of the C=O stretch at 1700 cm
-1

 and 

replacement with two C=O stretches at 1735 and 1776 cm
-1

. Elaboration to catechol-

functional chain transfer agent 3 is reflected in the gain of an N-H stretch at 3342 

cm
-1

 and an O-H stretch at 3196 cm
-1

. Furthermore, the two C=O stretches at 1735 

and 1776 cm
-1

 have been replaced by two characteristic amide stretches at 1623 and 

1523 cm
-1

. 

 

 

Figure 4.3 Infrared spectra showing the sequential modification of the carboxylic 

acid terminus of CTA 1 to the activated ester 2 and catechol 3. 
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N-isopropylacrylamide (NIPAM) was then polymerised using chain transfer agent 3 

as a model thermoresponsive material to give polymers of two different molecular 

weights (Table 4.1, Figure 4.4). The polymerisation kinetics of pNIPAM-1 are 

shown in Figure 4.4. High conversion was reached quickly (> 70% after 1 hour, 

Figure 4.5A) and first order kinetics were observed (Figure 4.5B), as expected in a 

controlled radical process such as RAFT. Good agreement between the theoretical 

and SEC-determined molecular weights was observed, albeit with the final polymer 

(180 mins, 98.0 % conversion) giving a slightly higher SEC value (Figure 4.5C/D). 

This may be due to a small amount of radical-radical coupling, commonly observed 

by RAFT given its free radical initiation step, and is also seen as a small, high 

molecular weight shoulder.
43

  

Table 4.1 Characterisation of catechol-terminated pNIPAM samples prepared in this 

study. 

Polymer [M]:[CTA] 

Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b
 

Mw/Mn
b 

pNIPAM-1 115 98.0 12500 14000 1.12 

pNIPAM-2 60 44.4 3000 5100 1.09 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene); 

b
Determined by SEC (DMF inc. 5 mM NH4BF4) relative to PMMA standards. 

 

Figure 4.4 (A) SEC characterisation of pNIPAM-1/2; (B) Polymer structure. 
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Figure 4.5 Results from RAFT polymerisation of NIPAM-1: (A) the time-

dependent monomer conversion: (B) pseudo first order kinetic plot; (C) SEC traces 

of polymer at different polymerisation times and (D) evolution of Mn and Mw/Mn 

values of the polymer as a function of monomer conversion. 

Representative MALDI-ToF data for pNIPAM-2 confirmed the successful 

installation of the desired catechol end-group where a distribution corresponding to 

sodium adducts was observed (Figure 4.6). A secondary distribution at low m/z was 

also observed relating to sodium adducts of pNIPAM chains with no end-groups, 

presumably derived from the free radical-like initiation process. 
1
H NMR 

spectroscopic analysis of pNIPAM-2 further highlights successful polymer synthesis 

with broad peaks at 6.7 ppm and 4.0 ppm corresponding to the aromatic protons and 

isopropyl proton in the polymer repeat unit respectively being observed (Figure 4.7).  



147 
 

 

Figure 4.6 MALDI-ToF mass spectrum of pNIPAM-2: (A) Full spectrum with 

labels defining number of repeat units in each peak; (B) Representative example of 

peak spacing and its assignment.  

 

Figure 4.7 
1
H NMR spectrum of pNIPAM-2 in MeOD. 

With functional polymers to hand, pNIPAM-1 was dissolved in water at a 

concentration of 1 mg.mL
-1

 and the cloud point (the measurable property of the 

LCST) was determined by turbidimetry to be 37.3 °C (Figure 4.8A/C). Next, the 

influence of Fe
3+

 on the polymer solution was investigated. The interaction between 
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catechol and tri-basic metal cations usually involves the displacement of 6 protons, 

hence Fe
3+

 is widely accepted to bind in an octahedral geometry generated by 3 

catechol functions.
28

 The aqueous polymer solution was therefore doped with 0.33 

equivalents of FeCl3.6H2O, giving a 3:1 ratio of catechol units:Fe
3+

, and the cloud 

point measured (Figure 4.8A/C). A slight decrease was observed (0.5 °C) which did 

not change further, even upon the introduction of a large amount (100 equivalents) of 

the iron salt (Figure 4.8A/C). Interestingly, the shape of the turbidimetry curve in the 

latter case was noticeably sharper, potentially due to the extra water ordering 

afforded by the excess of salt in solution. To better assess whether the decrease 

described above was due to the desired binding motif, and in a bid to promote a 

greater cloud point shift in the presence of iron, the smaller pNIPAM-2 was next 

employed. This was selected given the effect of polymer end-group on the cloud 

point is generally observed to increase with decreasing molecular weight. This 

occurs as the end-groups contribute a higher percentage of the total structure and 

hence any effect is amplified.
44, 45

 The cloud point of this sample at 1 mg.mL
-1 

was 

determined to be 30.7 °C (Figure 4.8B/C), lower than that of pNIPAM-1 suggesting 

the large hydrophobic character of the catechol and dodecane end-groups outweighs 

the inversely proportional relationship previously reported between pNIPAM cloud 

point and molecular weight.
46

 Pleasingly, the addition of 0.1 equivalents Fe
3+

 

promoted a decrease in cloud point to 29.8 °C which was lowered further to 27.4 °C 

in the presence of 0.33 equivalents Fe
3+

 (Figure 4.8B/C). This result provided strong 

indication of catechol binding with the decreased cloud point potentially rationalised 

by either an increased ordering of the system afforded upon the formation of 

multimeric species bound to an Fe
3+

 core, or due to an elevated local polymer 

concentration, as has been previously observed with branched polymers.
47
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Interestingly, the addition of extra Fe
3+

 (up to 1 equivalent) had no further effect on 

the cloud point suggesting 0.33 equivalents was sufficient to introduce a maximum 

system change, implicit of octahedral binding, and confirming the decrease was not a 

simple “salting-out” effect.
48

 

 

Figure 4.8 Polymer structures and cloud points with Fe
3+

 of: (A) pNIPAM-1 and 

(B) pNIPAM-2; (C) Tabulated summary of cloud points (polymer concentration = 1 

mg.mL
-1

). 

To further probe the specificity of this response pNIPAM-2 was also investigated 

with FeCl2.4H2O (Figure 4.9). The binding of catecholate-based siderophores to Fe
2+

 

is significantly weaker than that of Fe
3+

 due to the reduced charge density on the 

coordinated cation.
28

 This is important as one of the main known mechanisms for the 

release of iron from siderophores comprises the reduction of siderophore-bound Fe
3+
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to Fe
2+ 

followed by spontaneous release or competitive sequestration of this reduced 

species.
49

 As anticipated, minimal change in cloud point at Fe
2+

 concentrations up to 

0.5 equivalents was observed. A slight decrease of 0.7 °C occurred in the presence of 

1 eq. Fe
2+

 which, given these measurements are performed in aerobic conditions, 

may be the result of partial oxidation to Fe
3+

 and hence some minimal complexation 

with the catechol units.  

 

Figure 4.9 (A) Cloud point data and (B) Polymer structure of pNIPAM-2 with Fe
2+

; 

(C) Tabulated summary of cloud points (polymer concentration = 1 mg.mL
-1

). 

Secondly, to confirm the role of the catechol functionality, a benzyl-terminated 

pNIPAM of similar molecular weight to that of pNIPAM-2 (pNIPAM-3, Mn (SEC) = 

5500 g.mol
-1

, Table 4.2, Figure 4.10) was prepared as a negative control. The cloud 

point of this polymer was determined (Figure 4.11) as 35.6 °C with minimal change 

noted at any Fe
3+

 concentration. Taken together, these controls highlight that the 

change in cloud point observed in Figure 4.7B was due to selective catechol-Fe
3+

 

binding rather than through non-specific interactions. 
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Table 4.2 Characterisation of benzyl-terminated pNIPAM. 

Polymer [M]:[CTA] Conversion (%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b
 

Mw/Mn
b 

pNIPAM-3 50 76.3 4300 5500 1.08 

a
Determined by 

1
H NMR relative to an internal standard (mesitylene); 

b
Determined 

by SEC (DMF inc. 5 mM NH4BF4) relative to PMMA standards. 

 

 

 

Figure 4.10 (A) SEC characterisation of pNIPAM-3; (B) Polymer structure. 

 

 

 

Figure 4.11 (A) Cloud point data and (B) Tabulated summary of cloud points for 

pNIPAM-3 (concentration = 1 mg.mL
-1

) and Fe
3+

. 
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Importantly the introduction of 0.33 eq. Fe
3+

 triggered a decrease in pNIPAM-2 

cloud point of 3.3 °C, providing a window in which an isothermal transition could be 

achieved. To verify this, the following turbidimetry experiment was devised. A 1 

mg.mL
-1

 polymer solution was transferred to wells of a 96-well plate and incubated 

at 25 °C. This was selected to be below the cloud point of the polymer alone but 

above that observed in the presence of 0.33 equivalents of Fe
3+

 (Figure 4.8B). The 

absorbance at 650 nm was then monitored for 25 mins to confirm no spontaneous 

polymer precipitation. After this time, the iron salt was added to one well and, as a 

control, water to the other. A rapid and significant increase in absorbance by 

approximately 0.35 units was observed upon the addition of Fe
3+

 indicative of 

precipitation. By comparison, no change was observed in the absence of iron (Figure 

4.12).  

 

Figure 4.12 Isothermal turbidimetry data for pNIPAM-2 (polymer concentration = 1 

mg.mL
-1

). Temperature = 25 °C, FeCl3.6H2O added at time indicated by asterisk. 

Inset: Addition of Fe
3+

 triggers a coil-to-globule transition. 
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4.4 Conclusions 

Inspired by the action of siderophores, we have presented a method for controlling 

the cloud point of a polymeric system exploiting, for the first time, the powerful 

catechol-Fe
3+

 binding motif. This was achieved using an elegant, single chain-end 

binding event with the effect amplified in lower molecular weight polymers. The 

addition of Fe
3+

 stimulated a decrease in transition temperature with maximum 

change observed with a catechol:Fe
3+

 ratio of 3:1. This phenomenon, not noted in the 

presence of Fe
2+

, was subsequently exploited to promote isothermal polymer 

precipitation. Careful tuning of this temperature through judicial selection of 

polymer, molecular weight and concentration will be a focus for future study. A 

promising application of this system may lie in selective cell uptake given the pre-

existing precedent for hydrophobic polymers to readily cross biological barriers.
7, 8
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4.5 Experimental  

4.5.1 Materials 

All chemicals were used as supplied. Diethyl ether, ethyl acetate, hexane, methanol, 

tetrahydrofuran, triethylamine and toluene were all purchased from Fisher Scientific 

at laboratory reagent grade. Deuterated chloroform (99.8 atom % D), deuterium 

oxide (99.9 atom % D), N-hydroxysuccinimide (98.0 %), N,N-

diisopropylcarbodiimide (99.0 %), N-isopropylacrylamide (97.0 %), 4,4’-azobis(4-

cyanovaleric acid) (≥ 98.0 %), mesitylene (97.0 %), iron(III) chloride hexahydrate 

(97.0 %) and iron(II) tetrahydrate (98.0 %) were all purchased from Sigma-Aldrich. 

Dopamine hydrochloride (99.0 %) was purchased from VWR International Ltd. 2-

(Dodecylthiocarbonothioylthio)-2-methylpropanoic acid (Chapter 2) and benzyl 2-

[(tert-butoxycarbonyl)amino]ethyl trithiocarbonate (Chapter 3) were synthesised as 

described in previous chapters. 
 

4.5.2 Analytical Methods 

NMR spectroscopy (
1
H, 

13
C) was conducted on a Bruker AV-250, Bruker DRX-500 

or Bruker AV III-600 spectrometer using deuterated chloroform or deuterium oxide 

as solvent. All chemical shifts are reported in ppm (δ) relative to the solvent used.  

High resolution mass spectra were recorded on a Bruker Electrospray Ultra-High 

Resolution tandem TOF mass spectrometer using electrospray ionization (ESI) in 

positive mode on samples prepared in methanol. MALDI-ToF (matrix-assisted laser 

desorption ionisation time-of-flight mass spectrometry) was obtained using a Bruker 

Daltonics Ultraflex Extreme MALDI-ToF mass spectrometer, equipped with a 

SmartBeam 2 laser. Positive ion ToF detection was performed using an accelerating 
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voltage of 25 kV. Samples were prepared by layering trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malonitrile (DCTB, 0.5 µL of a saturated 

50% methanolic solution) followed by polymer (0.5 µL of a 1 mg.mL
-1

 solution in 

THF).  

FTIR spectra were acquired using a Bruker Vector 22 FTIR spectrometer with a 

Golden Gate diamond attenuated total reflection cell. A total of 64 scans were 

collected on samples in their native (dry) state.  

SEC analysis was performed on a Varian 390-LC MDS system equipped with a PL-

AS RT/MT autosampler, a PL-gel 3 µm (50 × 7.5 mm) guard column, two PL-gel 5 

µm (300 × 7.5 mm) mixed-D columns using DMF with 5 mM NH4BF4 at 50 °C as 

the eluent at a flow rate of 1.0 mL.min
-1

. The GPC system was equipped with 

ultraviolet (UV) (set at 280 nm) and differential refractive index (DRI) detectors. 

Narrow molecular weight PMMA standards (200 - 1.0 × 10
6
 g.mol

-1
) were used for 

calibration using a second order polynomial fit.  

Turbidimetric analysis was performed by UV-visible spectrophotometry using an 

Agilent Cary 60 UV/visible spectrophotometer. The absorbance was set at 650 nm 

and a heating rate of 1 °C.min
-1

 was applied. Data were normalised between 0 and 1 

and the cloud point defined as the temperature at which the normalised absorbance 

equals 0.5. 
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4.5.3 Procedures 

4.5.3.1 Synthesis of 2,5-dioxopyrrolidin-1-yl 2-

(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate (2) 

N-hydroxysuccinimide (0.47 g, 4.11 mmol) and 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoic acid (1.00 g, 2.74 mmol) were dissolved in anhydrous 

tetrahydrofuran (20 mL) in a 100 mL 3-necked flask purged with nitrogen. The flask 

was cooled to 10 °C and N,N’-diisopropylcarbodiimide (0.52 g, 0.64 mL, 4.11 

mmol) was added dropwise over 10 mins. The reaction mixture was stirred at room 

temperature overnight. After this time, solvent was removed in vacuo and the crude 

solid was re-dissolved in ethyl acetate. The organic layer was washed with saturated 

sodium hydrogencarbonate solution, twice with water, once with brine and dried 

over magnesium sulfate. Removal of the solvent left a yellow solid which was 

recrystallised from ethyl acetate/hexane and washed with water to yield yellow 

crystals (1.10 g, 86.6 %). 

1
H NMR (250.132 MHz, CDCl3) δppm: 3.31 (2H, t, J12-11 = 7.57 Hz, H

12
); 2.81 (4H, 

d, H
18

); 1.88 (6H, s, H
15

); 1.69 (2H, p, J11-12, 11-10 = 7.57 Hz, H
11

); 1.20 – 1.45 (18H, 

m, H
2-10

); 0.89 (3H, t, J1-2 = 6.93 Hz, H
1
). 

13
C NMR (75.432 MHz, CDCl3) δppm: 218.7 (C

13
); 169.1 (C

16
); 168.7 (C

17
); 54.3 

(C
14

); 37.2 (C
12

); 30.9 (C
15

); 27.8 (C
11

); 24.5(C
18

); 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 

29.0, 25.6, 22.7 (C
2-10

); 14.1 (C
1
).  

IR cm
-1

: 2951, 2916, 2847 (alkyl-H stretch); 1776, 1735 (C=O stretch); 1073 (C=S) 

stretch. 

HRMS (ESI +) m/z: 484.1619 [M+Na]
+
; expected 484.1620 (C21H35NO4S3Na). 
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Figure 4.13 NMR spectroscopic characterisation of 2,5-dioxopyrrolidin-1-yl 2-

(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate in CDCl3: A) 
1
H and B) 

13
C 

spectra.  
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4.5.3.2 Synthesis of 1-((3,4-dihydroxyphenethyl)amino)2-methyl-1-oxopropan-2-

yl dodecyl carbonotrithioate (3) 

Compound 2 (0.9 g, 1.95 mmol) and dopamine hydrochloride (0.41 g, 2.14 mmol) 

were added to a 100 mL round bottomed flask. Anhydrous methanol (40 mL) was 

added and stirred to dissolution under nitrogen. Triethylamine (0.24 g, 0.30 mL, 2.34 

mmol) was added and the yellow solution stirred at room temperature for 2 days. 

After this time, solvent was removed in vacuo and the yellow residue was re-

dissolved in diethyl ether and extracted three times with 1M HCl, twice with water, 

once with brine and dried over magnesium sulfate. The solvent was removed to give 

an orange oil (0.9 g) to which hexane (100 mL) was added. The mixture was stirred 

for 30 mins, after which time a yellow precipitate was observed. This was collected 

by filtration (gravity) (0.65 g, 67.0 %). 

1
H NMR (500 MHz, CDCl3) δppm: 6.78 (1H, d, J24-25 = 8.04 Hz, H

22
); 6.67 (1H, d, 

J21-25 = 2.00 Hz, H
27

); 6.57 (2H, m, H
17, 21

);
 
6.18, 5.42 (2H, s br., H

24, 26
); 3.44 (2H,q, 

J18-19 = 7.04 Hz, H
18

); 3.26 (2H, t, J12-11 = 7.56 Hz, H
12

); 2.66 (2H, t, J19-18 = 7.04 Hz, 

H
19

); 1.63-1.69 (8H, m, H
11, 15

); 1.38 (2H, p, J10-9, 10-11 = 7.28 Hz, H
10

); 1.20-1.37 

(16H, m, H
2-9

); 0.88 (3H, t, J1-2 = 7.04 Hz, H
1
). 

13
C NMR (125.721 MHz, CDCl3) δppm: 220.1 (C

13
); 172.8 (C

16
); 143.8 (C

23
); 142.7 

(C
22

); 131.2 (C
20

); 121.0 (C
21

); 115.5 (C
27

); 115.4 (C
22

); 57.1 (C
14

); 41.6 (C
18

); 37.2 

(C
12

); 34.6 (C
19

); 31.9, 29.7, 29.6, 29.5, 29.3, 29.1, 29.0, 28.9, 27.7, 22.7 (C
2-11

); 25.9 

(C
15

); 14.3 (C
1
). 

IR cm
-1

: 3342 (N-H stretch); 3196 (O-H stretch); 3042 (aryl-H stretch); 2920, 2850 

(alkyl-H stretch); 1623, 1532 (C=O stretch); 1605 (aromatic ring); 1361 (O-H bend); 

1071 (S-(C=S)-S) stretch. 

HRMS (ESI +) m/z: 522.2138[M+Na]
+
; expected 522.5141 (C25H41NO3S3Na). 
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4.5.3.3 Example polymerisation of N-isopropylacrylamide using 1-((3,4-

dihydroxyphenethyl)amino)2-methyl-1-oxopropan-2-yl dodecyl 

carbonotrithioate 

N-isopropylacrylamide (1.00 g, 8.84 mmol), compound 3 (38.50 mg, 76.84 µmol) 

and 4,4’-azobis(4-cyanovaleric acid) (4.90 mg, 15.34 µmol) were added to a vial 

fitted with stir bar and rubber septum and dissolved in methanol:toluene (50:50) (4 

mL). Mesitylene (0.25 mL) was added as internal reference and the mixture stirred 

(5 mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 

analysis. The mixture was degassed by bubbling through nitrogen gas for 30 mins 

and placed in an oil bath thermostated at 70 °C. Samples were removed every 30 

mins for 3 hrs after which time the reaction was quenched in liquid nitrogen. An 

aliquot was removed to determine final conversion by 
1
H NMR spectroscopy. The 

product was purified three times by precipitation from tetrahydrofuran into cold 

diethyl ether, the solid isolated by centrifugation and dried to yield a pale yellow 

solid. Conversion (NMR): 98.0 %; Mn (theoretical): 12500 g.mol
-1

; Mn (SEC): 14000 

g.mol
-1

; Mw/Mn (SEC): 1.12. 

4.5.3.4 Polymerisation of N-isopropylacrylamide using 2-[(tert-

butoxycarbonyl)amino]ethyl trithiocarbonate 

N-isopropylacrylamide (1.00 g, 8.84 mmol), compound 3 (60.70 mg, 179.74 µmol) 

and 4,4’-azobis(4-cyanovaleric acid) (9.91 mg, 35.36 µmol) were added to a vial 

fitted with stir bar and rubber septum and dissolved in methanol:toluene (50:50) (4 

mL). Mesitylene (0.20 mL) was added as internal reference and the mixture stirred 

(5 mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 

analysis. The mixture was degassed by bubbling through nitrogen gas for 30 mins 
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and placed in an oil bath thermostated at 70 °C for 1 hr. The reaction was quenched 

in liquid nitrogen, an aliquot removed and conversion determined by 
1
H NMR 

spectroscopy. The product was purified three times by precipitation from 

tetrahydrofuran into cold diethyl ether, the solid isolated by centrifugation and dried 

to yield a pale yellow solid. Conversion (NMR): 76.3 %; Mn (theoretical): 4300 

g.mol
-1

; Mn (SEC): 5500 g.mol
-1

; Mw/Mn (SEC): 1.08. 

4.5.4 Assay Conditions 

4.5.4.1 General procedure for the turbidimetry-monitored, Fe
3+

-mediated 

isothermal precipitation of pNIPAM-2 

A 1.01 mg.mL
-1

 stock solution of pNIPAM-2 in water was prepared. 2 x 198 µL 

aliquots of this stock were transferred into two individual wells of a 96-well plate. 

The plate was left to incubate at 25 °C for 25 mins. The plate was then removed and 

the well volume made to 200 µL with distilled water or a concentrated solution of 

FeCl3.6H2O in water. The plate was re-incubated at 25 °C and the absorbance at 650 

nm was recorded for an additional 10 mins. 
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Chapter 5 

5. Siderophore-Inspired Nanoparticle-

based Biosensor for the Selective Detection 

of Fe
3+

  

5.1 Chapter Summary 

Inspired by nature’s exploitation of the 1,2-dihydroxybenzene (or catechol) unit in 

mammalian and bacterial siderophores, this chapter reports the first example of a 

nanoparticle sensing system which utilises the strong catechol-Fe
3+

 binding motif to 

trigger nanoparticle aggregation, promoting a powerful optical response. Gold 

nanoparticles were functionalised with RAFT polymerisation-prepared, water-

soluble poly(N-hydroxyethylacrylamide) containing a catechol moiety at the α-

chain-end. A strong red-to-purple colorimetric response occurred in the presence of 

Fe
3+

 at serum concentrations (8 – 25 µM) in saline solution. The addition of sodium 

chloride was critical in generating a strong optical output, as was the length of the 

polymer used to coat the nanoparticles. This behaviour was also demonstrated to be 

selective for Fe
3+

 over a host of other biologically relevant ions. Therefore, these 

highly selective and sensitive nanocomposites provide a route towards a simple, 

cheap and highly applicable Fe
3+

 biosensor. 
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5.2 Introduction 

Iron is the most abundant metal in the body with the average adult requiring a total 

of around 5 g, using it for a range of functions including oxygen transport, electron 

transport and metabolic processes.
1
 The in vivo concentration is, however, carefully 

regulated to avoid serious health implications. For example, anaemia is caused by 

insufficient dietary intake and absorption of iron, whilst elevated iron concentrations, 

such as those present in genetic disorders such as hemochromatosis, can produce 

excess levels of reactive oxygen species via Fenton chemistry.
2, 3

 Undesirable iron 

levels have been linked to a variety of diseases including Alzheimer's and 

Parkinson's,
4
 making the effective detection of iron species a critical area of study. 

The ability to sequester iron in the human body is complicated by the poor 

bioavailability of the ferric ion (Fe
3+

), which predominates in aerobic conditions 

forming complexes exhibiting a solubility of approximately 10
-18

 M.
5
 To overcome 

this, it is sequestered within the porphyrin ring of heme and as a co-factor in 

haemoglobin and myoglobin, whilst its passage into cells depends heavily on 

transport proteins such as transferrin.
6, 7

 Bacteria also require sufficient levels of the 

metal to survive and grow, abstracting it from their mammalian hosts with 

siderophores - low molecular weight complexes that bind iron with an association 

constant in excess of 10
50

 M allowing effective competition with the host for iron 

sequestration.
7, 8

  

A large number of bacterial siderophores are known in comparison to the single 

mammalian siderophore, siderocalin,
6
 which counteracts bacterial uptake by 

sequestering the bacterial siderophore-iron complex.
9-11

 The majority of these 

species are divided into three groups: α-hydroxycarboxylates, hydroxamates and 
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catecholates, examples of which are deoxymugineic acid, rhodotorulic acid and 

enterobactin respectively (Figure 5.1). These functionalities have inspired the 

development of a number of compounds such as deferoxamine, deferiprone and 

deferasirox for use in iron chelation therapies,
12, 13

 and have provided a focus for 

investigations into the use of siderophore (mimics) as pharmaceutical and antibiotic 

drug targeting devices.
14-17

  

 

Figure 5.1 Chemical structures (and classification) of example siderophores: (A) 

Deoxymugineic acid (α-hydroxycarboxylates); (B) rhodotorulic acid (hydroxamate) 

and (C) enterobactin (catecholate). 

The development of sensors capable of detecting a variety of metal ions is a popular 

field of research.
18, 19

 Such detection is important for a variety of applications such as 

environmental monitoring, clinical toxicology and as a diagnostic tool.
20-22

 Several 

sensing platforms/responses have been described to date, including proteins and 

DNA,
23, 24

 metal electrodes
25, 26

 and  graphene oxide,
27

 whilst the ability to trigger a 

fluorescent response upon metal ion binding has received significant study.
28, 29

 A 

further, particularly attractive platform is that of gold nanoparticles (AuNPs) due to 

their facile preparation, control over size, ease of surface functionalisation through 
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simple coating strategies and, most importantly for sensing applications, the 

resulting impact on optical properties.
30-32

 Specifically, the extent of nanoparticle 

dispersion/aggregation has a significant effect on the nanoparticle colour due to 

shifts in surface plasmon resonance (SPR). This signature has been applied for the 

detection of a variety of metal ions including lithium,
33

 mercury,
34, 35

 potassium,
36

 

aluminium,
37

 lead
38

 and chromium.
39

 However, there are few instances of the 

application of AuNPs capable of detecting iron which have been reported. Bai et al. 

functionalised gold nanoparticles with a hydrophilic ligand, to ensure water 

solubility, and a 4-piperazinyl-1,8-napthalimide-based ligand which was able to 

complex with Fe
3+

 generating a colorimetric and fluorescent output.
40

 Tripathy et al. 

have prepared a colorimetric detection system based on gold, whereby the addition 

of iron(III) in the presence of thiourea and hydrochloric acid catalyses leaching of 

the gold, damping the SPR and hence resulting in a visible colour change.
41

 Wu et 

al. have functionalised gold nanoparticles with pyrophosphate which underwent a 

pink-to-violet change in the presence of Fe
3+

, showing selectivity for Fe
3+

 over a host 

of other ions.
42

 

Further inspired by the structure and action of siderophores, we hypothesised that the 

binding between catechols
43

 and Fe
3+

 may be sufficient to affect the aggregation 

behaviour of a gold nanoparticle suspension in order to generate an optical response. 

To date, catechol groups have been used in the formulation of nanoparticles as a way 

of stabilising the metallic cores, but not such that the catechol unit is readily 

available to undergo further chemistry.
44, 45

 They have also been grafted onto 

mesoporous silica nanoparticles
46

 and have been used as a stabiliser in the synthesis 

of gold nanoparticles from their parent Au(III) salt due to the redox chemistry 

involved with the interchange of catechol to quinone groups.
47-49

 To the best of our 
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knowledge however, there are few examples whereby (gold) nanoparticles have been 

prepared with a catechol group protruding from the particle surface, allowing active 

use.
50

 This is surprising given developments in controlled (living) radical 

polymerisation (C(L)RP) methodologies over the past two decades have enabled the 

routine generation of vast arrays of polymeric architectures with high levels of 

control over functionality, chain-end structure and topology. Moreover, polymers 

derived from the Reversible Addition-Fragmentation Chain Transfer (RAFT) 

methodology
51

 are ideally suited for further reaction with gold nanoparticles given 

the inherent affinity between gold and the thiol groups derived from the ω-end of the 

preceding polymer chains.
32

 It is therefore possible, through judicial selection of the 

chain transfer agent used, to install the desired catechol functional group at the α-end 

of a polymer chain which will be subsequently available on the gold nanoparticle 

surface.  

Herein, inspired by the structure and biological importance of siderophores, we 

detail the first example of a gold nanoparticle-based system capable of sensing subtle 

changes in physiological Fe
3+

 concentration through the powerful catechol-Fe
3+

 

binding motif. 
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5.3 Results and Discussion 

To prepare catechol-functional polymers, the chain-transfer agent described in 

chapter 4 was employed.
52

 To effectively furnish catechol-functional gold 

nanoparticles, a water-soluble polymer was first required, hence N-hydroxyethyl 

acrylamide (HEA) was selected for use here. This polymer was also deliberately 

chosen as it does not possess thermo-responsive behaviour and hence removes any 

potential complication of particle aggregation behaviour given the transition 

temperature of thermo-responsive polymers is known to change when tethered to 

gold nanoparticles.
53

 The polymerisation conditions used afforded rapid 

polymerisation rates (at least 75 % conversion after 35 mins) and polymers of a 

range of molecular weights were prepared and characterised by SEC and 
1
H NMR 

spectroscopy (Table 5.1, Figure 5.2). Narrow dispersities (≤ 1.20) were observed, an 

attractive feature of the RAFT technique. 

Table 5.1 Characterisation of pHEA samples prepared in this study. 

Polymer [M]:[CTA] Conversion (%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b
 

Mw/Mn
b 

pHEA-1 30 83.1 2900 4800 1.14 

pHEA-2 75 78.5 6800 9700 1.17 

pHEA-3 200 74.7 17200 17500 1.20
 

pHEA-4
c 

75 74.1 6400 10200 1.16 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene); 

b
Determined by SEC (DMF inc. 5 mM NH4BF4) relative to PMMA standards; 

c
A 

control polymer used later in study (vide infra). 
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Figure 5.2 SEC characterisation of pHEA-1/2/3/4. 

 

Nanoparticles can be routinely synthesized from Au
3+

 salts and are ideally suited for 

RAFT-derived polymers given the strong affinity between thiols, which are derived 

from the ω-trithiocarbonate terminus, and gold. This can be used to prepare self-

assembled monolayers and has been previously exploited to generate large 

nanoparticle libraries.
54

 Commercially available citrate-coated nanoparticles with a 

diameter of 40 nm (AuNP40) were used as a starting material and coated with the 

polymers by a simple mixing procedure, washing several times by centrifugation to 

remove excess polymer yielding pHEA-1/2/3@AuNP40 (Scheme 5.1). 
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Scheme 5.1 Synthetic scheme for the preparation of catechol-functional gold 

nanoparticles: (i) NHS/DIC, THF, 0 °C  r.t, 16 hrs; (ii) Dop.HCl/TEA, MeOH, r.t, 

48 hrs; (iii) HEA, 3, ACVA, MeOH/Toluene, 70 °C, 35 mins; (iv) Polymer/AuNP, 5 

°C, 16 hrs. 

Successful functionalisation of the nanoparticles was confirmed by several 

techniques. UV-visible spectrophotometry revealed a distinctive red shift in 

maximum wavelength from 525 nm for the uncoated particles to between 531-534 

nm following polymer addition, implicit of a change in refractive index of the 

coating (Figure 5.3A/E/I/M). DLS analysis also indicated an increase in particle size 

from 41.5 ± 0.2 nm for the uncoated particles to between 80 and 126 nm when 

coated with polymer, with the size increasing with polymer length (Figure 

5.3B/F/J/N). TEM confirmed particle sizes of ~ 40 nm (Table 5.2, Figure 

5.3C/G/K/O) with narrow size distributions in all cases. Due to the low degrees of 

surface loading employed herein, the surface polymer coating was not clearly 

observed by this technique. Particle sizes are larger for polymer-coated particles due 

to the presence of the hydrophilic polymer layer contributing to the particles’ 

hydrodynamic diameter as the functionalised particles undergo Brownian motion. 

The larger particle sizes observed for pHEA-1/2@AuNP40 by DLS may also suggest 
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a small degree of aggregation resulting during the polymer coating process. 

However, given the lack of a significant colour change to either blue (associated with 

large scale AuNP aggregation) or colourless (associated with AuNP precipitation), 

these particles were still deemed sufficiently dispersed for further testing.  

Table 5.2 Characterisation of gold nanoparticles used in this study. 

Code Diameter (DLS)
 
(nm) 

Diameter (TEM) 

(nm)
a
 

SPRmax (nm) 

AuNP40 (uncoated) 41.5 ± 0.2 36.2 ± 3.8 525 

pHEA-1@ AuNP40 126.0 ± 2.6 38.0 ± 4.4 534 

pHEA-2@AuNP40 113.7 ± 3.2 39.0 ± 4.1 532 

pHEA-3@AuNP40 79.5 ± 0.4 38.2 ± 2.8 531 

pHEA-4@AuNP40
b 59.6 ± 3.5 37.5 ± 4.0 530 

a
Average particle sizes by TEM were calculated by counting a minimum of 60 

particles; 
b
Control particles used later in study (vide infra). 
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Figure 5.3 Characterisation of pHEA-1/2/3/4@AuNP40: (A, E, I, M) UV/visible 

spectra; (B, F, J, N) DLS analysis; (C, G, K, O) Transmission electron microscope 

(TEM) image of polymer-functionalised gold nanocomposites, scale bar 20 nm; (D, 

H, L, P) Chemical structure of polymer used to coat particles. 

These catechol-functionalised nanoparticles were then probed for their ability to 

detect Fe
3+

 in aqueous solution. PHEA-2@AuNP40 was incubated with varying 

concentrations (100 µM – 1 nM) of FeCl3.6H2O for 30 mins at room temperature and 

the UV/visible spectrum between 450 and 700 nm was measured (Figure 5.4A). Two 

points of reference are often used to assess any change in the aggregation behaviour 

of gold: (i) any change in maximum SPRmax, where aggregation results in a shift to 

longer wavelengths and (ii) any change in absorbance at 700 nm (Abs@700 nm), 

which may also be accompanied by a decrease in intensity of SPRmax.
55

 

Unfortunately, no change in either of these properties was observed at any iron 

concentration indicating either no catechol-iron binding was occurring, or any 

binding was insufficient to trigger a change in the particle aggregation state. This 
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was not entirely unexpected given a literature precedent which suggests the 

modulation of ionic strength is important to tune particle aggregation via 

interparticle electrostatic repulsion. For instance, Zhang and Wang demonstrated an 

ability to control the growth of charged gold nanoparticle chains by altering the ionic 

strength of the dispersion medium. When thioglycolic acid-coated AuNPs of 14 nm 

core diameter were placed in NaCl solutions of increasing concentration, a 

noticeable increase in intensity of the peak at 600 nm was observed by UV/visible 

spectrophotometry. Subsequent TEM analysis revealed 1D self-assembled AuNP 

chains with a chain length proportional to the concentration of salt used.
56

 The 

addition of salt to a suspension of AuNPs has also been shown to be critical if the 

thermo-responsive behaviour of gold nanoparticles functionalised with a poly(N-

isopropylacrylamide), pNIPAM corona is to be visualised. Yusa et al. noted that the 

heating of these functional particles in water failed to cause in change in SPR, even 

when above the transition temperature of the corona. However, a considerable red 

shift from 523 nm to 580 nm was observed when the suspension was heated in a 50 

mM NaCl solution.
57

 Hoogenboom, De Geest and co-workers have also noted the 

importance of salt requiring a 0.1 M NaCl solution to trigger an SPR shift from 530 

at 25 °C to 565 nm at 40 °C.
58

 These results suggest that the presence of salt is 

necessary to screen the electrostatic charges on the surface of the AuNPs and hence 

allow the dehydrated pNIPAM chains to aggregate above their transition 

temperature.  

Considering this information, the assay was doped with 50 mM NaCl and repeated 

(Figure 5.4B). Gratifyingly, we now saw some response, notably in the presence of 

10 µM Fe
3+

 where a shift in SPRmax from 532 to 547 nm was observed, together with 
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an increase in Abs@700 nm from 0.288 to 0.602. Interestingly, minimal response 

was seen in the presence of any other iron concentration (vide infra). 

 

Figure 5.4 UV/visible spectra showing response of pHEA-2@AuNP40 in the 

presence of various concentrations of Fe
3+

 and (A) 0 NaCl, (B) 50 mM NaCl.  

This behaviour was further tuned by fixing the concentration of FeCl3.6H2O at 10 

µM and varying the concentration of NaCl in the AuNP suspensions up to saline 

concentrations (150 mM). A noticeable, non-linear increase in both SPRmax and 

Abs@700 nm with increasing levels of NaCl was observed, likely due to an 

increased screening of any negative charge on the particle surface which allowed 

greater interparticle interactions. Therefore, in the presence 150 mM NaCl (saline) 

amplified optical shifts were noted (SPRmax shifted by 20 nm and Abs@700 nm by 

0.412 compared to in the absence of salt) due to the ionic environment (Figure 

5.5A/B). As the optical responses in 150 mM NaCl were significantly larger, 

providing a noticeable change in appearance (Figure 5.5C), these conditions were 

employed in the rest of this study. Particle stability over time in 150 mM NaCl was 

confirmed by DLS with minimal increase in particle size after 8 hrs (Figure 5.5D). 

This was important as it confirmed the results were not complicated by non-specific 

aggregation processes within the assay time-scale. 
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Figure 5.5 Response of pHEA-2@AuNP40 in the presence of 10 µM Fe
3+

 and 

various NaCl concentrations: (A) UV/visible spectra; (B) Change in SPRmax and 

Abs@700 nm as a function of NaCl concentration; (C) Appearance of pHEA-

2@AuNP40 in the presence of 10 µM Fe
3+

 and either 0 or 150 mM NaCl; (D) DLS in 

the presence of 150 mM NaCl at various time-points. 

The initial Fe
3+

 assay was next repeated in 150 mM NaCl solution. Interestingly, a 

linear trend in SPRmax and Abs@700 nm with increasing Fe
3+

 concentration was not 

observed. There was a noticeable increase with increasing Fe
3+

 concentration up to a 

concentration of 10 µM; however, further increases in concentration led to a 

decreased optical response (Figure 5.6A). The fact that the same general trend is 

observed for both SPRmax and Abs@700 nm indicated the applicability of both data 

points as a tool for assessing the aggregation behaviour of AuNPs (Figure 5.6B). 
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Aggregation behaviour was confirmed by DLS analysis (Figure 5.6C). A significant 

increase in particle size was first observed at 10 µM Fe
3+

, peaking at 25 µM Fe
3+

 

before decreasing when the concentration reached 100 µM. The selective response to 

certain iron concentrations is in keeping with results reported previously by Bai et al. 

who rationalised AuNP dispersion at high Fe
3+

 concentrations by an excess of Fe
3+

 

and hence positive charges in the system, promoting Coulombic repulsion.
40

 The 

change in both particle size and Abs@700 nm with respect to iron concentration 

yielded a very similar trend (Figure 5.6D), indicative of aggregation due to catechol-

Fe
3+

 binding rather than due to non-specific response of the polymer chains. 

 

Figure 5.6 Response of pHEA-2@AuNP40 in 150 mM NaCl to various 

concentrations of Fe
3+

: (A) UV/visible spectra and (C) DLS traces; (B) SPRmax, 

Abs@700 nm and (D) Comparison of Abs@700 nm (UV/vis) and particle size 

(DLS) as a function of Fe
3+

 concentration. 
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Several control studies were carried out to further confirm that the observed response 

was due to selective catechol-Fe
3+

 binding. Incubation of pHEA-2@AuNP40 in 150 

mM NaCl with FeCl2.4H2O resulted in no significant change in either SPRmax or 

Abs@700 nm. No change in aggregation behaviour was expected in this case as the 

binding of catecholate-based siderophores to Fe
2+

 is significantly weaker than that of 

Fe
3+

 due to the reduced charge density on the coordinated cation
8
. A slight increase 

in Abs@700 nm was observed with increasing Fe
2+

 (difference of 0.076 with 100 

µM Fe
2+

) which may be due to reduced particle stability leading to the beginnings of 

a “salting-out” phenomenon (Figure 5.7A).   

A polymer of similar molecular weight containing a benzyl end-group was prepared 

as a negative control to directly compare against the catechol end-group containing 

polymers (pHEA-4, Table 5.1). AuNPs were functionalised with pHEA-4 using the 

same coating technique (pHEA-4@AuNP40, Table 5.2) to yield particles with a 

diameter of 59.6 ± 3.5 nm (DLS). Incubation with Fe
3+

 revealed no response to any 

concentration tested proving that the catechol end-group is necessary to promote 

cross-linking and hence optical responsive behaviour (Figure 5.7B). A summary of 

the incubation of pHEA-2/4@AuNP40 with Fe
2+

 and Fe
3+

 is shown in Scheme 5.2. 
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Figure 5.7 UV/visible spectra showing response of (A) pHEA-2@AuNP40 to 

various concentrations of Fe
2+

 and (B) pHEA-4@AuNP40 to various concentrations 

of Fe
3+

. 

 

Scheme 5.2 Gold nanoparticles functionalised with catechol or phenyl end-groups 

and their response to Fe
2+

 and Fe
3+

. Dispersed and aggregated particles have red and 

purple colours respectively, representative of the optical absorbance changes 

observed experimentally. 
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In a bid to further tune the selectivity of the nanoparticles to the presence of iron, the 

effect of polymer molecular weight on aggregation behaviour was investigated. 

AuNPs coated with a shorter polymer (molecular weight ~ 3000 g.mol
-1 

pHEA-

1@AuNP40) showed poor saline stability, with aggregation and precipitation 

occurring within 30 mins, even at low NaCl concentrations, and a colour change 

from red/pink to blue/purple (Figure 5.8). This precipitation is most likely due to the 

shorter polymer chain failing to offer sufficient steric stabilisation in the presence of 

the electrolyte.  

Coating the particles with a longer polymer (molecular weight ~ 17000 g.mol
-1

; 

pHEA-3@AuNP40) provided good saline stability; however no aggregation occurred 

at any Fe
3+

 concentration (Figure 5.8). The importance of polymer linker length on 

AuNP-based detection systems has been demonstrated previously: Richards et al. 

noted that glycosylated AuNPs, designed for the detection of FimH positive bacteria, 

required the addition of a poly(ethylene glycol) spacer between the nanoparticle core 

and carbohydrate extremity in order to increase saline stability and specificity for 

bacterial binding.
55

  

 

Figure 5.8 (A) UV/visible spectra showing response of pHEA-1@AuNP40 to NaCl 

(inset: Appearance at 0 and 150 mM NaCl); (B) UV/visible spectra showing 

response of pHEA-3@AuNP40 to various concentrations of Fe
3+

. 
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In biological systems, a host of metal ions are known to play a variety of different 

roles.
59-61

 Hence, the specificity of the nanocomposites with respect to Fe
3+

 was 

investigated by carrying out a comparative assay with a range of biologically 

relevant cations. (Figure 5.9). Pleasingly, the response to Fe
3+

, as assessed by the 

change in Abs@700 nm, was 5-fold greater than the closest competitive ion (Fe
2+

) 

and over 10-fold greater than all other ions tested. Furthermore, minimal response 

was observed in the presence of Gd
3+

, another tribasic metal ion, further highlighting 

the specificity of a catechol unit to Fe
3+

. 

 

Figure 5.9 Response of pHEA-2@AuNP40, doped with 150 mM NaCl, to a variety 

of metal ions: (A) Bar chart showing change in Abs@700 nm in the presence of 

metal ions (10 µM); data normalised against ion that showed greatest response (Fe
3+

) 

and (B) UV/visible spectra. 

As a final test, we investigated whether the assay would work in a more complex 

biological media than saline. PHEA-2@AuNP40 was centrifuged and the pellet re-

suspended in bovine plasma. Successful re-suspension of the AuNPs in this medium 

was observed, with no signs of aggregation by UV/visible spectrophotometry (it 

should be noted that attempted DLS of these particles proved unsuccessful, 

presumably due to interference of proteins in the medium). When incubated with 

various concentrations of Fe
3+

 for 30 mins, no significant change in either SPRmax or 
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Abs@700 nm was observed (Figure 5.10). It should be noted that no additional NaCl 

was added to the assay to maintain integrity of the medium. This observation may be 

as a consequence of the high protein content of the medium which can physisorb to 

the nanoparticle surface, preventing particle aggregation, even if catechol-iron 

binding has occurred. Alternatively, the plasma used also contained several common 

proteins including transferrin. This may have coordinated the iron and hence 

prevented it being accessed by the catechol units. Clearly therefore, the use of these 

nanocomposites in physiological media will need further investigation to assess their 

true versatility.   

 

Figure 5.10 Response of pHEA-2@AuNP40, suspended in bovine plasma, with 

various concentrations of Fe
3+

: (A) UV/visible spectra and (B) SPRmax and Abs@700 

nm as a function of Fe
3+

 concentration. 
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5.4 Conclusions 

Inspired by Nature’s need for iron acquisition, this study presents the first example 

of the strong catechol-Fe
3+

 binding motif as a route to controlling the 

dispersion/aggregation behaviour of gold nanoparticles as optical sensing devices. A 

small library of water-soluble poly(N-hydroxyethyl acrylamide) was prepared using 

an α-chain end, catechol-functional chain transfer agent. These polymers were 

subsequently used to coat gold nanoparticles with a core diameter of 40 nm and 

characterised by a range of techniques. The propensity for catechol-Fe
3+

 binding was 

then assessed using simple UV/visible spectrophotometry and DLS-based assays. 

The addition of salt was observed to be critical if any aggregation was to be observed 

due to successful shielding of residual negative charge on the AuNP surface. The 

response was dependent on the amount of salt used in a non-linear fashion, with 

physiologically-relevant saline conditions (150 mM NaCl) providing the best 

response in terms of both optical SPRmax band shifting and the observed Abs@700 

nm. 

 

With these optimised conditions, a selective response of the gold nanoparticle system 

to Fe
3+

 concentrations between 8 and 25 µM was achieved, with the most notable 

optical response occurring with 10 µM Fe
3+

. Concentrations above and below this 

gave minimal indication of aggregation by DLS and UV/visible spectrophotometry. 

It is suggested that in this current system, a trade-off exists between adding a 

sufficient concentration of Fe
3+

 to trigger cross-linking and an excess which 

promotes Coulombic repulsion. Nevertheless, this limitation is minimal given the 

iron concentrations detected by this current system correspond to those found in 
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human serum.
62

  Controls including the effect of Fe
2+

 on catechol-functional AuNPs 

and the effect of Fe
3+

 on AuNPs coated with a simple phenyl end-group confirmed 

the nature and specificity of the aggregation behaviour. The length of polymer chain 

on the extent of iron response was also optimised; small chains failed to provide 

sufficient steric stability resulting in rapid aggregation even at very low 

concentrations of NaCl, whilst the addition of long chains afforded too much 

stability and failed to generate any noticeable response. Finally, the nature and 

specificity of the aggregation behaviour was shown, notably giving at least a 5-fold 

higher response to Fe
3+

 compared to the other biologically relevant cations tested.  

 

In summary, we have developed a powerful system which exhibits an optimal 

response between 8 – 25 µM Fe
3+

 and offers valuable sensing potential at 

physiological concentrations.
62

 Future work will focus on tailoring the nanoparticle 

surface/surrounding environment to promote a response to a wider range of Fe
3+

 

concentrations for use as a sensor in both deprived and iron-rich conditions. 

Moreover, further study into the suitability of the sensor to more complex biological 

media is ongoing. 
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5.5 Experimental 

5.5.1 Materials 

All chemicals were used as supplied. Diethyl ether, ethyl acetate, hexane, methanol, 

triethylamine and toluene were all purchased from Fisher Scientific at laboratory 

reagent grade. Deuterated chloroform (99.8 atom % D), deuterated methanol (99.8 

atom % D), N-hydroxysuccinimide (98.0 %), N,N-diisopropylcarbodiimide (99.0 %), 

N-hydroxyethylacrylamide (97.0 %), 4,4’-azobis(4-cyanovaleric acid) (≥ 98.0 %), 

mesitylene (97.0 %), calcium chloride dihydrate (≥ 99.0 %), cobalt(II) chloride 

hexahydrate (98.0 %), copper(II) chloride (≥ 99.0 %), iron(III) chloride hexahydrate 

(97.0 %), iron(II) chloride tetrahydrate (98.0 %), gadolinium(III) chloride 

hexahydrate (99.0 %), manganese(II) chloride tetrahydrate (≥ 98.0 %) and bovine 

plasma were all purchased from Sigma-Aldrich. Gold nanoparticle suspension (40 

nm) was purchased from BBI Solutions. 2-(Dodecylthiocarbonothioylthio)-2-

methylpropanoic acid (Chapter 2), benzyl 2-[(tert-butoxycarbonyl)amino]ethyl 

trithiocarbonate (Chapter 3), 2,5-dioxopyrrolidin-1-yl 2-

(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate (Chapter 5) and 1-((3,4-

dihydroxyphenethyl)amino)2-methyl-1-oxopropan-2-yl dodecyl carbonotrithioate 

(Chapter 5) were synthesised as described in previous chapters.  

5.5.2 Analytical Methods 

NMR spectroscopy (
1
H, 

13
C) was conducted on a Bruker AV-250, Bruker DRX-500 

or Bruker AV III-600 spectrometer using deuterated chloroform or methanol as 

solvent. All chemical shifts are reported in ppm (δ) relative to the solvent used.  
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High resolution mass spectra were recorded on a Bruker Electrospray Ultra-High 

Resolution tandem TOF mass spectrometer using electrospray ionization (ESI) in 

positive mode on samples prepared in methanol.  

FTIR spectra were acquired using a Bruker Vector 22 FTIR spectrometer with a 

Golden Gate diamond attenuated total reflection cell. A total of 64 scans were 

collected on samples in their native (dry) state.  

UV-visible spectra were obtained using a Biotech Synergy HT and processed using 

the Gen5 software package version 1.11. “Normalised absorbance” refers to data that 

has been normalised between 0 and 1. All other data referred to as “absorbance” has 

been normalised such that the absorbance at 450 nm equals 1. 

SEC analysis was performed on a Varian 390-LC MDS system equipped with a PL-

AS RT/MT autosampler, a PL-gel 3 µm (50 × 7.5 mm) guard column, two PL-gel 5 

µm (300 × 7.5 mm) mixed-D columns using DMF with 5 mM NH4BF4 at 50 °C as 

the eluent at a flow rate of 1.0 mL.min
-1

. The GPC system was equipped with 

ultraviolet (UV) (set at 280 nm) and differential refractive index (DRI) detectors. 

Narrow molecular weight PMMA standards (200 - 1.0 × 10
6
 g.mol

-1
) were used for 

calibration using a second order polynomial fit.  

Particle size analysis was determined by Dynamic Light Scattering using a Malvern 

Zetasizer Nano ZS instrument. A 4 mW He-Ne 633 nm laser module was used and 

scattered light was measured at 173° (back scattering). The attenuator and position 

was selected automatically by the instrument and particle sizes reported as the 

average of 4 measurements. 
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TEM images were obtained on a JEOL 2000fx microscope, 200 kV, LaB6 instrument 

operated with a beam current of ~115 mA; images were captured using a Gatan 

Orius 11 megapixel camera. Samples were prepared by deposition and drying of 

nanoparticle samples (10 µL of stock solutions) onto lacey carbon 300-mesh copper 

TEM grids (Agar Scientific). Diameters were measured using ImageJ version 1.48a; 

average values were calculated by counting a minimum of 60 particles.  

5.5.3 Procedures 

5.5.3.1 Example polymerisation of N-hydroxyethylacrylamide using 1-((3,4-

dihydroxyphenethyl)amino)2-methyl-1-oxopropan-2-yl dodecyl 

carbonotrithioate 

N-hydroxyethylacrylamide (1.00 g, 8.69 mmol), compound 3 (75.90 mg, 115.91 

µmol) and 4,4’-azobis(4-cyanovaleric acid) (6.50 mg, 23.18 µmol) were added to a 

vial fitted with stir bar and rubber septum and dissolved in methanol:toluene (50:50) 

(2 mL). Mesitylene (0.20 mL) was added as internal reference and the mixture 

stirred (5 mins). An aliquot of this starting mixture was removed for 
1
H NMR 

spectroscopic analysis. The mixture was degassed by bubbling through nitrogen gas 

for 30 mins and placed in an oil bath thermostated at 70 °C for 35 mins. The reaction 

was quenched in liquid nitrogen, an aliquot removed and conversion determined by 

1
H NMR spectroscopy. The product was purified three times by precipitation from 

methanol into cold diethyl ether, the solid isolated by centrifugation and dried to 

yield a pale yellow solid. Conversion (NMR): 78.5 % Mn (theoretical): 6800 g.mol
-1

; 

Mn (SEC): 9700 g.mol
-1

; Mw/Mn (SEC): 1.17. 
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5.5.3.2 Polymerisation of N-hydroxyethylacrylamide using benzyl 2-[(tert-

butoxycarbonyl)amino]ethyl trithiocarbonate 

N-hydroxyethylacrylamide (1.00 g, 8.69 mmol), benzyl 2-[(tert-

butoxycarbonyl)amino]ethyl trithiocarbonate (39.76 mg, 115.91 µmol), 4,4’-

azobis(4-cyanovaleric acid) (6.50 mg, 23.18 µmol) were added to a vial fitted with 

stir bar and rubber septum and dissolved in methanol:toluene (50:50) (2 mL). 

Mesitylene (0.20 mL) was added as internal reference and the mixture stirred (5 

mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 

analysis. The mixture was degassed by bubbling through nitrogen gas for 30 mins 

and placed in an oil bath thermostated at 70 °C for 45 mins. The reaction was 

quenched in liquid nitrogen, an aliquot removed and conversion determined by 
1
H 

NMR spectroscopy. The product was purified three times by precipitation from 

methanol into cold diethyl ether, the solid isolated by centrifugation and dried to 

yield a pale yellow solid. Conversion (NMR): 74.1 % Mn (theoretical): 6400 g.mol
-1

; 

Mn (SEC): 10200 g.mol
-1

; Mw/Mn (SEC): 1.16 

5.5.3.3 Functionalisation of gold nanoparticles with polymer (pHEA-

1/2/3/4@AuNP40) 

Polymer was dissolved in citrated coated gold nanoparticle suspension at a 

concentration of 2 mg.mL
-1

 and left at 5 °C overnight. The solution was centrifuged 

(15 mins, 10000 rpm), supernatant removed and the pellet re-dispersed in distilled 

water. This washing procedure was repeated a total of 4 times, the pellet re-dispersed 

in equal volume of distilled water and stored in the fridge until required. 
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5.5.4 Assay Conditions 

5.5.4.1 General procedure for UV/visible spectrophotometry assay of gold 

nanoparticles 

In triplicate in a 96-well plate, polymer-coated gold nanoparticle suspension (95 µL), 

concentrated sodium chloride solution (5 µL) and freshly-prepared, concentrated 

iron(III) chloride hexahydrate or iron(II) chloride tetrahydrate solution were added to 

give the desired final concentrations. After incubation for 30 mins at room 

temperature, the UV-visible spectrum between 450 and 700 nm was recorded. Data 

presented is the mean average of three replicates. 
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Chapter 6 

6. Using an Enzymatic Trigger to Stimulate 

Isothermal Cell Uptake  

6.1 Chapter Summary 

The synthesis of polymers bearing phosphate-rich side-chains by Reversible 

Addition-Fragmentation Chain Transfer (RAFT) polymerisation of a phosphorylated 

methacrylate (Phos-HEMA) is described. These polymers were shown to be 

susceptible to the enzyme calf intestinal alkaline phosphatase which cleaves 

phosphates to hydroxyl-functional groups irrespective of polymer molecular weight 

up to 11500 g.mol
-1

. Phos-HEMA was co-polymerised with diethylene glycol methyl 

ether methacrylate (DEGMA) to produce thermo-responsive materials with the 

observed cloud point dependent on the percentage of Phos-HEMA included. The 

cloud point was also shown to be reduced in the presence of the enzyme due to 

dephosphorylation of the polymer side-chain allowing a switch in solubility to be 

achieved isothermally. An MTT assay indicated both pDEGMA-co-Phos-HEMA 

and pNIPAM were biocompatible with MCF7 cells up to at least a concentration of 

1.8 mg.mL
-1

. The cloud points of these polymers displayed an inversely proportional 

dependency on polymer concentration and also varied depending on the medium 

(deionised water, PBS and RPMI 1640) in which they were dissolved. The uptake of 

these polymers by MCF7 cells was shown to increase when heated above their 

LCST.  
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6.2 Introduction 

Responsive polymers provide a valuable tool in drug delivery with common stimuli 

including pH, light, and electric fields.
1-3

 Enzymes are a particularly attractive 

stimulus where specific responses are desired given their highly specialised nature 

and unique localisation to certain tissues. For example, azoreductase is produced by 

the microbial flora present in the colon;
4
 pepsin is present at high levels in the 

stomach
5
 and a variety of digestive enzymes exist throughout the gastrointestinal 

tract.
6
 They can also provide valuable biomarkers with a range of stress and disease 

states characterised by imbalances in enzyme expression and activity.
7
 For instance, 

hepsin is a protease overexpressed in the early stages of prostate cancer,
8
 cathepsins 

are released at inflammatory sites
9
 and matrix metalloproteinases have been linked to 

vascular disease and tumour growth.
10, 11

 

The use of enzymes to trigger a specific response and hence manipulate the 

structures and pharmacokinetics of polymer-based materials has recently received 

increasing attention.
12-14

 A number of groups have utilised enzymes to trigger 

nanoparticle disassembly such as Rao and Khan who prepared polymeric micelles 

containing an azoreductase-susceptible azobenzene linkage at the copolymer 

junction of an amphiphilic diblock copolymer. Treatment of the aqueous-assembled 

micelle with this enzyme, in the presence of the coenzyme NADPH, cleaved the 

junction and disrupted the micellar assembly.
15

 A similar approach has been 

employed by Harnoy et al. who used penicillin G amidase to disrupt phenyl 

acetamide-containing micelles.
16

 Thayumanavan and co-workers have prepared 

dendrimer-based amphiphilic nanocontainers containing ester units which are 

cleaved to release encapsulated guests in the presence of porcine liver esterase.
17
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Fuchs et al. have prepared nanoparticles from polystyrene-peptide-polystyrene 

triblock copolymers with the peptide susceptible to different enzymes depending on 

its sequence: Trypsin or hepsin could be used depending on whether a Gly-Phe-Phe 

or Arg-Gln-Leu-Arg-Val-Val-Gly-Gly sequence was present respectively.
18

 

Enzymes have also been shown to promote material assembly. For example, Hu and 

Messersmith have used transglutaminase – a protein cross-linking enzyme which 

catalyses an acyl-transfer reaction between the γ-carboxamide group of glutaminyl 

residues and the ϵ-amino group of lysine residues - as a gelation agent in the 

assembly of hydrogels
19

 whilst peroxidases
20

 and tyrosinases
21

 have also been used. 

Furthermore, an enzyme-based response has been applied to modulate the 

mechanical properties of nanofiber networks,
22

 for triggered release from liposome-

based platforms
23

 and for surface modification.
24, 25

 

A particularly interesting class of enzyme is that of phosphatases which catalyse the 

hydrolysis of phosphate monoesters.
26

 Within this family, alkaline phosphatase 

(ALP) is found in the liver and bone, as well as in the intestinal lining, placenta and 

the kidney. ALP is important for a variety of physiological processes such as 

mineralisation and osteogenesis.
27, 28

 Elevated levels of the enzyme can therefore be 

implicated in Paget’s bone disease,
29

 whilst depleted levels have been linked with 

Wilson’s disease
30

 and in a range of cancer types.
31

 Considering this, there is clear 

incentive for the development of alkaline phosphatase-responsive systems. Xu and 

co-workers used ALP to trigger hydrogelation by neutralising an ionic group on an 

amino acid derivative, rendering it a small-molecular hydrogelator.
32

 Wang et al. 

have prepared a phosphatase-responsive system using electrostatic interactions 

between a double hydrophilic block copolymer comprising poly(ethylene glycol), 

poly(L-lysine hydrochloride) and adenosine 5’-triphosphate (ATP) to form a 
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superamphiphile in aqueous solution. Addition of ALP hydrolyses ATP to single 

phosphates and a neutral adenine group prompting aggregate disassembly.
33

 Zelzer 

and co-workers have prepared a peptide-based surface whose chemical properties 

change upon the catalytic action of ALP.
34

 

The ability to combine the specificity of stimuli such as enzymatic action with other 

complex responses holds great promise for a variety of applications, a concept which 

has been recently reviewed by Schattling et al.
35

 For example, thermally-responsive 

systems typically undergo an abrupt solubility change with an aqueous polymer 

solution either phase separating (LCST), or a phase-separated mixture re-solubilising 

(UCST) upon heating. To exemplify the LCST, it is well-known that introducing 

hydrophobicity to the system decreases the transition temperature.
36, 37

 It is therefore 

reasonable to assume that the phosphatase-driven dephosphorylation of a phosphate 

to hydroxyl functional group will decrease the hydrophilicity of the system and 

hence affect the LCST, allowing an isothermal change in polymer solubility. Few 

examples combining a thermal response with the specificity of enzymes exist in the 

literature. One example presented by the Ulijn group combines the thermo-

responsive properties of poly(2-isopropyl-2-oxazoline) (PiPrOx) with a phosphate-

containing fluorenylmethoxycarbonyl-tyrosine (Fmoc-pY). Treatment of Fmoc-pY-

PiPrOx with alkaline phosphatase caused a decrease in cloud point by 2 °C due to 

removal of hydrophilic phosphate, whilst the unmodified polymer saw no change. 

Phosphate loss was also used to trigger self-assembly (Figure 6.1).
38
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Figure 6.1 (a) Dephosphorylation of Fmoc-pY-PiPrOx catalysed by phosphatase and 

(b) schematic representation of enzyme- and temperature-induced self-assembly 

behaviour of the polymer bioconjugate.
38

 

Whilst the solubility switch associated with the LCST has found numerous 

applications in, for example, catalysis
39

 and purification,
40

 it has also been used to 

trigger the uptake of various functional structures into cells due to increased 

lipophilicity and membrane permeability.
41

 For example, Alexander and co-workers 

have prepared nanoparticles comprising a biodegradable poly(lactide-co-glycolide) 

core, in which paclitaxel was internalised, and a thermo-responsive PEG-based shell. 

Significantly enhanced uptake and paclitaxel-based cytotoxicity was observed when 

incubated above the particle thermal transition temperature.
42

 In addition to polymer 

nanoparticles,
41

 other structures which have employed this property to enhance cell 

uptake include liposomes,
43

 hydrogel submicron particles
44

  and elastin-like 

polypeptides.
45, 46

  

An attractive extension of this concept would be to trigger cell uptake using localised 

biochemical environments, such as local enzyme concentrations, as a polymer 

solubility modifier. This feature would enhance the selectivity of such systems and 
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provide an alternative approach to the more traditional, receptor-mediated uptake 

pathways.
47-51

 Considering this, the following chapter first explores the synthesis of 

phosphate-functional polymers capable of responding to the presence of alkaline 

phosphatase and their subsequent elaboration into thermo-responsive structures is 

assessed. Secondly, the use of an LCST to enhance cell uptake into a human breast 

adenocarcinoma (MCF7) cell line is determined before finally investigating the 

ability to selectively trigger uptake using alkaline phosphatase as the LCST modifier. 
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6.3 Results and Discussion 

6.3.1 Synthesis of Phosphorylated Polymers 

Polymers containing phosphate moieties in their side-chain can be produced through 

the polymerisation of ethylene glycol methacrylate phosphate (Phos-HEMA), a 

commercially available monomer. Very few examples of the polymerisation of this 

monomer in its native state by controlled radical processes exist. Previous reports on 

the polymerisation of phosphate-containing monomers by Atom Transfer Radical 

Polymerisation (ATRP) have described slow polymerisation rates and side reactions 

as the result of complexation between the metal used in ATRP and the phosphate 

group.
52

 Zhou and Huck circumvented this by polymerising a deprotonated Phos-

HEMA.
53

 Reports of the RAFT polymerisation of this monomer are also rare with 

most reports polymerising a protected monomer and generating phosphate groups 

through subsequent deprotection.
54

 The first polymerisation of Phos-HEMA by 

RAFT was reported by Suzuki et al.
55

 Subsequently, Yusa and co-workers used 

RAFT polymerisation to prepare Phos-HEMA containing block co-polymers.
56

 In 

our hands, polymerisation of a commercially available Phos-HEMA by RAFT using 

4,4’-azobis(4-cyanovaleric acid) and 4-cyano-4-(phenylcarbonothioylthio) pentanoic 

acid as initiator and chain-transfer agent respectively produced an insoluble, cross-

linked gel within minutes. This observation was initially surprising given the 

addition of a similar chain transfer agent (CTA) concentration (0.02 M) to that 

described by Suzuki et al.
55

 However, analysis of the "monomeric" starting material 

by 
31

P NMR spectroscopy revealed three peaks corresponding to free phosphate, 

orthophosphoric acid (0.91 ppm), phos-HEMA (0.07 ppm) and a diene (-0.74 ppm) 

in a ratio of 0.5:1:0.5 (Figure 6.2).
57

 Dienes are a common additive where cross-
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linking is required
58

 hence the presence of a significant portion (~25 %) of this 

compound most likely explains the observed gelation. 

 

Figure 6.2 
31

P NMR spectrum of ethylene glycol methacrylate phosphate 

(commercial product) - assignment based on previous report.
57

 

Considering this, a purer monomer was synthesised using phosphorus oxychloride, 

POCl3, as phosphorylation agent (Scheme 6.1).
59

  

 

Scheme 6.1 Synthetic scheme for the preparation of Phos-HEMA. 

Pleasingly, this reaction produced the desired monomer in good yield, with 

negligible traces of the undesired diene impurity. 
1
H NMR spectroscopic analysis 

revealed vinyl proton peaks at 6.17 and 5.67 ppm, together with two CH2 groups and 

one CH3 group at 4.37, 4.21 and 1.97 ppm respectively (Figure 6.3A). Doublets at 

64.1 and 63.5 ppm observed in the 
13

C NMR spectrum on account of coupling with 

the phosphorus atom and the single peak observed by 
31

P NMR spectroscopic 

analysis further confirmed monomer structure and purity (Figure 6.3B/C). 
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Figure 6.3 NMR characterisation of Phos-HEMA: (A)
1
H; (B)

13
C and (C)

31
P NMR. 
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With phosphorylated monomer in hand, phosphate-functional polymers were 

prepared by the RAFT process. Given the few reports on this, preliminary 

experiments were performed to better understand the polymerisation rate, and to 

check the kinetics adhered to controlled radical polymerisation theory. Two chain 

transfer agents, 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid and 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid were employed in a reaction 

mixture comprising [M]:[CTA]:[Initiator] = 100:1:0.2, and an initial monomer 

concentration of 1.19 M. Mesitylene was used as an internal standard and conversion 

was monitored by 
1
H NMR spectroscopy, following the change in integral of vinyl 

proton peak relative to this standard. Polymerisation was observed to be faster using 

the trithiocarbonate compared to the dithiobenzoate, with approximately 85 % 

conversion reached after 10 and 24 hours respectively (Figure 6.4A). A key 

characteristic of controlled radical processes is the progression of first order 

kinetics.
60

 This was observed in the case of both chain transfer agents (Figure 6.4B).  

 

Figure 6.4 Kinetic results from the RAFT polymerisation of Phos-HEMA: (A) time-

dependent monomer conversion; (B) pseudo first order kinetic plot with (C) 

dithiobenzoate and trithiocarbonate chain transfer agents. 
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With the controlled polymerisation of this monomer by RAFT confirmed, the 

dithiobenzoate chain transfer agent was used to prepare a series of small molecular 

weight polymers (Table 6.1, Figure 6.5A). At higher molecular weights, the 

dispersity becomes broader than typically desired for controlled radical 

methodologies, with a high molecular weight shoulder beginning to develop. This 

may be an artefact of the SEC system used – for instance, partial deprotonation of 

the phosphate functionality may influence the hydrodynamic volume of some 

polymer chains or, may be the result of the polymerisation methodology employed. 

If more well-defined polymers are desired, alternative chain transfer agents may be 

required or different methods towards making the polymer, such as through post-

polymerisation modification, may require investigation. For our purpose however, 

RAFT was simply used as a facile route towards the preparation of phosphate-

functional polymers. To confirm the presence of this functional group, 
31

P NMR 

analysis of the purified material was performed and revealed a single phosphorus 

peak, confirming the presence of a phosphate group and hence the suitable 

application of the RAFT technique (Figure 6.5B). Moreover, the use of a diene-free 

monomer ensured the poly(diester) observed in previous reports
55

 was not seen in 

our case.  

Table 6.1 Characterisation of pPhos-HEMA samples prepared using 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid in this study. 

Polymer [M]:[CTA] 
Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b 

Mw/Mn
b 

pPhos-HEMA-1 10 41.2 870 9400 1.24 

pPhos-HEMA-2 75 50.8 8000 30900 2.00 

pPhos-HEMA-3 100 54.7 11500 38000 2.20 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene); 

b
Determined by SEC (aqueous) relative to PEO standards. 
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Figure 6.5 (A) SEC characterisation of pPhos-HEMA-1/2/3; (B) 
31

P NMR 

spectrum of pPhos-HEMA-1 in MeOD. 

Next, the ability of the enzyme calf intestinal alkaline phosphatase (CIALP) to 

cleave phosphate groups from the functional polymer chain was verified. To do this, 

a commercially available colorimetric assay was employed. This assay utilises a 

formulation of malachite green and ammonium molybdate which, in the presence of 

a phosphate ion, forms a chromogenic complex with an intense absorption band 
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around 650 nm. The absorbance of this complex was checked using a series of 

standard solutions up to a known phosphate concentration of 1 mM (Figure 6.6A). A 

linear relationship between absorbance and phosphate concentration was observed 

up to a concentration of 25 µM (Figure 6.6B – inset), above which a green/brown 

precipitate was rapidly produced. Considering this observation, all assays were 

designed such that a theoretical 100% phosphate release equated to a concentration 

of 25 µM.  

 

Figure 6.6 (A) Colour observed with increasing phosphate concentration; (B) 

Absorbance of malachite green/ammonium molybdate in presence of phosphate ion 

(inset: linear region 0 – 25 µM). 
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Given the use of a biologically-relevant enzyme, all experiments were performed at 

37 °C. Whilst the colour of the assay complex remained relatively constant over a 2 

hour period at room temperature, the absorbance at 37 °C was observed to increase 

for the first 70 mins after reagent addition before plateauing (Figure 6.7A). It is not 

obvious why this occurred but to minimise measurement-to-measurement error, the 

reagent/phosphate mixture was left to incubate for 90 mins (i.e. after absorbance had 

plateaued) before a measurement was taken. Importantly, the calibration plot of the 

standards after 90 mins at 37 °C was still linear within the region of analysis (Figure 

6.7B), and no precipitate was observed. 

 

Figure 6.7 Effect of temperature and time on absorbance profile of phosphate 

detection assay: (A) variation of absorbance with time at room temperature and 37 

°C; (B) linear relationship of absorbance with phosphate concentration at 30 mins 

(supplier recommended reagent incubation time) and 90 mins. 

With these conditions optimised, the effect of CIALP on polymer pPhos-HEMA-3 

was assessed. A multi-well plate was used in which a concentrated solution of 

pPhos-HEMA-3 was prepared and added to buffer. The enzyme was then added 

followed by the detection reagent at the required time-points and the absorbance at 

650 nm measured after a 90 minute incubation time (Figure 6.8). Phosphate release 

was observed to be rapid with approximately 38 % released after 30 mins before 
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plateauing at approximately 60 % after 8 hours. Failure to release more phosphate 

was initially surprising but could be rationalised as follows. Firstly, the activity of 

the enzyme, and hence ability to desphosphorylate over the extended time-period of 

the assay may be influenced by the presence of the polymer. Secondly, the volume of 

enzyme used in this assay was not optimised and hence more may be required to 

achieve greater levels of dephosphorylation. Thirdly, complete polymer 

dephosphorylation would produce poly(hydroxyethyl methacrylate), pHEMA, which 

is known to be water swellable, rather than water-soluble at chain lengths beyond 

approximately 20 repeat units.
61, 62

 Whilst no polymer precipitation was observed 

during the assay, the increasing hydrophobic character obtained upon 

dephosphorylation may result in the formation of globule-type micro-domains which 

could limit enzyme access to the remaining phosphate functional groups. A similar 

observation has been made by Amir et al. who used acid phosphate to 

dephosphorylate a diblock copolymer containing PEG-derived and phosphorylated 

styrene blocks. Incomplete dephosphorylation was observed which was attributed to 

the beginnings of a self-assembly process which shielded some phosphate groups 

from being accessed by the enzyme.
63

 

 

Figure 6.8 Percentage phosphate release from pPhos-HEMA-3 upon incubation 

with CIALP. 
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To investigate whether the polymer chain length could influence the degree of 

phosphate release, the same assay was performed on polymers pPhos-HEMA-1 

(Mn(theo) = 870 g.mol
-1

) and pPhos-HEMA-2 (Mn(theo) = 11500 g.mol
-1

). In each case, 

the mass of polymer used was fixed meaning despite the difference in chain length 

the number of phosphate groups in each sample should theoretically be equal. All 

samples were incubated for 24 hours and the detection kit used to assess phosphate 

release with all polymers exhibiting similar release profiles between 55 and 60 % 

(Figure 6.9). This observation suggests enzyme activity or access to 

dephosphorylation is similar for all molecular weights tested here. Several controls 

were also performed to confirm the validity of the assay. Firstly, the absorbance of 

the kit in buffer was shown to be minimal confirming no interaction between the 

chromogenic complex and the solution salts (Figure 6.9). Polymer pPhos-HEMA-3 

was also tested in the absence of enzyme. Less than 10 % release was observed 

indicating the measured absorbance was due to the dephosphorylation of phosphate 

groups by CIALP, rather than by other non-specific mechanisms such as aqueous 

phosphate hydrolysis (Figure 6.9). Finally, a non-phosphate containing, water-

soluble polymer was also tested – poly[oligo(ethylene glycol)300 methyl ether 

methacrylate], pOEGMA300 (Table 6.2, Figure 6.10). A small change in absorbance 

which equated to approximately 10 % phosphate release was also observed 

suggesting the polymer may interfere with the colorimetric assay in some way 

though this was still significantly less than that observed for pPhos-HEMA-1/2/3 in 

the presence of the enzyme (Figure 6.9).  
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Figure 6.9 (A) Percentage of phosphate released from polymers of various 

molecular weights and side-chain functionalities in the presence and absence of 

CIALP; (B) Chemical structures of polymers employed. 
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Table 6.2 Characterisation of pOEGMA300 prepared using 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid. 

Polymer [M]:[CTA] 

Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b 

Mw/Mn
b 

pOEGMA300 50 44.2 8800 11300 1.18 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene); 

b
Determined by SEC (DMF inc. 5 mM NH4BF4) relative to PMMA standards. 

 

 

 

Figure 6.10 SEC characterisation of pOEGMA300 
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6.3.2 Phosphate-Containing, Thermally-Responsive Systems 

Poly(Phos-HEMA) does not display a thermal transition in aqueous solution within 

easily accessible experimental temperatures. Hence, to introduce this property into 

the system, a thermally-responsive unit was added into the polymerisation mixture. 

The poly[oligo(ethylene glycol) methyl ether methacrylate] family is well known for 

its thermally-responsive behaviour, the shortest member of which is diethylene 

glycol methyl ether methacrylate (DEGMA), typically possessing a cloud point of 

around 26 °C in aqueous solution.
64, 65

 To assess the effect of Phos-HEMA on the 

cloud point of the DEGMA-based co-polymers, a series of samples was prepared 

(Table 6.3). 

Table 6.3 Characterisation of poly(DEGMA-co-Phos-HEMA) samples prepared 

using 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid in this study. 

Polymer 

[DEGMA]:[Phos-

HEMA]:[CTA] 

Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b 

Mw/Mn
b 

Pco1% 99:1:1 42.7 8000 7300 1.23 

Pco2.5% 97.5:2.5:1 45.9 8600 7200 1.21 

Pco5% 95:5:1 46.4 8800 6400 1.21 

Pco10% 90:10:1 23.3 4400 6200 1.30 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene) 

assuming equal conversion of DEGMA and Phos-HEMA (Phos-HEMA vinyl proton 

peaks too poorly resolved for analysis); 
b
Determined by SEC (DMF inc. 5 mM 

NH4BF4) relative to PMMA standards. 

Interestingly, to exemplify Pco1%, Pco2.5% and Pco5% (Figure 6.11A) all of which 

proceeded to similar conversions and showed an increase in theoretical molecular 

weight, the molecular weights as determined by SEC showed a progressive decrease 
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in size with increasing Phos-HEMA incorporation, whilst a low molecular weight 

tail was apparent in all cases (Figure 6.11B). Poly(Phos-HEMA) is insoluble in DMF 

therefore this observation is likely to be due to the solvation characteristics of the 

increasingly Phos-HEMA-rich co-polymers in the eluent used. Nevertheless, the 

incorporation of small degrees of Phos-HEMA was enough to significantly influence 

the system cloud point. An increase from 35 °C to 45 °C was observed upon 

increasing the Phos-HEMA proportion from 1 % to 10 % (Figure 6.11C/D), 

providing evidence of the successful incorporation of the monomer in the co-

polymer structure. The very hydrophilic nature of Phos-HEMA means only small 

proportions are required to produce a cloud point with physiological relevance. 

 

Figure 6.11 Characterisation of pDEGMA-co-Phos-HEMA: (A) Co-polymer 

chemical structure; (B) SEC characterisation; (C) Cloud point traces at a polymer 

concentration of 5 mg.mL
-1

 (solid curves added to guide the eye only); (D) Cloud 

point as a function of co-polymer composition.  
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It was anticipated that the action of phosphatase on this polymer would trigger a 

decrease in cloud point by converting phosphate groups to less hydrophilic hydroxyl 

moieties (Figure 6.12A). To test this hypohesis, a 5 mg.mL
-1

 solution of Pco5% was 

incubated with CIALP and the sample stirred at 37 °C for 24 hours. This polymer 

concentration was selected to ensure the change in turbidity observed upon passing 

through the cloud point would be sufficiently strong for detection by the instrument 

used (Optimelt) in this case. After this time, the sample was analysed by 

turbidimetry and, pleasingly, a decrease in the cloud point by 4 °C and 8 °C was 

observed in the presence of 2 µL (2 units) and 10 µL (10 units) of enzyme 

respectively (Figure 6.12B). 

 

Figure 6.12 (A) Anticipated change in chemical structure of poly(DEGMA-co-Phos-

HEMA) upon incubation with CIALP; (B) Effect of CIALP on cloud point of Pco5% 

(solid curves are to guide the eye). 
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To confirm this action was due to phosphate removal, two controls were performed. 

Firstly, the polymer was incubated without enzyme for a period of 24 hours and 

negligible change in cloud point was observed, confirming any shift is not due to 

routine hydrolysis of either the phosphate groups or the methacrylate backbone 

(Figure 6.13A). Moreover, to verify the shift was not simply due to the additives 

present in the buffer used for analysis the non-phosphate-containing pOEGMA300 

was also analysed following 24 hour incubation with 10 µL CIALP (Figure 6.13B). 

Minimal change was observed in this case with the cloud point actually increasing 

slightly, in contrast to the behaviour expected and observed if dephosphorylation was 

occurring (Figure 6.12B). In comparison to the assays performed on the 

homopolymers (Figure 6.9A) where a phosphate concentration of 25 µM was 

employed, the phosphate concentration in this test was nearly 50 x higher (~ 1.2 

mM) and hence the effect of a larger enzyme volume is perhaps unsurprising.  

 

Figure 6.13 (A) Cloud point of Pco5% in 1x NEBuffer 3 after 24 hours; (B) Cloud 

point of pOEGMA300 with and without 10 µL CIALP (solid curves are to guide the 

eye). 
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The change in cloud point observed upon the addition of CIALP provided a window 

for an isothermal transition to be achieved and was tested using a turbidimetric assay 

(Figure 6.14). The polymer was held at 34 °C, below its cloud point but above that 

observed in the presence of 10 µL CIALP. No increase in absorbance was observed 

until the enzyme was added, at which time a rapid and significant increase in 

absorbance, concomitant with polymer precipitation was observed. Altering a 

material’s solubility without needing a temperature change is potentially attractive 

for biomedical applications providing, for example, a route towards improved, 

controlled targeting of therapeutic delivery vehicles.
66, 67

 

 

Figure 6.14 Isothermal turbidimetry data for Pco5%: Polymer concentration = 5 

mg.mL
-1

; Temperature = 34 °C; CIALP added at time indicated by asterisk. Black = 

control (polymer without enzyme); red = polymer with 10 µL CIALP. Inset = 

representative photo of wells before and after experiment. 
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6.3.3 Cell Studies  

Having verified the isothermal response of these polymers in the presence of CIALP, 

we next wanted to investigate their behaviour when applied to cells. Typically, cell 

uptake is assessed by applying a fluorescently-labelled sample to a cell line and 

measuring the resulting cell lysate fluorescence. In this study, a small percentage of 

hostasol methacrylate (HMA) was added to the co-polymerisation mixture given its 

strong fluorescent characteristics at excitation and emission wavelengths of 461 and 

528 nm respectively.
68

 We first wanted to check that the LCST could be used to 

enhance cell uptake and hence a positive control was required. Poly(N-

isopropylacrylamide-co-HMA), pNIPAM-co-HMA, was selected for use here given 

its prevalence in the literature as both a thermo-responsive polymer
69

 and also given 

it has been applied for cell uptake studies previously.
41, 70

 SEC was used to confirm 

the successful labelling of the polymer, with a strong absorbance at 461 nm 

(corresponding to HMA) observed at the same elution time as the polymer peak 

(Figure 6.15, Table 6.4). It should be noted that the slight difference in retention time 

between the peaks detected by RI and at 461 nm is due to inter-detector delay.  
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Figure 6.15 (A) Synthesis of pNIPAM-co-HMA; (B) SEC characterisation showing 

successful fluorescent labelling of polymer. 

 

Table 6.4 Characterisation of pNIPAM-co-HMA prepared using benzyl 2-

hydroxyethyl carbonotrithioate. 

Polymer [NIPAM]:[HMA]:[CTA] 
Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b 

Mw/Mn
b 

pNIPAM-co-

HMA 
30:0.01:1 89.3 3000 3800 1.11 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene); 

b
Determined by SEC (DMF inc. 5 mM NH4BF4) relative to PMMA standards. 
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The cloud point of this polymer was also characterised in water at various 

concentrations (Figures 6.16A). In keeping with previous observations, an 

exponential increase in cloud point was observed with decreasing polymer 

concentration from 42.8 °C at 1 mg.mL
-1

 to 55.9 °C at 0.1 mg.mL
-1

.
71, 72

 In 

biological systems more complex salt-containing media are encountered. Phosphate 

buffered saline (PBS) is routinely used as an osmotic mimic of in vivo conditions 

and hence the cloud point in this medium was also determined. A noticeable 

decrease in cloud point of 4 – 5 °C compared to the polymer in pure water was 

observed at all concentrations tested due to the high kosmotropic salt content 

(Figures 6.16B).
73

 Furthermore, cell culture media are even more complex than 

simple salt solutions where additional amino acids and sometimes antibiotics are 

commonly present. To assess the cloud point in such media RPMI 1640 was selected 

given its prevalence in cell culture processes (Figure 6.16C).
74

 Again, significant 

deviations from the cloud points in water were observed, generally exhibiting lower 

values of between 3 and 4 °C. Equally, the cloud point was observed to be 

approximately 1 °C higher than those obtained in PBS with the exception of a 

concentration of 0.1 mg.mL
-1

. Here however, the reduced resolution of the observed 

curve makes the obtained value unfit for effective comparison. Finally, foetal bovine 

serum (FBS) is also sometimes added to the growth medium to aid cell proliferation. 

To mimic this, 5 % w/v bovine serum albumin (BSA) was added and the cloud 

points measured (Figure 6.16D). Minimal change compared to the value obtained in 

RPMI 1640 alone was observed, except again at very dilute (0.1 mg.mL
-1

) 

concentrations where the curve profile was again poorly resolved. This may be due 

to a lack of instrument sensitivity at this concentration where the change in visual 

turbidity will be minimal compared to that seen at the higher polymer concentrations 
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tested. Nevertheless, these results do show that careful consideration of the 

solvents/biological media being used, as well as the polymer concentration is 

required in the design of any material intended for in vivo application. Given the 

plethora of cell culture media available, it is reasonable to expect some differences 

between media given the variety of additives known to exist in such solutions. A 

summary of all the cloud points measured is shown in Table 6.5 and Figure 6.17. 

 

 

Figure 6.16 Turbidimetric analysis of pNIPAM-co-HMA at varying polymer 

concentrations in different media: (A) Deionised water; (B) PBS; (C) RPMI and (D) 

RPMI (inc. 5 % BSA). 
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Table 6.5 Cloud points of pNIPAM-co-HMA at various concentrations in different 

media. 

Cloud Point (°C) of 

pNIPAM-co-HMA 

Medium 

H2O PBS RPMI 
RPMI inc. 

5 % BSA 

Polymer 

Concentration 

(mg.mL
-1

) 

2 - 34.6 - 35.7 

1.5 - 36.3 - 37.2 

1 42.8 38.2 39.3 39.5 

0.5 47.7 42.4 43.6 43.3 

0.1 55.9 51.8 55.5 51.3 

 

 

Figure 6.17 Cloud points of pNIPAM-co-HMA as a function of polymer 

concentration in a variety of media. 

With the thermo-responsive behaviour of the polymer characterised, the cytotoxicity 

of an analogous polymer to the cell line of interest (MCF7) was characterised using 

the 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) assay. First 

used by Mosmann to quantitate cellular growth and cytotoxicity in cultured cells in 
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1983,
75

 the tetrazole ring in MTT, a yellow, water-soluble compound, is reduced to a 

water-insoluble, purple formazan in metabolically active cells.
76, 77

 The reduction is 

thought to occur mainly in the mitochondria, through the action of succinate 

dehydrogenase, and hence provides a measure of mitochondrial function.
78

  

To avoid any potential interference with the colorimetric output of the assay, another 

pNIPAM of similar molecular weight was prepared without any fluorescent label 

(Figure 6.18, Table 6.6). Given the percentage inclusion the HMA in the copolymer 

described above was so small (< 1 %), it was assumed this would have little impact 

on the cytotoxicity of the overall polymer, in keeping with previous reports.
79

  

 

Figure 6.18 (A) Synthesis of pNIPAM; (B) SEC characterisation of polymer  
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Table 6.6 Characterisation of pNIPAM prepared using benzyl 2-hydroxyethyl 

carbonotrithioate. 

Polymer [M]:[CTA] 
Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b 

Mw/Mn
b 

pNIPAM 50 63.6 3600 5500 1.08 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene); 

b
Determined by SEC (DMF inc. 5 mM NH4BF4) relative to PMMA standards. 

 

The cloud points of pNIPAM were again determined in the media described above 

with the cloud point observed to follow a similar trend: deionised water > RPMI 

1640 (with BSA) > RPMI 1640 (without BSA) > PBS (Figures 6.19, 6.20 and Table 

6.7). It should be noted that the effect of BSA on the cloud point for this polymer 

was more significant with its presence increasing the cloud point by approximately 

0.5 °C at all concentrations, further emphasising the subtle differences in responsive 

behaviour between polymers. 
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Figure 6.19 Turbidimetric analysis of pNIPAM at varying polymer concentrations 

in different media: (A) Deionised water; (B) PBS; (C) RPMI and (D) RPMI (inc. 5 

% BSA). 

Table 6.7 Cloud points of pNIPAM at various concentrations in different media. 

Cloud Point (°C) of 

pNIPAM 

Medium 

H2O PBS RPMI 
RPMI inc. 

5 % BSA 

Polymer 

Concentration 

(mg.mL
-1

) 

2 - 34.8 - 34.7 

1.5 - 35.7 - 35.5 

1 41.4 37.3 37.6 38.0 

0.5 44.4 39.5 40.0 40.5 

0.1 50.8 46.3 47.0 47.6 
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Figure 6.20 Cloud points of pNIPAM as a function of polymer concentration in a 

variety of media. 

Pleasingly, the MTT assay showed no significant toxicity at any polymer 

concentration with a cell viability greater than 85 % observed at the relatively high 

concentration of 2 mg.mL
-1

 (Figure 6.21A). Given the cloud point of 35.7 °C, the 

ability to trigger cell uptake by heating beyond the polymer LCST was next assessed 

at this concentration. The polymer was added to cells in two different multi-well 

plates and incubated at either 30 °C or 38 °C, well below and above the cloud point 

respectively. The polymer-cell mixture was incubated for one hour after which time 

the wells were washed thoroughly, lysed and the fluorescence of the cell lysate 

measured. An increase in fluorescence intensity of 68 % was observed in the cells 

incubated at a temperature above the LCST suggesting greater cell uptake (Figure 

6.21B). A statistical difference between the two data sets was confirmed with a P 

value of 0.0008, as obtained from a two-tail Student’s t-test where a value below 

0.05 describes a 95 % confidence interval that the results obtained were not 
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serendipitous. It is anticipated that greater cell uptake would be observed with longer 

incubation times. 

 

Figure 6.21 (A) MTT assay results of pNIPAM incubated with MCF7 cells for 67 

hours (mean of 4 replicates shown, error bars = standard error); (B) Fluorescence 

intensity following cell uptake experiments of pNIPAM-co-HMA in MCF7 cells 

held at 30 °C and 38 °C (polymer concentration = 2 mg.mL
-1

). 

The thermal-triggered uptake of the pDEGMA-co-Phos-HEMA copolymers was 

next assessed. The cytotoxicity of pOEGMA300 was first tested via the MTT assay 

to verify any cytotoxic contribution of the ethylene glycol component of the co-

polymer. Importantly, no cytotoxicity was observed (Figure 6.22A) up to a polymer 

concentration of 2 mg.mL
-1

 which is well above the concentration employed in this 

study (vide infra). Secondly, Pco5% was tested and this polymer exhibited an IC50 

value - the concentration at which only 50 % of viable cells is present, and hence is 

regarded as a marker of cytotoxicity - of 1.81 mg.mL
-1 

(Figure 6.22B). This 

observation suggests the incorporation of the phosphorylated monomer into the 

polymer structure is not tolerated so well by the cells used in this study. By 

extension, the design of polymers for cell studies should contain as little Phos-

HEMA as possible.  
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Figure 6.22 MTT assay results of (A) pOEGMA300 and (B) Pco5% incubated with 

MCF7 cells for 67 hours (mean of 4 replicates shown, error bars = standard error). 

With the lack of toxicity confirmed, a phosphate-functional, fluorescently labelled 

polymer was prepared by co-polymerising Phos-HEMA, DEGMA and HMA 

(Scheme 6.2, Table 6.8).  

 

Scheme 6.2 Synthetic scheme for the preparation of a fluorescent, phosphate-

labelled thermo-responsive polymer. 
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Table 6.8 Characterisation of pDEGMA-co-Phos-HEMA-co-HMA prepared using 

benzyl 2-hydroxyethyl carbonotrithioate. 

Polymer 

[DEGMA]: 

[Phos-HEMA]: 

[HMA]:[CTA] 

Conversion 

(%)
a 

Mn(th) 

(g.mol
-1

)
a 

Mn(SEC) 

(g.mol
-1

)
b 

Mw/Mn
b 

pDEGMA-

co-Phos-

HEMA-co-

HMA 

99:1:0.8:1 30.9 5800 13400 1.12 

a
Determined by 

1
H NMR spectroscopy relative to an internal standard (mesitylene); 

b
Determined by SEC (DMF inc. 5mM NH4BF4) relative to PMMA standards. 

 

Given the indication of some cytotoxicity when Phos-HEMA is incorporated into the 

co-polymer structure, a polymer comprising only 1 % of the phosphorylated side-

chain was isolated by multiple precipitations into cold diethyl ether, as indicated by 

SEC (Figure 6.23A, Table 6.8). The thermal response of this polymer was then 

characterised at various concentrations in the cell culture medium-mimic (RPMI 

1640, including 5 % BSA, Figure 6.23B).  

 

Figure 6.23 (A) SEC characterisation showing fluorescent labelling and (B) 

Turbidimetric analysis of pDEGMA-co-Phos-HEMA-co-HMA. 
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The uptake of this polymer below and above the LCST was next determined in the 

same manner as described above (Figure 6.24). Here, a 60 % increase in the 

fluorescence intensity was observed at 38 °C (above the polymer cloud point) 

compared to at 30 °C (below the cloud point) suggesting enhanced uptake when the 

polymer is in its hydrophobic conformation. A P value of 0.01 again confirms the 

statistical difference between the two data sets. It should be noted that the total 

fluorescence intensity was less than that observed with the pNIPAM sample and is 

most likely due to the more dilute concentration in which the polymer was applied to 

the cells. 

 

Figure 6.24 Fluorescence intensity following cell uptake experiments of pDEGMA-

co-Phos-HEMA-co-HMA in MCF7 cells held at 30 °C and 38 °C (polymer 

concentration = 0.75 mg.mL
-1

, mean of 3 replicates shown, error bars = standard 

error). 

Finally, the ability to trigger uptake isothermally through enzyme-mediated 

dephosphorylation was assessed. In this experiment, the polymer was held at 36 °C 
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at a concentration of 0.75 mg.mL
-1

 given the cloud point of 36.5 °C is slightly above 

physiological temperature. It was then anticipated the addition of CIALP would 

lower the polymer cloud point below 36 °C making the polymer more hydrophobic 

and hence enhance cell uptake. CIALP was added at two different volumes (2 µL 

and 10 µL) given the precise volume required was not known. Moreover, earlier 

experiments suggested 10 µL was enough to promote a significant change in cloud 

point at a far higher polymer concentration (5 mg.mL
-1

, Figure 6.12B). The 

polymer/cell mixture, together with enzyme was incubated for 24 hours, the cells 

lysed, washed thoroughly and the fluorescence of the resulting cell lysate measured 

(Figure 6.25). Initial results revealed no statistically significant differences in the 

fluorescence observed between the cells incubated with polymer alone, or those with 

added CIALP. The reasoning behind this observation could be as follows: Firstly, 

the incorporation of 1 % Phos-HEMA in the polymer structure may not be sufficient 

to trigger a significant change in the polymer cloud point. Given its statistical nature, 

some chains may contain no phosphorylated groups in the side-chain, for instance. 

Another reason may be that the cloud point of this polymer without any enzyme was 

too close to the incubation temperature. There are some reports that define the cloud 

point as the temperature at which an onset of precipitation is observed,
80

 not the 

value at which a normalised absorbance is equal to 0.5, as has been employed 

throughout this thesis. Although the latter definition proved adequate in all other 

investigations described in this work, it is possible that given the long (24 hour) 

incubation time in this experiment, some of the polymer solution had already 

undergone the coil-to-globule transition associated with the LCST hence limiting the 

influence of the enzyme. Finally, the lack of desired effect may be an artefact of the 

methodology used here. Specifically, sterile-filtered FBS was used throughout the 
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cell culturing process. As this may contain traces of alkaline phosphatase, any 

phosphate units on the polymer backbone will be cleaved, hence negating the 

intended effect of the subsequently added enzyme. Ways in which to improve upon 

this are currently being investigated including ensuring the cell culture medium is 

phosphatase-free, together with the synthesis of additional co-polymers containing 

higher percentages of the phosphate unit.     

 

Figure 6.25 Cell uptake results of pDEGMA-co-Phos-HEMA-co-HMA in MCF7 

cells with added CIALP at 36 °C (mean of 3 replicates shown, error bars = standard 

error). Polymer concentration = 0.75 mg.mL
-1

. 
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6.4 Conclusions 

In summary, this chapter first describes the synthesis of a phosphorylated 

methacrylate (Phos-HEMA) which is well tolerated by the RAFT methodology to 

produce phosphate-functional polymers. The susceptibility of these polymers to the 

action of the enzyme calf intestinal alkaline phosphatase was also demonstrated with 

no obvious effect of polymer molecular weight on the degradation profiles.  

Secondly, the phosphorylated monomer was co-polymerised with diethylene glycol 

methyl ether methacrylate (DEGMA) to produce thermally-responsive materials. 

The cloud point of these polymers was proportional to the percentage of Phos-

HEMA included with the inclusion of between 1 and 10 % resulting in a cloud point 

increase from 35 °C to 45 °C. The cloud point of these polymers was also observed 

to decrease in the presence of calf intestinal alkaline phosphatase due to enzyme-

mediated dephosphorylation to the more hydrophobic hydroxyl functional group. 

This switch was used to modulate the polymer solubility isothermally. 

In the third part of this chapter, the interactions of pNIPAM and  pDEGMA-co-

Phos-HEMA with the MCF7 cell line were assessed. Both polymers were 

fluorescently labelled using a small percentage of hostasol methacrylate as a co-

monomer. Cloud point analysis of these polymers revealed an exponential, inversely-

proportional concentration dependence, and was also influenced by variations in 

aqueous conditions. The cloud point in deionised water was higher than that of PBS 

whilst subtle differences between PBS and the RPMI 1640 based cell culture 

medium used in this investigation were also present. This highlights the need to fully 

characterise any thermally responsive system intended for in vivo application in 

biologically relevant media. The MTT assay was performed on pNIPAM, the 
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ethylene glycol-rich poly[oligo(ethylene glycol) methyl ether methacrylate], 

pOEGMA300, and a pDEGMA-co-Phos-HEMA sample comprising 95 % DEGMA 

and 5 % Phos-HEMA. All polymers were shown to be biocompatible with the MCF7 

cell line up to and including 2 mg.mL
-1

 except for the co-polymer which exhibited an 

IC50 value of 1.81 mg.mL
-1

. This observation suggests that the percentage of phos-

HEMA included in polymers intended for biological application should be kept to a 

minimum.  

Finally, initial experiments aimed at investigating the effect of temperature on the 

uptake of these polymers by MCF7 cells indicated an enhanced uptake at 

temperatures above the polymer cloud point. Initial attempts to trigger this uptake 

isothermally, using enzyme-mediated polymer dephosphorylation proved 

unsuccessful however and will be a focus for future work.  
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6.5 Experimental 

6.5.1 Materials 

Phosphorus (V) oxychloride (≥ 99.0 %), 2-hydroxyethyl methacrylate (97.0 %), 

triethylamine (≥ 99.0 %), N-isopropylacrylamide (97.0 %), 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid (> 97.0 %), 4,4’-azobis(4-cyanovaleric 

acid) (≥ 98.0 %), mesitylene (analytical standard), 2-mercaptoethanol (≥ 99.0 %), 

tribasic potassium phosphate (reagent grade, ≥ 98.0 %), carbon disulfide (≥ 99.0 %) 

and benzyl bromide (98.0 %) were purchased from Sigma-Aldrich. Oligo(ethylene 

glycol, average Mn = 300 g.mol
-1

), methyl ether methacrylate and di(ethylene glycol) 

methyl ether methacrylate (95.0 %) were also purchased from Sigma-Aldrich and 

inhibitors removed by passing through a column of basic alumina prior to 

polymerisation. Hostasol methacrylate was kindly donated by the Haddleton group at 

the University of Warwick. 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic 

acid was synthesised as described in chapter 2. 

Calf Intestinal Alkaline Phosphatase was purchased from New England Biolabs Inc. 

The enzyme was packaged with a 10x NEBuffer 3. This was diluted 10-fold prior to 

use with the resulting 1x NEBuffer 3 containing 100 mM NaCl, 50 mM Tris-HCl, 10 

mM MgCl2, 1 mM dithiothreitol, pH 7.9 at 25 °C. The phosphate colorimetric assay 

kit was purchased from BioVision. A Standard Curve was prepared by diluting 10 

µL of the supplied 10 mM Phosphate Standard to 990 µL dH2O to give a 100 µM 

working standard. Desired standard concentrations were prepared by mixing the 10 

mM standard with deionised water to give a total volume of 200 µL. The 

colorimetric phosphate reagent was used as received. 
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A human breast adenocarcinoma MCF7 cell line was sourced from the Tenovus 

centre for Cancer research (Cardiff, UK) and stored in liquid nitrogen when not in 

use. RPMI 1640 containing L-glutamine, sterile filtered foetal bovine serum (FBS) 

and trypsin were purchased from Lonza. Trypan blue 0.4 % was obtained from 

Gibco and 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide, Triton™ 

X-100 (for molecular biology) and sodium phosphate monobasic dehydrate were 

obtained from Sigma (UK). Dimethyl sulfoxide, sodium chloride and sodium 

phosphate dibasic anhydrous were sourced from Fisher Scientific. Phosphate buffer 

saline (PBS) was prepared freshly and autoclaved. Disposable tissue culture 

consumables were obtained from Greiner Bio-One and disposable glass ware from 

Fisher Scientific. 

6.5.2 Analytical Methods 

SEC analysis was performed on one of two systems:  

(i) Dimethylformamide: Varian 390-LC MDS system equipped with a  PL-AS 

RT/MT autosampler, a PL-gel 3 µm (50 x 7.5 mm) guard column, two PL-gel 5 µm 

(300 x 7.5 mm) mixed-D columns using DMF with 5 mM NH4BF4 at 50 °C as eluent 

at a flow rate of 1.0 mL.min
-1

. The SEC system was equipped with ultraviolet 

(UV)/visible (set at 280 and 461 nm) and differential refractive index (DRI) 

detectors. Narrow molecular weight PMMA standard (200 - 1.0 x 10
6
 g.mol

-1
) were 

used for calibration using a second order polynomial fit. 

(ii) Aqueous: Varian 390-LC MDS system equipped with a PL-AS RT/MT 

autosampler, an aquagel-OH  (50 x 7.5 mm) guard column, one PL-aquagel-OH 40 8 

µm (300 x 7.5 mm) and one PL-aquagel-OH 30 8 µm (300 x 7.5 mm) column using 

a buffer comprising 0.2 M NaNO3 and 0.01 M NaH2PO4.2H2O adjusted to pH 8.2 
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with 1 M NaOH at 30 °C as eluent at a flow rate of 1.0 mL.min
-1

). The SEC system 

was equipped with a differential refractive index (DRO) detector. Narrow molecular 

weight PEO standards (100 – 1.0 x 10
5
 g.mol

-1
) were used for calibration using a 

second order polynomial fit. 

NMR spectroscopy (
1
H, 

13
C, 

31
P) was conducted on a Bruker DPX-300, Bruker 

DRX-500 or Bruker AV III 600 spectrometer using deuterated chloroform or 

deuterated methanol as solvent. All chemical shifts are reported in ppm (δ) relative 

to the solvent used.  

FTIR spectra were acquired using a Bruker Vector 22 FTIR spectrometer with a 

Golden Gate diamond attenuated total reflection cell. A total of 64 scans were 

collected on samples in their native state.  

High resolution mass spectra were recorded on a Bruker Electrospray Ultra-High 

Resolution tandem TOF mass spectrometer using electrospray ionisation (ESI) in 

either positive or negative mode on samples prepared in methanol.  

Cloud points were determined by turbidimetric analysis using either an Optimelt 

MPA100 system (Stanford Research Systems) or an Agilent Cary 60 UV/visible 

spectrophotometer with the absorbance monitored at 650 nm. A heating rate of 1 

°C.min
-1

 was used in both cases and the recorded turbidimetry curve was normalised 

between values of 0 and 1. The cloud point was defined as the temperature 

corresponding to a normalised absorbance of 0.5. 
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6.5.3 Synthetic Methods 

6.5.3.1 Synthesis of 2-(methacryloyloxy)ethyl phosphate 

Phosphorous oxychloride (13.90 g, 8.45 mL, 90.65 mmol) was dissolved in 

tetrahydrofuran (100 mL) in a two-necked round bottomed flask fitted with nitrogen 

inlet and pressure-equalising dropping funnel and cooled to – 15 °C. 2-Hydroxyethyl 

methacrylate (10.72 g, 10.00 mL, 82.41 mmol) and triethylamine (9.17 g, 12.63 mL, 

90.65 mmol) were mixed with tetrahydrofuran (20 mL) in the dropping funnel and 

added over a period of 60 mins. The reaction mixture was left to stir for a further 90 

mins at – 15 °C followed by 90 mins at 0 °C. Water (22.5 mL) was added in one 

portion and the reaction stirred at 0 °C for 1 hr. After this time, the solution was 

transferred to a separating funnel and extracted three times with brine. The organic 

layer was dried over magnesium sulfate and solvent removed to leave a viscous 

colourless liquid (12.64 g, 73.2 %). 

1
H NMR (600.132 MHz, MeOD) δppm: 6.17 (1H, s, H

1a
); 5.67 (1H, s, H

1b
); 4.37 (2H, 

t, J5-6 = 4.32 Hz, H
5
); 4.21 – 4.24 (2H, m, H

6
); 1.97 (3H, s, H

3
). 

13
C NMR (150.864 MHz, MeOD) δppm: 167.2 (C

4
); 136.1 (C

2
); 125.1 (C

1
); 64.1 (d, 

2
JC-P

 
= 4.77 Hz, C

6
); 63.5 (d, 

3
JC-P

 
= 8.34 Hz, C

5
); 17.0 (C

3
). 

31
P NMR (121.442 MHz, MeOD) δppm: 0.1 

IR cm
-1

: 2955 (alkyl-H stretch); 1703 (C=O stretch); 1634 (C=C); 1300 (P=O). 

HRMS (ESI -) m/z: 209.0226 [M-H]
-
; expected 209.0220 (C6H10O6P). 
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6.5.3.2 Synthesis of benzyl 2-hydroxyethyl carbonotrithioate 

2-Mercaptoethanol (1.00 g, 0.90 mL, 12.80 mmol) was added dropwise to a stirred 

suspension of K3PO4 (3.00 g, 14.13 mmol) in acetone (20 mL) over 20 mins. Carbon 

disulfide (2.92 g, 2.32 mL, 38.35 mmol) was added and the solution turned bright 

yellow. After stirring for ten mins, benzyl bromide (2.19 g, 1.52 mL, 12.80 mmol) 

was added and an immediate precipitation of KBr was noted. After stirring for 2 

hours, the suspension was filtered and the cake washed with acetone. The solvent 

was removed in vacuo and the yellow residue was purified by column 

chromatography on silica using a 40-60 °C petroleum ether/ ethyl acetate gradient to 

yield a bright yellow oil (2.90 g, 92.9 %).  

1
H NMR (500.133 MHz, CDCl3) δppm: 7.25 – 7.35 (5H, m, H

7-9
); 4.62 (2H, s, H

5
); 

3.90 (2H, q, J2-1/2-3 = 7.50 Hz, H
2
); 3.62 (2H, t, J3-2 = 7.50 Hz, H

3
); 1.86 (1H, t, J1-2 = 

7.50 Hz, H
1
). 

13
C NMR (125.721 MHz, CDCl3) δppm: 223.5 (C

4
); 134.8 (C

6
); 129.3, 128.8, 127.9 

(C
7-9

); 60.7 (C
2
); 41.7 (C

5
); 39.2 (C

3
). 

IR cm
-1

: 3345 (O-H stretch); 3084, 3060 (aryl-H stretch); 2921, 2876 (alkyl-H 

stretch); 1601, 1583, 1494 (aryl vibrations); 1058 (C=S stretch). 

HRMS (ESI +) m/z: 266.9939 [M+Na]
+
; expected 266.9942 (C10H12NaOS3). 
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Figure 6.26 NMR spectroscopic characterisation of benzyl 2-hydroxyethyl 

carbonotrithioate in CDCl3: (A) 
1
H and (B) 

13
C spectra. 

 

 



245 
 

6.5.3.3 Example polymerisation of 2-(methacryloyloxy)ethyl phosphate using 4-

cyano-4-(phenylcarbonothioylthio) pentanoic acid  

2-(methacryloyloxy)ethyl phosphate (1.00 g, 4.76 mmol), 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid (13.30 mg, 47.61 µmol) and 4,4’-azobis(4-

cyanovaleric acid) (2.70 mg, 9.63 µmol) were added to a vial fitted with stir bar and 

rubber septum and dissolved in methanol (4 mL). Mesitylene (200 µL) was added as 

internal reference and the mixture stirred (5 mins). An aliquot of this starting mixture 

was removed for 
1
H NMR spectroscopic analysis. The mixture was degassed by 

bubbling through nitrogen gas for 30 mins and placed in an oil bath thermostated at 

65 °C for 7 hrs. The reaction was quenched in liquid nitrogen, an aliquot removed 

and conversion determined by 
1
H NMR spectroscopy. The product was purified 

three times by precipitation from methanol into cold diethyl ether, the solid isolated 

by centrifugation and dried to yield a pale pink solid. Conversion (NMR): 54.7 % Mn 

(theoretical): 11500 g.mol
-1

; Mn (SEC): 38000 g.mol
-1

; Mw/Mn (SEC): 2.20. 

6.5.3.4 Example polymerisation of 2-(methacryloyloxy)ethyl phosphate using 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic 

2-(methacryloyloxy)ethyl phosphate (1.00 g, 4.76 mmol), 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (17.35 mg, 47.58 µmol) and 

4,4’-azobis(4-cyanovaleric acid) (2.70 mg, 9.63 µmol) were added to a vial fitted 

with stir bar and rubber septum and dissolved in methanol (4 mL). Mesitylene (200 

µL) was added as internal reference and the mixture stirred (5 mins). An aliquot of 

this starting mixture was removed for 
1
H NMR spectroscopic analysis. The mixture 

was degassed by bubbling through nitrogen gas for 30 mins and placed in an oil bath 

thermostated at 65 °C for 10 hrs. The reaction was quenched in liquid nitrogen, an 
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aliquot removed and conversion determined by 
1
H NMR spectroscopy. The product 

was purified three times by precipitation from methanol into cold diethyl ether, the 

solid isolated by centrifugation and dried to yield a pale yellow solid. Conversion 

(NMR): 67.0 % Mn (theoretical): 14100 g.mol
-1

; Mn (SEC): 27700 g.mol
-1

; Mw/Mn 

(SEC): 2.17. 

6.5.3.5 Polymerisation of oligo(ethylene glycol) methyl ether methacrylate using 

4-cyano-4-(phenylcarbonothioylthio) pentanoic acid 

Oligo(ethylene glycol, average Mn = 300 g.mol
-1

) methyl ether methacrylate (1.00 g, 

2.5 mmol), 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (13.97 mg, 50.00 

µmol) and 4,4’-azobis(4-cyanovaleric acid) (2.80 mg, 10.00 µmol) were added to a 

vial fitted with stir bar and rubber septum and dissolved in dioxane (3 mL). 

Mesitylene (100 µL) was added as internal reference and the mixture stirred (5 

mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 

analysis. The mixture was degassed by bubbling through nitrogen gas for 30 mins 

and placed in an oil bath thermostated at 70 °C for 4 hrs. The reaction was quenched 

in liquid nitrogen, an aliquot removed and conversion determined by 
1
H NMR 

spectroscopy. The product was purified three times by precipitation from dioxane 

into cold diethyl ether, the solid isolated by centrifugation and dried to yield a waxy 

pink solid. Conversion (NMR): 44.2 %; Mn (theoretical): 8800 g.mol
-1

; Mn (SEC): 

11300 g.mol
-1

; Mw/Mn (SEC): 1.18. 
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6.5.3.6 Example co-polymerisation of 2-(methacryloyloxy)ethyl phosphate and 

diethylene glycol methyl ether methacrylate using 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid 

Diethylene glycol methyl ether methacrylate (1.03 g, 5.47 mmol), 2-

(methacryloyloxy)ethyl phosphate (0.13 g, 607.92 µmol), 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid (17.00 mg, 60.79 µmol) and 4,4’-azobis(4-

cyanovaleric acid) (3.41 mg, 12.16 µmol) were added to a vial fitted with stir bar and 

rubber septum and dissolved in methanol (4 mL). Mesitylene (200 µL) was added as 

internal reference and the mixture stirred (5 mins). An aliquot of this starting mixture 

was removed for 
1
H NMR spectroscopic analysis. The mixture was degassed by 

bubbling through nitrogen gas for 30 mins and placed in an oil bath thermostated at 

65 °C for 6.5 hrs. The reaction was quenched in liquid nitrogen, an aliquot removed 

and conversion determined by 
1
H NMR spectroscopy. The product was purified 

three times by precipitation from methanol into cold diethyl ether, the solid isolated 

by centrifugation and dried to yield a waxy pink solid. Conversion (NMR): 23.3 %; 

Mn (theoretical): 4400 g.mol
-1

; Mn (SEC): 6200 g.mol
-1

; Mw/Mn (SEC): 1.30. 

6.5.3.7 Co-polymerisation of N-isopropylacrylamide and hostasol methacrylate 

using benzyl 2-hydroxyethyl carbonotrithioate 

N-isopropylacrylamide (1.00 g, 8.84 mmol), hostasol methacrylate (0.04 g, 87.42 

µmol), benzyl 2-hydroxyethyl carbonotrithioate (72.00 mg, 294.57 mmol) and 4,4’-

azobis(4-cyanovaleric acid) (16.51 mg, 58.91 µmol) were added to a vial fitted with 

stir bar and rubber septum and dissolved in a 1:1 mixture of methanol:toluene (4 

mL). Mesitylene (200 µL) was added as internal reference and the mixture stirred (5 

mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 
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analysis. The mixture was degassed by bubbling through nitrogen gas for 30 mins 

and placed in an oil bath thermostated at 70 °C for 1.75 hrs. The reaction was 

quenched in liquid nitrogen, an aliquot removed and conversion determined by 
1
H 

NMR spectroscopy. The product was purified three times by precipitation from 

tetrahydrofuran into cold diethyl ether, the solid isolated by centrifugation and dried. 

Deionised water (10 mL) was added to the orange solid and stirred for 30 mins. The 

resulting suspension was then centrifuged and the supernatant freeze-dried to leave a 

pale orange solid. Conversion (NMR): 89.3 %; Mn (theoretical): 3000 g.mol
-1

; Mn 

(SEC): 3800 g.mol
-1

; Mw/Mn (SEC): 1.11. 

6.5.3.8 Polymerisation of N-isopropylacrylamide using benzyl 2-hydroxyethyl 

carbonotrithioate. 

N-isopropylacrylamide (1.00 g, 8.84 mmol), benzyl 2-hydroxyethyl carbonotrithioate 

(43.12 mg, 176.74 µmol) and 4,4’-azobis(4-cyanovaleric acid) (9.91 mg, 35.35 

µmol) were added to a vial fitted with stir bar and rubber septum and dissolved in a 

1:1 mixture of methanol:toluene (4 mL). Mesitylene (200 µL) was added as internal 

reference and the mixture stirred (5 mins). An aliquot of this starting mixture was 

removed for 
1
H NMR spectroscopic analysis. The mixture was degassed by bubbling 

through nitrogen gas for 30 mins and placed in an oil bath thermostated at 70 °C for 

1 hr. The reaction was quenched in liquid nitrogen, an aliquot removed and 

conversion determined by 
1
H NMR spectroscopy. The product was purified three 

times by precipitation from tetrahydrofuran into cold diethyl ether, the solid isolated 

by centrifugation and dried to leave a pale yellow solid. Conversion (NMR): 63.6 %; 

Mn (theoretical): 3600 g.mol
-1

; Mn (SEC): 5500 g.mol
-1

; Mw/Mn (SEC): 1.08. 
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6.5.3.9 Co-polymerisation of 2-(methacryloyloxy)ethyl phosphate, diethylene 

glycol methyl ether methacrylate and hostasol methacrylate using 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid 

Diethylene glycol methyl ether methacrylate (1.00 g, 5.32 mmol), 2-

(methacryloyloxy)ethyl phosphate (0.01 g, 53.69 µmol), hostasol methacrylate (0.02 

g, 43.71 µmol), 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (15.00 mg, 

53.69 µmol) and 4,4’-azobis(4-cyanovaleric acid) (3.01 mg, 10.74 µmol) were added 

to a vial fitted with stir bar and rubber septum and dissolved in methanol (4 mL). 

Mesitylene (200 µL) was added as internal reference and the mixture stirred (5 

mins). An aliquot of this starting mixture was removed for 
1
H NMR spectroscopic 

analysis. The mixture was degassed by bubbling through nitrogen gas for 30 mins 

and placed in an oil bath thermostated at 65 °C for 6.5 hrs. The reaction was 

quenched in liquid nitrogen, an aliquot removed and conversion determined by 
1
H 

NMR spectroscopy. The product was purified six times by precipitation from 

tetrahydrofuran into cold diethyl ether, the solid isolated by centrifugation and dried 

to leave a waxy orange solid. Conversion (NMR): 30.9 %; Mn (theoretical): 5800 

g.mol
-1

; Mn (SEC): 13400 g.mol
-1

; Mw/Mn (SEC): 1.12. 

6.5.4 Assay Conditions 

6.5.4.1 General assay conditions for colorimetric determination of phosphate 

release 

A 105 µg.mL
-1

 stock solution of polymer in water was prepared. In a 96-well plate, 

in triplicate was added 188 µL of 1x NEBuffer 3 solution (diluted from the 10x 

concentrated solution provided by supplier), 10 µL of polymer solution and 2 µL calf 

intestinal alkaline phosphatase. The plate was then covered and incubated at 37 °C. 
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At a given time-point, 30 µL of the phosphate reagent was mixed into each well, 

incubated at 37 °C for 90 mins and the absorbance at 650 nm measured. The molar 

concentration and hence percentage of phosphate released was determined by 

comparing to a known calibration curve. 

6.5.4.2 Assay determining the effect of phosphatase on polymer cloud point 

Polymer was dissolved in 1x NE Buffer 3 and calf intestinal alkaline phosphatase 

added to give a final polymer concentration of 5 mg.mL
-1

. This mixture was stirred 

at 37 °C for 24 hrs. After this time, an aliquot of the mixture was transferred to a 

melting point tube and the cloud point determined at a heating rate of 1 °C.min
-1

. 

6.5.4.3 Turbidimetric assay for phosphatase-mediated isothermal polymer 

response 

A 5.56 mg.mL
-1

 solution of polymer in 1x NEBuffer 3 was prepared. 2 x 90 µL 

aliquots of this stock were transferred into individual wells of a 96-well plate. The 

plate was left to incubate at 34 °C in the plate reader for 35 mins. The plate was then 

removed and the well volume made to 100 µL with distilled water or calf intestinal 

alkaline phosphatase. The plate was re-incubated at 34 °C and the absorbance at 650 

nm was recorded for an additional 25 mins. 

6.5.5 Cell Culture 

6.5.5.1 General cell culture 

All cell culture work and experiments were performed in a Class II biosafety cabinet. 

Cells were cultivated under standard conditions (37 °C, humidified atmosphere 

containing 5 % CO2). A frozen stock vial (1 mL) containing the MCF7 cell 

suspension (approximately 10
6
 cells) was thawed in warm water (37 °C). The 
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suspension was transferred to a falcon tube containing pre-warmed (37 °C) medium 

(RPMI 1640, 9 mL), gently mixed with a pipette and centrifuged for 5 mins (1150 

rpm). The supernatant was aspirated, cells re-suspended in medium (5 mL) and the 

whole cell-medium solution was transferred into a 25 cm
2
 tissue culture flask using 

RPMI 1640 growth medium supplemented with 5 % FBS. The medium was changed 

every 2-3 days until cells were sufficiently confluent and required passaging. 

Confluence was assessed by bright field microscopy (Nikon Eclipse TS 100) and cell 

passaging was performed when 70 – 80 % of the growth area was covered with 

attached cells. For the passaging of cultured cells, old medium was removed and the 

cell layer washed with pre-warmed sterile PBS. To detach the cells, trypsin was 

added and the cells incubated for 3-5 mins. Fresh medium containing FBS was then 

added to stop the proteolytic action of trypsin. The suspension was collected into a 

falcon tube and centrifuged for 5 mins (1150 rpm). The supernatant was removed 

and the cell pellet re-suspended in fresh medium. Aliquots of the suspension were 

used for either seeding new flasks or multi-well plates after performing a cell count 

with the haemocytometer (0.1 x 0.0025 mm
2
) (Marienfeld, Germany). 

6.5.5.2 Cytotoxicity testing of polymers: MTT assay 

The cells were counted and growth medium added to give a final cell concentration 

of 4 x 10
4
 cells.mL

-1
. Multi-well plates (96-well; growth area of 0.34 cm

2
 per well) 

were seeded using 100 µL of this cell-medium suspension and the plates incubated 

for 24 hrs under standard conditions. Cells were treated with 100 µL of a sterile 

filtered stock solution of polymer in FBS-supplemented growth medium (4, 0.4, or 

0.02 mg.mL
-1

) to give the desired concentrations (2.0, 1.0, 0.75, 0.5, 0.2, 0.1, 0.075, 

0.05 and 0.01 mg.mL
-1

). As control, 100 μL growth medium was added instead of a 

polymer solution. After 67 hrs, 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyl 
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tetrazolium bromide (MTT, 20 µL of a 5 mg.mL
-1

 solution) was added and the cells 

were incubated for a further 5 hrs. All media was then aspirated, 100 µL DMSO was 

added and the plates were incubated for 30 mins to dissolve the formazan crystals. 

The absorbance was then measured at 570 nm using a Benchmark Microplate Reader 

(Bio-Rad, UK). Cells treated with complete medium only were taken as a control 

(100 % viability). Cell viability was expressed using the following equation, where 

Absexp and Abscontrol represent the amount of formazan determined for cells treated 

with the polymer and for control cells respectively. 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = (
𝐴𝑏𝑠𝑒𝑥𝑝

𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) × 100 

A total of four replicates were performed and the results are expressed as mean 

values ± standard error. 

6.5.5.3 Cell uptake at fixed temperature 

The cells were counted and growth medium added to give a final cell concentration 

of 4 x 10
4
 cells.mL

-1
. Multi-well plates (24-well; growth area of 1.9 cm

2
 per well) 

were seeded using 100 µL of this cell-medium suspension and the plates incubated 

for 24 hrs under standard conditions to allow cell attachment. The medium was 

removed and the well washed with sterile PBS (1 mL). Fresh medium (1 mL, 

control) or polymer solution (1 mL, final concentration of pNIPAM-co-HMA and 

pDEGMA-co-phos-HEMA-co-HMA  = 2.0 mg.mL
-1

 and 0.75 mg.mL
-1

 respectively) 

was then added. In each case, one plate was incubated at 30 °C and the other at 38 

°C. After one hr, the polymer solution was removed and the cell layer washed with 

sterile PBS (3 x 1 mL). Sterile filtered 1 % Triton-X solution (1 mL) was added and 

plates were incubated at set temperature for 30 mins. After this time, the Triton-X-
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cell suspension was transferred into cuvettes; the wells washed with PBS (1.5 mL) 

and the solution transferred into cuvettes. Fluorescence was measured at excitation 

and emission wavelengths of 461 nm and 528 nm respectively. A total of three 

replicates were performed and the results are expressed as mean values ± standard 

error. 

6.5.5.4 Calf intestinal alkaline phosphatase-driven cell uptake 

The cells were counted and growth medium added to give a final cell concentration 

of 4 x 10
4
 cells.mL

-1
. Multi-well plates (24-well; growth area of 1.9 cm

2
 per well) 

were seeded using 100 µL of this cell-medium suspension and the plates incubated 

for 24 hrs under standard conditions to allow cell attachment. The medium was 

removed and the well washed with sterile PBS (1 mL). Fresh medium (1 mL, 

control) or polymer solution (1 mL, final concentration of 0.75 mg.mL
-1

) was then 

added together with the designated volume of enzyme, as required. The plates were 

incubated at 36 °C for 24 hrs after which time, the polymer solution was removed 

and the cell layer washed with sterile PBS (3 x 1 mL). Sterile filtered 1 % Triton-X 

solution (1 mL) was added and plates were incubated at 36 °C for 30 mins. After this 

time, the Triton-X-cell suspension was transferred into cuvettes; the wells washed 

with PBS (1.5 mL) and the solution transferred into cuvettes. Fluorescence was 

measured at excitation and emission wavelengths of 461 nm and 528 nm 

respectively. Three replicates were performed and the results are expressed as mean 

values ± standard error. 
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Chapter 7 

7. Conclusions 

As the burgeoning scope of responsive materials expands to fulfil roles within and 

beyond biology, the development of systems capable of responding to multiple 

stimuli remains a profitable challenge. Equipped with an ever-increasing grasp of 

polymer synthesis, the modern-day chemist has at their disposal a vast toolbox from 

which increasingly adaptable and complex structures are becoming routinely 

available.  

This work has investigated a variety of (thermo)-responsive polymer-based materials 

capable of exhibiting a macroscopic property change in response to more than just 

temperature. First, a facile method for the preparation of thermo-responsive 

pNIPAM homopolymers containing reduction-sensitive disulfide linkages in the 

backbone has been developed. This was achieved following an aminolysis-driven, 

polycondensation-type expansion of polymers containing pyridyl disulfide and 

thiocarbonylthio moieties at the α- and ω-chain-ends respectively. These linkages 

were shown to be selectively degraded at intracellular concentrations of the key in 

vivo reducing agent glutathione. The inversely proportional relationship between 

pNIPAM molecular weight and LCST ensured the degradation of the disulfide-

linked “macro” species to smaller chains was accompanied by an increase in LCST, 

allowing for isothermal solubilisation.  
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Secondly, glutathione has been applied to shift the phase behaviour of responsive 

polymer nanoparticles. The particle matrix, prepared by nanoprecipitation of 

hydrophilic pHEA-co-NIPAM chains, could be disassembled by reduction-mediated 

degradation of the disulfide-functional polymer end-groups to release encapsulated 

cargo. The increase in LCST observed in this process allowed for re-solubilisation of 

the polymer matrix and hence removal of insoluble material. 

Thirdly, a chain-end modification inspired by the catechol-Fe
3+

 binding motif 

utilised by bacteria to sequester iron from mammalian hosts has been applied to 

achieve isothermal precipitation. Beyond thermo-responsive systems, this motif has 

also been applied to control the dispersion-aggregation behaviour of gold 

nanoparticles containing surface-accessible catechol units. The addition of 

physiologically-relevant levels of Fe
3+

 triggered particle cross-linking and a strong 

colorimetric output, offering valuable biosensor potential. 

Finally, thermo-responsive co-polymers containing hydrophilic phosphate linkages 

throughout the side-chain have been shown to degrade in the presence of calf 

intestinal alkaline phosphatase. Cleavage to more hydrophobic hydroxyl moieties 

triggered a decrease in cloud point enabling isothermal polymer precipitation. Initial 

investigations into the interactions of these polymers with MCF7 cells revealed an 

increased uptake when the polymers were held in their hydrophobic state.  

Ultimately, a single macroscopic response can be routinely controlled by the action 

of a range of stimuli. Hence, a “scaffold” can be developed from which systems 

designed to react to a host of environments can be obtained. This work has 

demonstrated examples whereby simple modifications of a polymer backbone, end-

groups and side-chain in response to diverse stimuli such as redox potential, metal 
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ions and enzyme concentration are able to significantly alter a system’s macroscopic 

response. Future developments in this area are arguably limited only by the 

imagination of the pursuing scientist. It is hoped the development of new chemistries 

and structural platforms from which next-generation materials can be produced will 

soon follow. 
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Appendix 

Redox-Sensitive Materials for Drug 

Delivery: Targeting the Correct 

Intracellular Environment; Tuning Release 

Rates and Appropriate Predictive Systems 

The development of redox-sensitive drug delivery systems holds great promise for in 

vivo applications given the wide range of redox gradients found therein. However, 

these gradients also require careful consideration during material design as subtle 

differences can significantly alter the behaviour of an intended delivery vehicle. 

Moreover, the types of model reducing agents used in the development of such 

systems should also be thoughtfully selected in a bid to achieve behaviour predictive 

of an in vivo setting. 

The following “Forum Review Article” was written during the course of my 

Doctoral studies with the aim of highlighting these points. Although not directly 

related to the experimental chapters described elsewhere in this thesis, the concepts 

discussed are of explicit relevance to the design of redox-sensitive materials. 



FORUM REVIEW ARTICLE

Redox-Sensitive Materials for Drug Delivery:
Targeting the Correct Intracellular Environment,
Tuning Release Rates, and Appropriate Predictive Systems

Daniel J. Phillips and Matthew I. Gibson

Abstract

Significance: The development of responsive drug delivery systems (DDS) holds great promise as a tool for
improving the pharmacokinetic properties of drug compounds. Redox-sensitive systems are particularly at-
tractive given the rich variety of redox gradients present in vivo. These gradients, where the circulation is
generally considered oxidizing and the cellular environment is substantially more reducing, provide attractive
options for targeted, specific cargo delivery. Recent Advances: Experimental evidence suggests that a ‘‘one size
fits all’’ redox gradient does not exist. Rather, there are subtle differences in redox potential within a cell, while
the chemical nature of reducing agents in these microenvironments varies. Recent works have demonstrated an
ability to modulate the degradation rate of redox-susceptible groups and, hence, provide new tools to engineer
precision-targeted DDS. Critical Issues: Modern synthetic and macromolecular chemistry provides access to a
wide range of redox-susceptible architectures. However, in order to utilize these in real applications, the actual
chemical nature of the redox-susceptible group, the sub-cellular location being targeted, and the redox micro-
environment being encountered should be considered in detail. This is critical to avoid the over-simplification
possible when using non-biological reducing agents, which may provide inaccurate kinetic information, and to
ensure these materials can be advanced beyond simple ‘‘on/off’’ systems. Furthermore, a strong case can be
made for the use of biorelevant reducing agents such as glutathione when demonstrating a materials redox
response. Future Directions: A further understanding of the complexities of the extra- and intracellular micro-
environments would greatly assist with the design and application of DDS. Antioxid. Redox Signal. 21, 786–803.

Introduction

Why prepare redox-susceptible materials?

The use of drug delivery systems (DDS) to improve the
pharmacokinetics of known therapeutic compounds is a

well-established concept (4, 24, 87). This is particularly the
case for anti-cancer drugs, where the use of polymeric/
nanoscopic agents is popular due to the enhanced perme-
ability and retention effect that promotes the passive accu-
mulation of macromolecules into cancerous tissue (34, 65, 85).
However, outstanding challenges associated with these sys-
tems include maintaining control of release specificity and
rate at systemic and sub-cellular levels to ensure maximum
therapeutic efficacy and minimal toxicity, and to target non-
cancer disease states (28, 38).

Within the human body, a landscape of biochemical
gradients exists that can be exploited for targeted delivery
and controlled release. These include fluctuations in tem-
perature, pH, osmotic pressure, cell-surface receptors, cir-
culatory biomarkers, and enzymes, to name but a few (2, 9,
58, 73). The variety of in vivo redox potentials are a par-
ticularly interesting gradient. In simple terms, the intra-
cellular environment is highly reducing relative to the
extracellular environment, providing an exciting target for
selective intracellular release. Conversely, certain areas
such as wound sites are significantly more oxidizing than
healthy tissue (113). Given the highly established chemis-
tries associated with oxidation and reduction processes,
there is a rapidly expanding interest in incorporating these
into DDS.

Department of Chemistry, University of Warwick, Coventry, United Kingdom.

ANTIOXIDANTS & REDOX SIGNALING
Volume 21, Number 5, 2014
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2013.5728

786



The key aim of this review is to provide a critical evalua-
tion of current redox-responsive functional groups that have
been exploited for drug delivery, with particular focus on
reduction-sensitive materials. An analysis of sub-cellular re-
dox gradients and ways in which to tune the cleavage of re-
duction-sensitive groups to target these regions will be
provided. A critical discussion of which appropriate in vitro
reducing agents might be used when designing new DDS and
examples of the variety of reduction-susceptible materials
being prepared and applied these days will also be high-
lighted. To put this into context, a brief description of oxida-
tion-sensitive materials is also included. The individual
sections are summarized next:

� Oxidation-susceptible materials
� Cellular redox environments: important redox couples
� Cellular redox environments: variations in in vivo

gradients
� Selecting an appropriate reducing agent for in vitro

studies
� Manipulating rates of disulfide reduction
� Bioreducible drug carriers

Oxidation-Susceptible Materials

Reactive oxygen species (ROS) such as hydrogen peroxide
(H2O2), superoxide, and hydroxyl radical are normal by-
products of the eukaryotic metabolism (17). Generally, these
species are maintained in a healthy equilibrium by enzymes
such as superoxide dismutase, catalase, and glutathione per-
oxidase and play an important role in a variety of capacities,
including cell signaling, homeostasis (30), and wound healing
(6). However, when an excess of ROS are produced, localized
areas of oxidative stress develop and are considered markers
of a variety of diseases such as Alzheimer’s, Parkinson’s,
cardiovascular disease, and some cancers (52, 81, 97, 119, 131).
These localized areas, therefore, provide a realistic target for
scientists developing responsive biomedical materials. This
section seeks to briefly highlight some examples of this ap-
proach, to place the reduction-sensitive section in context,
though readers are directed to the following detailed reviews
for more information (27, 72, 75, 130).

Poly(propylene sulfide) (PPS) is a hydrophobic polymer
that readily oxidizes into hydrophilic poly(sulfoxides and
sulfones). It has been identified as a matrix for hydrophobic
drugs that can be released after oxidation-induced solubili-
zation or swelling. Napoli et al. prepared vesicles from ABA
block copolymers comprising poly(ethylene glycol) (PEG)
and PPS, which could be destabilized by oxidative action
(90). Tirelli and co-workers have also investigated respon-
sive particles containing PPS (59, 104). Interestingly, the
oxidation character and, hence, cytotoxicity of such materi-
als was shown to be dependent on whether H2O2 or sodium
hypochlorite (NaOCl), both oxidants present in inflamed
tissues, was used (18). Oxidation with H2O2 converted
thioethers into sulfoxides, while the reaction with NaOCl
produced sulfones in addition to sulfoxides, affecting the
toxicity of the oxidation products. PPS-based materials have
been exploited by Reddy et al. to deliver antigen-presenting
cells into dendritic cells without the use of a targeting ligand
(103) and Allen et al., who triggered the release of hydro-
phobic cargo from nanoparticles by both chemically- and
enzymatically generated ROS (3).

Boronic esters are also oxidatively susceptible and exploi-
ted as protecting groups in organic chemistry. Almutairi and
co-workers prepared nanoparticles containing aryl boronic
ester groups that were oxidized to phenol groups at a bio-
logically relevant H2O2 range of 50–100 lM. This triggered
main chain degradation via a quinone methide rearrangement
(31). Song et al. (115) prepared pH/oxidation dual-responsive
micelle-like nanoparticles comprising ortho ester and phe-
nylboronic ester components. At pH 7.4, hydrolysis of the
ortho ester was accelerated by the addition of 50 lM H2O2, as
the phenylboronic ester was oxidized to a catalytic carboxylic
acid (115). Broaders et al. (15) loaded ovalbumin into dextran
nanoparticles containing arylboronic ester units and saw
payload release with a half life of 36 min. However, this re-
quired 1 mM H2O2, which is well above physiological levels.
When applied to CD8 + T cells, a 27-fold increase in exposure
of ovalbumin compared with a non-oxidation sensitive con-
trol vehicle was observed, suggesting potential application in
vaccine therapies (15).

Thioketal-containing nanoparticles have been used by
Wilson et al. for localized oral delivery of small interfering
RNAs to sites of intestinal inflammation while inhibiting gene
expression (135). Mahmoud et al. (84) combined thioether and
ketal functionalities to produce dual-responsive nano-
particles. These were designed to produce a more hydrophilic
backbone, due to thioether oxidation, and, hence, enable fas-
ter acid-catalyzed ketal degradation than the more hydro-
phobic ketal-only containing structures. The particles were
loaded with ovalbumin, and the greatest cargo release was
observed after 24 h in conditions, enabling both responses.
Cell studies revealed efficient nanoparticle uptake by mac-
rophages followed by cytoplasmic release of the protein (84).

(Di)selenide groups have also been of interest, as they can be
both oxidized and reduced. Self-assembled structures from a
copolymer containing hydrophobic diselenide-containing and
hydrophilic PEG blocks were shown by Ma et al. to be stable
under ambient conditions but sensitive to a redox trigger (83).
Liu et al. (79) have prepared an amphiphilic hyperbranched
polymer consisting of alternative hydrophobic selenide and
hydrophilic phosphate segments in the dendritic backbone. As
a secondary benefit, the hydrophilic oxidation products could
then be degraded into easily excreted, small-molecular-weight
species via enzymatic digestion of the phosphate segments (79).

Yu et al. prepared proline cross-linked polymeric scaffolds
based on PEG and poly(caprolactam) (PCL), which were cleaved
by H2O2 (142). Peptide-based cleavable groups are particularly
attractive, as they can be directly incorporated into recombinant
protein-based delivery systems and are composed of canonical
and, therefore, resorbable components. Finally, oxidizable ‘‘na-
nopatches’’ composed of poly(vinylferrocene) blocks distributed
in a poly(methyl methacrylate) matrix have been prepared by
Staff et al. (117). Selective oxidation of the vinylferrocene units
enabled release of hydrophobic payloads, while the topography
of the nanocapsules post-oxidation was dependent on the oxi-
dizing agent (H2O2 or potassium permanganate) used (117).
Examples of the variety of oxidizable linkages and their resulting
oxidized products are shown in Table 1.

Cellular Redox Environments: Important Redox Couples

The intracellular environment is inherently more reducing
than the comparatively oxidative extracellular (circulatory)
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environment as a result of redox couples such as nicotinamide
adenine dinucleotide phosphate (NADPH/NADP + ), thior-
edoxin (TRXred/TRXox), and glutathione (GSH/GSSG),
which are a part of healthy metabolism (62). The interest in
developing delivery systems containing reduction-sensitive
linkages that are capable of selectively releasing cargo in re-
sponse to raised reduction potentials is, therefore, an obvious
and appealing target for controlled drug delivery. A variety of
reducible groups have been incorporated into material
structures, including diselenides (83) and trimethyl-locked
benzoquinone (23). Graf and Lippard have also recently re-
viewed the use of prodrugs based on metal complexes that
can be activated in the reducing environment of cancer cells
(50). Nevertheless, the reducible linkage of choice appears to
be the disulfide bond, which is further described in sections

‘‘Cellular redox environments: variations in in vivo gradients,’’
‘‘Selecting an appropriate reducing agent for in vitro studies,’’
‘‘Manipulating rates of disulfide reduction,’’ and ‘‘Bior-
educible drug carriers.’’ These reducible groups and their re-
sulting reduced products are highlighted in Table 2.

Of the reducing compounds present in the body, the most
commonly studied is that of GSH. GSH is a tripeptide con-
taining glutamate, cysteine, and glycine and it is synthesized
in the body in two steps. First, c-glutamylcysteine is syn-
thesized from l-glutamate and cysteine via the enzyme c-
glutamylcysteine synthetase and second, glycine is added to
the C-terminus of c-glutamylcysteine via the enzyme gluta-
thione synthetase (Fig. 1A). Importantly, it is the most abun-
dant intracellular thiol with a reported concentration of
between 0.2 and 10 mM in healthy cells, which is significantly

Table 1. Examples of Oxidation-Sensitive Groups

and Their Resulting Oxidation Products

Oxidizable linkages and resulting oxidation products Reference(s)

R
S

R' R
S

R'

O

R
S

R'

OO
,

Sulfide/sulfoxide/sulfone (3, 18, 59, 84,
90, 103, 104)

R
B

O

O
R

OH Boronic ester/alcohol (15, 31, 115)

S S

R'R R'R

O
Thioketal/ketone (135)

R Se Se R' R Se OH Diselenide/seleninic acid (83)

SeR R' SeR R'

O

O

Selenide/selenone (79)

N

O R

N
H

O

R'
N

O R

O Prolyl peptide/2-Pyrolidone
peptide

(142)

Fe Fe Ferrocene/ferrocenium ion (117)

Table 2. Examples of Reduction-Sensitive Groups

and Their Reduction Products

Reducible linkages and resulting reduction products Reference(s)

R Se Se R' R SeH Diselenide/selenol (83)

O

O

O

O

OH

O

Trimethyl-locked
benzoquinone/lactone

(23)

R S S R' R SH Disulfide/Thiol (13, 22, 132)
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higher than any other available redox couple (5, 62). By
comparison, the TRX couple exists at an intracellular con-
centration of *1–10 lM in bovine tissue (54) and of approx-
imately 15 lM in bacteria (55), while the intracellular NADPH
concentration has been approximated at 0.1 mM (112). Half-
cell potentials of the three linked redox couples NADPH/
NADP + ; TRXred/TRXox; and GSH/GSSG, as estimated using
the Nernst equation, are shown in Figure 1B. NADPH, which
provides reducing equivalents to the NADPH and TRX cou-
ples, is considered the thermodynamic driving force for these
two systems though the overall redox environment results
primarily from the GSH couple given its significantly higher
concentration (112). This definition of redox environment has
been used by Deponte to show the reducing capacity of dif-
ferent concentrations of GSH (32). Unlike many other physi-
ological redox couples, the redox potential of the GSH system
depends not only on the ratio of oxidized and reduced GSH
but also on the actual GSH concentration (32, 70, 112).

In comparison to the intracellular environment, blood
plasma retains a more oxidizing characteristic with micro-
molar concentrations of GSH and cysteine being the main
reducing entities (49, 63, 64). The significantly more oxidizing
nature of the circulatory system is important in maintaining
protein folding and function. A thorough description of GSH
concentration in specific organelles has been detailed by
Schafer and Buettner (112), though it should be noted that the
nature of the reducing environment differs throughout the
cell. Considering this, it is necessary to consider intracellular
gradients as well as organism-level gradients if one is to design
a truly targeted therapeutic, as highlighted in the next section.

Cellular Redox Environments: Variations
in In Vivo Gradients

While GSH is the most abundant reducing agent in the
cytosol, organelles such as those within the endocytic path-

way have different redox potentials (Table 3). The endoplas-
mic reticulum, for example, plays both oxidative and
reductive roles (49). Although GSH is the principal redox
buffer here, the redox state is 20–100 times more oxidized
(GSH concentration estimated at 0.5–1 mM) than in the cyto-
sol, thus enabling disulfide formation in proteins (61). Protein
disulfide isomerase also catalyzes both the oxidation and
isomerization of disulfides on nascent polypeptides in the
endoplasmic reticulum, while solely catalyzing the reduction
of protein disulfides in the cytoplasm, endosomes, and at the
cell surface (91). The mechanism of reduction within the en-
docytic pathway is also likely to be different from that of the
cytosol, where reduction by thiol-disulfide exchange domi-
nates. For this mechanism to proceed efficiently, the desired
nucleophilic species is a thiolate anion. Although a lack of
endosomal acidification has been observed when using
monovalent folate conjugates (141), the endocytic pathway is
generally considered acidic, negating the formation of this
species and leaving reducing agents in their sulfhydryl
form. Instead, gamma-interferon-inducible lysosomal thiol

FIG. 1. (A) Biosynthetic scheme for the synthesis of GSH; (B) the redox potential of the couples NADPH, thioredoxin,
and GSH as a function of oxidized percentage. Reprinted (adapted) with permission from Schafer and Buettner (112).
Copyright (2013) Elsevier. GSH, glutathione; NADPH, nicotinamide adenine dinucleotide phosphate.

Table 3. Organelles Exhibiting Different Redox

Characteristics

Organelle
Oxidizing/
reducing Main reductants References

Endoplasmic
reticulum

Both GSH, GILT, PDI (49)

Endosome Oxidizing PDI, GILT (7, 111)
Reducing (140)

Golgi apparatus Reducing PDI (39)
Lysosome Reducing Cysteine (19, 26)
Cytosol Reducing GSH (112)

Data assembled from (109).
GILT, gamma-interferon-inducible lysosomal thiol reductase;

GSH, glutathione; PDI, protein disulfide isomerase.
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reductase, the only known reductase localized in the en-
docytic pathway, works optimally at acidic pH and can cat-
alyze disulfide bond reduction in this compartment (53). Cell
surface sulfhydryls that become oriented at the inner face of
the nascent endosome on endocytosis can also mediate re-
duction. In this manner, disulfide reduction is considered
critical in activating diphtheria toxin, for example (107).

The reducing nature of the whole endocytic pathway has
been the focus of much debate. For a review detailing where
and how a disulfide bond specifically in a bioconjugate is
reduced on contact with biological milieu, the reader is di-
rected to a review by Saito et al. (109). Austin et al. noted a low
reductive or even oxidative nature of endosomes (7), which
Sauer et al. further demonstrated with mesoporous silica na-
noparticles (MSNs) containing disulfide-linked cysteine (111).
These particles were taken into endosomes of HuH7 cells but
saw no reductive release after 49 h. When the photosensitizer
TPPS2a was added, endosomal collapse was observed, as the
singlet oxygen produced on quenching triplet oxygen with
the excited triplet state of TPPS2a was able to oxidize unsat-
urated fatty acids, cholesterol, and amino acids. This released
the nanoparticles into the significantly more reducing cytosol,
which triggered disulfide bond cleavage and, hence, release of
cysteine. Conversely, Yang et al. (140) found the endosome to
be sufficiently reducing to cleave the disulfide bond in a
fluorescent folate-SS-rhodamine conjugate. Fluorescence
studies indicated that reduction began in the endosome and
remained active along the entire folate receptor endocytic
pathway with a half life of 6 h (140).

Feener et al. have suggested that the most probable site
of reduction of a membrane absorptive polymer based on
tyramine-SS-poly-d-lysine was the Golgi apparatus (39),
while Collins et al. noted reduction of a conjugate comprising
tyrosine linked via a disulfide linker to a2-macroglobulin only
in the lysosome (26), the main reducing agent in which is
arguably cysteine (80, 101). Considering this, Cerritelli et al.
(19) prepared reduction-sensitive disulfide block copolymer
vesicles for intracellular drug delivery using cysteine as the
reducing agent. A PEG-monothiolate and a PPS-monothiolate
were oxidatively combined to produce PEG-SS-PPS. The re-
sulting polymersomes were shown to protect biomolecules in
the extracellular environment, be taken into a cell through
endocytosis, and demonstrate a burst release in the early en-
dosome on account of disulfide-bond reduction by en-
dosomally relevant cysteine concentrations (19). Van der Vlies
et al. utilized the same trigger to release tioguanine linked via a
disulfide bond to block copolymers of PEG-b-PPS. Reduction
and, hence, tioguanine release was observed in response to

cysteine and serum at a rate dependent on the PPS block
length (126).

Selecting an Appropriate Reducing Agent
for In Vitro Studies

Considering the wide range of redox potentials in the intra-
cellular environment (vide supra), it is crucial that the DDS con-
tains a redox-active component which responds specifically and
selectively at the desired site of action. While apparently obvious,
a wide variety of chemical and biochemical reducing agents are
used in the literature to demonstrate the susceptibility of new
DDS to cellular reducing agents, without consideration of
their in vitro relevance. Some common examples include
tris(2-carboxyethyl) phosphine (TCEP), dithiothreitol (DTT), 2-
mercaptoethanol (ME), dihydrolipoic acid (DHLA), nicotin-
amide adenine dinucleotide hydride (NADH), and GSH (Fig. 2).

Each of these reducing agents will likely have different
redox potentials and mechanisms of action from those found
in the target environment, decreasing the predictive value of
initial screen assays. A detailed investigation by Lee et al. (74)
showed the effect that different reducing agents can have on
the results of high-throughput screening, a method used to
identify drug leads. A reducing agent is commonly added to
the assay to prevent cysteine oxidation in target proteins. An
issue with the use of strong reducing agents such as DTT and
TCEP is the generation of false positives as a result of H2O2

production (14, 51). The authors, therefore, investigated the
inhibition of three cysteine proteases tested with a variety of
compounds and reducing agents, and observed many non-
overlapping hits. The inhibitor potency changed approxima-
tely 20-fold depending on the reducing agent used, while
DTT produced the most false negatives. For example, the
application of inhibitor 3 (Fig. 3) to the NS3/4A target protein
revealed a half maximal inhibitory concentration (IC50) value
of 48.4 lM when no reducing agent was present and a similar
value of 69.4 lM when GSH was present. With TCEP, the IC50

value decreased fivefold (12.8 lM), while no inhibition was
observed in the presence of either DTT or ME. The authors
also demonstrated that GSH could be reliably used in such
assays and is, therefore, the preferred method for predicative
chemical reduction compared with TCEP or DTT (74).

In the context of this review article, the earlier study clearly
demonstrates that in order to be able to predict the behavior of
a DDS in vitro, it is essential to use a redox couple which is
appropriate to the targeted sub-cellular location. Selected
examples of delivery systems in which the effect of the re-
ductant has been probed are discussed next.

FIG. 2. Chemical structures of commonly
used in vitro reducing agents. DHLA, di-
hydrolipoic acid; DTT, dithiothreitol; ME,
2-mercaptoethanol; NADH, nicotinamide
adenine dinucleotide hydride; TCEP, tris(2-
carboxyethyl) phosphine.
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Mortera et al. (86) prepared an MSN-based intracellular
cysteine delivery system that could be induced and regulated
by cell-produced natural antioxidants (reductants). No cys-
teine leaching in phosphate-buffered saline (PBS) was seen
before a reducing agent was added. However, when a variety
of reducing agents were added, vastly different releases were
observed: 99%, 90%, 70%, and 60% release was observed
30 min after adding NADH, DTT, DHLA, and GSH, respec-
tively, highlighting that false positives can be obtained if in-
appropriate reagents are used (86). Lu et al. (82) prepared
reduction-sensitive poly(urethane-urea)s based on cystine.
Greater levels of degradation were observed with DTT than
with GSH over the 4 day timeframe investigated, though
neither degraded to completion (82). Interestingly, Pan et al.
(96) prepared redox/pH dual stimuli-responsive biodegrad-
able nanohydrogels, which saw greater drug release in re-
sponse to GSH than DTT (Fig. 4). Doxorubicin (DOX) was
loaded into the hydrogels due to strong electrostatic interac-
tions between the DOX amine group and carboxyl groups
present in the nanohydrogel. This possibly counter-intuitive
observation [DTT is a stronger reducing agent than GSH (32,
112)], and it was rationalized by considering the synergistic
effect of reduction and charge exchange of GSH at low pH.
This article also highlights that no studies have discussed the
difference in the redox efficiency between DTT and GSH (96).
It could also be argued that a material designed for in vivo use
should be tested for reduction with in vivo reducing agents
such as GSH.

Manipulating Rates of Disulfide Reduction

The cleavage of a disulfide unit is distinct from that of al-
ternative degradable functionalities such as poly(esters),
which can take days, weeks, or even months to fully degrade
(36, 95). Compared with an ester, the disulfide bond is gen-
erally considered a more labile linkage. In order to achieve
desirable release kinetics, a number of studies have been un-

dertaken to fine-tune the rate of disulfide reduction for con-
trolled and predictable cargo release.

Wu et al. (136) identified the use of 6-residue peptides con-
taining a cysteine unit as a straightforward platform for
studying the impact of disulfide microenvironment on their
exchange rates. Exchange kinetics of a number of cysteine-
containing peptides measured in a variety of redox buffers
representing conditions found in the late endosome/lysosome
and cytoplasm illustrated that the electrostatic attraction/
repulsion between peptides and reducing agents such as
GSH had a pronounced effect on thiol-disulfide exchange
(136). The authors also found that the thiol-disulfide exchange
kinetics varied depending on the reducing agent (GSH, cys-
teine or cysteamine) used. A similar observation has been
made by Bulaj et al. for the exchange of peptide thiols with,
for example, cysteine and they noticed that electrostatic
attraction/repulsion played a significant role in increasing/
decreasing exchange, respectively (16).

Gauthier and co-workers (137) utilized the CXC motif to
direct intermolecular and intramolecular pairing of cysteine
residues without the need for extensive manipulation of the
primary sequence, post-translational modification, or the
protection of groups. Here, the authors found that by em-
ploying a central arginine residue (cationic), the equilibrium
was directed toward the dimer, as the cationic residue pro-
motes thiolate reactivity. Flanking residues were found to not
influence thiolate reactivity in the same way as the central
residue, while the steric hindrance of the central residue did
not significantly influence the equilibrium. Moreover, the
charged microenvironment surrounding the CXC motif was
found to alter the equilibrium between single and mixed
disulfides with negatively charged flanking residues shifting
the equilibrium toward the dimeric state and positively
charged residues toward the monomeric species (137).

Steiner and co-workers (118) investigated how the thera-
peutic efficacy of a vascular targeting antibody-drug conju-
gate is affected by the length of a space between the antibody’s

FIG. 3. Comparisons of the IC50 values of active compounds against NS3/4A target protein in the absence or presence of
reducing agents. Bars that reach the top of the figure represent IC50 values of more than 200 lM (no inhibitory effect).
Reproduced (adapted) with permission from Lee et al. (74). Copyright (2013). Elsevier. IC50, half maximal inhibitory con-
centration; b-MCE, 2-mercaptoethanol.
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globular fold and the disulfide-linked site of drug attachment.
They found that smaller spacer lengths enhanced stability
toward disulfide reduction both in plasma and in vitro. Ulti-
mately, where the disulfide linkage is less hindered and
therefore protrudes from the globular antibody to a greater
extent, reduction and, hence, drug release is faster. However,
the greater stability toward reduction of the smaller spacers
promoted greater therapeutic efficiency, as demonstrated by
the authors when the antibody-drug conjugates were tested in
an A20 lymphoma model. Moreover, it was speculated that
the microenvironment of tumor sites, where dying cells ini-
tially release additional GSH/cysteine, locally reinforces drug
release and amplifies drug-mediated cell killing, which may
provide an addition trigger if the DDS can be tuned to re-
spond to this increased GSH concentration (118).

The ability to trigger structural changes in linear polymer
systems on exposure to a reductive environment has been
investigated by several groups. For example, Gillies and co-
workers (20, 33) prepared a linear polymer backbone based on
N,N¢-dimethylethylenediamine and ME linked by carbamates
and thiocarbamates. These polymers were then end-capped
with a disulfide that was readily cleaved in a reducing envi-
ronment utilizing DTT. Cleavage triggered a cascade of cy-
clization reactions and gave 1,3-oxathiolan-2-one and N,N¢-
dimethylimidazolidinone by-products. Degradation was
monitored by 1H nuclear magnetic resonance spectroscopy,
revealing a plateau at *80% degradation after 10 days (33).

The ability to tune these degradation rates was achieved by
incorporating stronger nucleophilic and electrophilic sites to
induce faster cyclization reactions, and, hence, complete
degradation was observed in a matter of hours (Fig. 5) (20).

Li et al. (77) have reported the influence of local mechanical
tension on the reduction of a disulfide by DTT. A comb-
shaped polymer consisting of a poly(2-hydroxyethyl meth-
acrylate) backbone and poly(n-butyl acrylate) side chains
with a central disulfide bond was prepared by atom-transfer
radical polymerization. The bond tension was generated due
to steric repulsion between densely positioned chain-like
branches and could be induced spontaneously, without ap-
plying any external force. The reduction-induced fracture of
the so-called ‘‘bottlebrushes’’ was then monitored by atomic
force microscopy (AFM). Increased scission was seen at a DTT
concentration of 194 lM DTT compared with 19.4 lM DTT
after 4 h. The authors also noted that increasing the disulfide
bond tension from 0.85 to 1.26 nN significantly increased the
rate of bond cleavage at a DTT concentration of 19.4 lM (Fig.
6) (77). This report is significant, as it shows that mechanical
cues can be used to tune a biological response, in addition to
chemical methods.

Thiol-disulfide exchange in proteins has also been shown to
be dependent on an applied force. Fernandez and co-workers
have used force-clamp AFM to probe the reduction rate of the
27th immunoglobulin-like domain of cardiac titin with DTT,
observing a 10-fold increase over a 300 pN range (133). The

FIG. 4. Redox-triggered drug release. (A) Schematic representation of the release of DOX from nanogels on disulfide-bond
reduction with DTT or GSH; pH and dual-responsive DOX profiles from DOX-loaded nanohydrogels with different reducing agents:
(B) pH 7.4; (C) pH 5.0. Reproduced (adapted) with permission from Pan et al. (96). Copyright (2013) Elsevier. DOX, doxorubicin.
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same group has also demonstrated that a mechanical force
can significantly alter the chemistry of the catalytic site in
TRX, which is potentially significant in tissues that are ex-
posed to pathological force levels (134). Baldus Ilona and
Gräter have used simulations of cysteine as a model system to
demonstrate the ability of physiological forces to tune the
disulfide redox potential (10).

Kellogg et al. (66) synthesized a variety of disulfide-linked
huC242 (anti-CanAg) antibody maytansinoid conjugates with
varying levels of steric hindrance around the disulfide bond to
investigate the relationship between stability to reduction of
the disulfide linker and antitumor activity of the conjugate

in vivo. When exposed to DTT, the conjugates with more
sterically hindered disulfide linkages were shown to be more
stable to reductive cleavage. When tested for in vivo efficacy,
the conjugates with two methyl groups on the maytansinoid
side and no methyl groups on the linker side of the disulfide
bond displayed the best efficacy (66).

Bioreducible Drug Carriers

The earlier sections clearly demonstrate the inherent com-
plexity of cellular redox environments, with most drug delivery
vehicles designed to exploit these gradients focused on GSH-

FIG. 6. Mechanical tension
has been used to enhance
reduction rate of a disulfide
bond. Effect of reducing
agent (DTT) concentration
(left) and mechanical ten-
sion (right, [DTT] = 0.194 mM,
f = bond tension) on reduction
rate. Reprinted (adapted)
with permission from Li et al.
(77). Copyright (2013).

FIG. 5. Linear systems that degrade by a cascade of cyclization reactions on reduction of the disulfide end group.
Modification of nucleophilic and electrophilic sites within the polymer backbone results in degradation times of (A) days or
(B) hours, triggered by disulfide reduction (20, 33). (A) Reproduced (adapted) with permission from Dewit et al. (33).
Copyright (2013) Wiley. (B) Reproduced (adapted) with permission from Chen et al. (20). Copyright (2013) American
Chemical Society.
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mediated degradation of disulfide bonds (13, 22, 132). This
linkage is readily cleaved by reducing agents such as phosphines
(100, 124) or, more importantly given a biological context,
through thiol-disulfide exchange with other thiol-containing
species (88). The versatility of material science enables the in-
clusion of reducible linkages into a wide range of architectures.
This section intends to highlight some of these, including the
commonly studied micelle, as well as lesser investigated struc-
tures such as gold nanoparticles, silica nanoparticles, and more.

Gold nanoparticles

Gold nanoparticles have been extensively exploited for
biotechnological and biomedical applications given that the
gold core is essentially inert and non-toxic; they are easy to
synthesize in a monodisperse fashion, can be readily func-
tionalized with thiols, and have unique optical properties,
thus enabling label-free visualization or electron microscopic
contrast (41–43, 45, 94, 116). Ghosh et al. (46) prepared
gold colloids functionalized with amino acids, including ly-
sine and glycine, to provide a scaffold for effective DNA
binding. The transfection efficiency (TE) of a b-galactosidase
reporter in monkey kidney cells (Cos-1) revealed the glycine-
containing nanoplexes to demonstrate minimal TE, while
lysine-functionalized nanoplexes demonstrated a fivefold
superior efficiency compared with the polylysine positive
control. TE was further improved to 28 times that of polyly-
sine by preparing nanoparticles which were functionalized
with first-generation lysine dendrons. GSH was also shown to
alter TE, as it can displace the cationic ligands from the gold
nanoparticles (Fig. 7a), releasing the DNA. The GSH level was
transiently increased by treating cells with glutathione
monoester (GSH-OEt), a compound rapidly internalized by
cells and processed into GSH by esterases (Fig. 7b), and de-
creased by treatment with l-butathione-[S,R]-sulfoxamine, an
inhibitor of c-glutamylcysteine synthetase (Fig. 7c). Corre-

spondingly, the TE was seen to increase and decrease,
respectively (46).

The displacement of thiol-terminated groups with GSH has
also been used by Hong et al. (57) to trigger the release of a
thiolated Bodipy dye from gold nanoparticle surfaces. The
application of 10 mM GSH promoted significant dye release
in vitro, while a release in pure water and after the addition of
a tripeptide with the same structure as GSH but without the
thiol group was minimal (Fig. 8A). Dye release was also ob-
served after incubation for 96 h in human liver cells (Hep G2)
and in GSH-OEt-treated mouse embryonic fibroblast cells
(Fig. 8B) (57).

Zhang and co-workers have used GSH-thiol displacement
to release tiopronin in vitro and in vivo using an acute liver
injury model in mice (12), as have Forbes and co-workers (67)
released fluorescein isothiocyanate and DOX from gold na-
noparticles. The latter showed that nanoparticle surface
charge greatly influences the penetration of nanoparticles and
the location of cellular uptake and release (67). Positive par-
ticles improved the delivery of payloads to the majority of
cells in tumors given their extent of uptake into proliferating
cells, whereas negative particles were suggested to be better
for delivering drugs deep into tissues.

Rotello and co-workers (128) have functionalized a 2 nm
gold core with positively charged trimethylammonium-
functionalized mixed monolayer-protected clusters of differ-
ent chain lengths (C8 and C11). These were used to bind
b-galactosidase through complementary electrostatic inter-
actions to give complete enzyme inhibition. The addition of
GSH at intracellular GSH concentrations reversed this bind-
ing and restored activity in the C8 case, while no restoration
was observed in the C11 case, further highlighting methods of
tuning material response to GSH (128).

The kinetics of GSH-triggered release from gold nano-
particles has also been monitored. For example, Ock et al.
directly monitored the GSH-induced in vitro and in vivo

FIG. 7. Drug release from gold nano-
particles. (a) Schematic representation of the
ligand displacement that occurs when func-
tionalized gold nanoparticles are incubated
with GSH. Effect of (b) GSH monoester
concentration and (c) l-butathione-[S,R]-
sulfoxamine on transfection efficiency of
b-galactosidase reported in Cos-1 cells. Re-
produced (adapted) with permission from
Ghosh et al. (46). Copyright (2013) American
Chemical Society.
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release of thiopurine anticancer drug from gold nanoparticle
surfaces by label-free Raman spectroscopy (93). Kim et al.
monitored the intracellular GSH-triggered release of topote-
can from gold nanoparticles in serum-containing media in
real time using a label-free fluorescence live-cell imaging

technique (69). Durocher et al. (35) exploited the propensity of
thiols to exchange on gold nanoparticle surfaces and to create
a sensor for low-molecular-weight thiols. A disulfide bridge
was placed in a sterically constrained environment, which
was accessible only to low-molecular-weight thiols. Reduc-
tion of the disulfide-containing gold nanoclusters to mono-
disperse gold nanoparticles was accompanied by a spectral
change (blue to red) that was associated with nanoparticle de-
clustering. This system was stable to reduction by thiols fr
approximately a critical molecular weight of 310 g mol - 1,
while minimal changes in absorbance were observed on in-
cubation with larger thiols containing compounds such as
insulin (Fig. 9) (35).

Silica nanoparticles

MSNs are solid materials containing many empty channels
(mesopores) in a honeycomb-like structure. They have been
investigated for the controlled release of pharmaceutical com-
pounds for a variety of reasons, including their improved bio-
compatibility compared with amorphous silica materials, high
drug-loading capacity, biodegradability under physiological
conditions, and ability to protect internalized cargo (56, 106,
129). MSNs can also be adapted to respond to specific stimuli to
release a cargo (114, 125). Lai et al. (71) prepared an MCM-41-
type mesoporous silica-based controlled-release delivery sys-
tem in which silica nanospheres were loaded with active
ingredients and capped by disulfide-linked, mercaptoacetic
acid-derivatized cadmium sulfide nanocrystals. Negligible re-
lease of vancomycin and adenosine triphosphate in 10 mM PBS
was observed over a 12 h period highlighting a good capping
efficiency, while *80% release was observed within 24 h on
end-cap removal by addition of 18.5 mM DTT (71).

Cui et al. (29) linked MSNs to a PEG shell via a disulfide
linker that was cleaved at tumor relevant GSH levels. This
detached the PEG shell and released encapsulated guests in a
controlled manner at a rate that was dependent on the GSH
concentration used: 20% and 75% release after 22 h was ob-
served with 1 mM and 10 mM GSH, respectively. Confocal

FIG. 9. Effect of thiols on
disulfide-linked gold nano-
particle clusters. (A) Color
and (B) localized surface
plasmon resonance spectra
response after incubation of
nanoparticles with thiols. (C)
Absorbance change at 610 nm
of nanoparticles after reduc-
tion by thiols (1 lM) of differ-
ent molecular weights: NaSH,
sodium hydrosulfide; b-ME,
2-mercaptoethanol; DTT, di-
thiothreitol; Cys, l-Cysteine;
GSH, glutathione; insulin
a-chain; PDI, protein disulfide
isomerase. Reproduced (adap-
ted) with permission from
Durocher et al. (35). Copyright
(2013) American Chemical
Society.

FIG. 8. Dye-release from gold nanoparticles. (A) In vitro
release of a thiolated dye from gold nanoparticle surfaces (as-
sessed by observed fluorescence at 507 nm in toluene layer of a
biphasic system) in pure water, GSH (10 mM) or tripeptide
(10 mM) at 37�C. (B) Schematic representation and fluorescence
images when using GSH-OEt as an external stimulus to pro-
mote dye release from gold nanoparticles in mouse fibroblast
cells ([GSH-OEt] = 0 (a), 5 (b), 20 (c) mM). Reproduced with
permission from Hong et al. (57). Copyright (2013) American
Chemical Society. GSH-OEt, glutathione monoester.
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laser scanning microscopy showed that MSNs were inter-
nalized in endosome or lysosome of MCF-7 cells with a sig-
nificantly greater dye release in the presence of elevated
GSH concentrations (29).

Kim et al. (68) tethered cyclodextrins onto MSNs via disulfide
stalking to entrap guest molecules in the pores. These were
released in response to GSH with the nanocontainers exhibiting
efficient GSH-mediated release of DOX in cancer cells. In-
cubation of A549 cells with MSNs loaded with 1 and 5 lM DOX
saw a surviving fraction of 2.0 · 10- 3 and 2.7 · 10- 1, respec-
tively, after 24 h (68). Zhang et al. (146) also used cyclodextrin as
a ‘‘gatekeeper’’ in multifunctional envelope-type MSNs that
were designed for tumor-triggered drug delivery. Cyclodextrin
was anchored on the surface via disulfide bonds for GSH-
induced intracellular release. A peptide motif and matrix
metalloproteinase substrate peptide was introduced onto the
surface via host–guest interactions. The nanoparticles were
further decorated with poly(aspartic acid) to protect them from
uptake into normal cells. At the tumor site, the polyanion
protection layer was removed by hydrolysis of the metallo-
proteinase substrate peptide and the targeting motif was ex-
posed. Once taken into the cell, disulfide cleavage resulted
in removal of the cyclodextrin gatekeeper and release of the
drug (146).

Bioreducible micelles/self-assembled polymers

The encapsulation of therapeutic agents inside nano-
particles is a popular route for delivery into cells. Micelles are
particularly popular and routinely prepared from block co-
polymers comprising distinct hydrophilic and hydrophobic
units. Aqueous dissolution above the critical micelle concen-
tration prompts self-assembly in order to shield the hydro-
phobic block from the aqueous environment (105). Typically,
micelles are used to encapsulate hydrophobic compounds
though hydrophilic species can also be sequestered (147). The
dynamic nature of these structures can, however, result in
poor structural stability and non-specific cargo release. Con-
trol over release rates can be imposed by the inclusion of
cross-links throughout the structure, including the core, the
shell, and between the core and shell domains (Fig. 10) (92).
Incorporation of a disulfide unit as the cross-linker can,
therefore, introduce redox sensitivity (148).

Core cross-linked micelles have been prepared by Zhang
et al. (143) by first conjugating the cyclic disulfide lipoic acid to
starch-g-PEG copolymers (Fig. 11A) and then adding 10 mol%
DTT relative to the lipoic acid residues. The release of se-

questered DOX totalled *35% at pH 7.4 in the absence of
GSH over 59.5 h, while around 70% was released in 12 h and
90% was released in 59.5 h when incubated with 10 mM GSH
(143). Although cross-linking minimizes non-specific cargo
release, it does not appear to enable a binary ‘‘on-off’’ GSH
response such as that observed in the capping of silica nano-
particles, or through the use of gold nanoparticles (vide supra).
A further example has been presented by Yan et al. (139), who
prepared a disulfide core cross-linked micelle. The addition of
GSH greatly accelerated the release of internalized DOX (65–
70% released after 36 h when incubated with 10 or 20 mM
GSH), whereas a relatively significant percentage (*25%)
was released even without GSH (139).

Micelles that require multiple stimuli to trigger drug release
have also been developed. Li et al. (76) prepared micelles from
a graft copolymer of PEG and keratin in which core cross-links
were introduced by oxidation of residual keratin thiol groups.
In the presence of 10 mM GSH, only 50% release was observed
after 10 h. However, the addition of 0.04 mM trypsin, an en-
zyme over-expressed in inflamed and cancerous tissues ca-
pable of cleaving lysine/arginine residues found in keratin,
led to quantitative drug release (76). Similarly, multiply re-
sponsive shell cross-linked (SCL) micelles can be used. Hu
et al. (58) prepared amphiphilic diblock copolymers that were
covalently functionalized with aldehyde moieties in the hy-
drophilic block. These were converted into acylhydrazone
cross-links at pH 6.2 using dithiolbis(propanoic dihydrazide)
that could be destabilized either by acid-triggered cleavage of
acylhydrazone bonds or by thiol-triggered cleavage of dis-
ulfide linkages. The cross-linkages provided a drug diffusion
barrier in which release of internalized camptothecin was slow
at pH 7.4, reaching around 30% after 115 h. Optimum release
was observed at 10 mM DTT and pH 5, where 80% release was
observed after 115 h (60). Samarajeewa et al. (110) prepared
disulfide SCL (‘‘knedel-like’’) structures that demonstrated
accelerated paclitaxel (PTX) release (65%) in the presence of
10 mM GSH at both pH 5.5 and pH 7.4 after 8 days. Without
GSH, 50% and 35% were released at pH 5.5 and pH 7.4, re-
spectively. After 72 h of incubation against human ovarian
adenocarcinoma cells, the nanoparticles exhibited an 11-fold
lower IC50 value than a Taxol-mimicking formulation (110).

The disulfide bond has also been introduced between the
hydrophilic and hydrophobic blocks (21, 122, 123, 138, 145).
Sun et al. (121) prepared these so-called ‘‘sheddable’’ micelles
from PEG-SS-PCL (Fig. 11B). When loaded with DOX and
treated in PBS at 37�C with 10 mM DTT, 60% release was
observed after 4 h with a near total release seen after 12 h

FIG. 10. Schematic repre-
sentations of sites for re-
ducible cross-link insertion
in micelles. (A) Core cross-
links. (B) Shell cross-links. (C)
Core-shell cross-links.
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compared with less than 20% release after 24 h from the non-
disulfide-containing PEG-PCL structures. Moreover, a zero-
order release of approximately 60% indicated a mechanism
controlled by a combination of diffusion and degradation, but
no data for GSH-mediated release were provided (121).
Zhang et al. (144) demonstrated that the morphology (spheres,
vesicles, or rod-like aggregates) of self-assembled structures
prepared from PEG-SS-poly(styrene) could be controlled by
varying the hydrophilic block length. As the morphology
chains from spheres to vesicles to rods, the relative curvature
decreases, thus changing the accessibility and tension of the
disulfide bond along with the physicochemical properties of
the nanoparticles (48). The rate of PEG shedding when incu-
bated with DTT was found to be different depending on the
morphology: 56% degradation was observed with spherical
structures compared with 25% with vesicles after 4 h (144).

Micelles obtained from more traditional lower-molecular-
weight surfactants have also been exploited. Ghosh et al. (47)
prepared micelles from a surfactant in which the hydrophilic
head group was connected to the hydrophobic tail through a
disulfide bond. Mixed micelles containing different percent-
ages of the disulfide- and non-disulfide-containing surfac-
tants displayed different disassembly kinetics when exposed
to DTT. A mixed micelle containing 25% disulfide-containing
surfactant took a little less than 700 min to release the model
compound Nile red completely, compared with around
150 min in the 50:50 micelle (47). Liu et al. (78) prepared mi-
celles from an amphiphilic homopolymer where noncovalent
interactions were the driving force. These micelles exhibited
smart redox-responsive properties that could be exploited to
deliver DOX into nuclei of tumor cells and enhance inhibition
of cell proliferation after GSH reduction (78). A review de-
scribing functional block copolymer assemblies that are re-
sponsive to tumor and intracellular microenvironments
discusses this in detail (44).

Cell penetrating peptides, linear systems,
dendrimers, and nanogels

Cationic cell penetrating peptides inspired by the TAT trans-
location sequence from HIV are of interest in biomedical appli-
cations given their ability to transport linked substrates across
nearly any bilayer membrane (40). Cell-penetrating poly
(disulfides) are, therefore, attractive given their ability to degrade
in the cytosol, simultaneously release the cargo, and lower tox-
icity by decreasing material molecular weight. Bang et al. (11)
proposed a new approach to cellular uptake using substrate-
initiated polymerization of cell-penetrating poly(disulfide)s.
Ring-opening disulfide exchange polymerization with units
derived from lipoic acid produced polymers with stimuli-
responsive transport activity in neutral lipid bilayers (11).

Gibson and co-workers (108) have explored the use of dis-
ulfide reduction as a tool toward manipulating the macroscopic
solubility properties of polymers. A poly(disulfide) based on the
thermally responsive polymer Poly(N-isopropylacrylamide)
(PNIPAM) was prepared. Incubation of this polymer at a tem-
perature above its lower critical solution temperature (LCST)
shifts its solubility (i.e., becomes water insoluble) that can be
used to drive cell-membrane insertion or passage (1, 108). The
LCST of PNIPAM is molecular-weight dependent, so the ad-
dition of 1 mM GSH triggered disulfide reduction and,
hence, produced a shorter polymer with a higher LCST while
the addition of 1 lM GSH had no effect (Fig. 12A). The increase
in LCST caused by disulfide degradation enabled rapid re-
solubilization without the need for a change in temperature, a
so-called ‘‘isothermal’’ transition (98, 99). The ability to trigger
these solubility switches by the incorporation and degradation
of a single disulfide bond at the polymer chain end has also been
demonstrated (120).

Bae et al. (8) prepared reducible heparin nanogels that were
cross-linked with disulfide linkages (Fig. 12B). These nanogels

FIG. 11. Bioreducible micelles containing a disulfide cross-linker linker. (A) Reversible disulfide core cross-linked starch-
g-PEG micelles, (143) and (B) shell-sheddable biodegradable micelles based on PEG-SS-PCL block copolymers, for intra-
cellular GSH-triggered DOX release (121). (B) Reproduced (adapted) with permission from Sun et al. (121). Copyright (2013)
Elsevier. PCL, poly(caprolactam); PEG, poly(ethylene glycol).

THE RIGHT MATERIALS FOR THE RIGHT MICROENVIRONMENT 797



rapidly disintegrated and released free heparin under reduc-
tive environments such as those found in the cytosol. The de-
gree of heparin release increased with a GSH concentration
with almost 65% released with 5 mM GSH after *160 h com-
pared with less than 3% in the absence of reducing agent (8).
Qiao et al. (102) prepared triply responsive nanogels by mini-
emulsion radical copolymerization of oligoethylene glycol
methacrylate and 2-(5,5-dimethyl-1,3-dioxan-2-yloxy) ethyl
acrylate using bis(2-acryloyloxyethyl) disulfide as a cross-lin-
ker. These nanogels were able to encapsulate a variety of hy-
drophobic compounds, including PTX, which exhibited a
concentration-dependent toxicity to MCF-7 cells (102).

Nam et al. (89) prepared dendrimer-type bioreducible poly-
mers by incorporating arginine-grafted poly(disulfide amine)
into poly(amido amine). Compared with the poly(disulfide
amine) alone, the dendrimer exhibited superior condensing
ability with plasmid DNA and more controlled release when
exposed to a reducing environment (89). Cohen et al. (25) pre-
pared cationic nanocomplexes of linear poly(amidoamine)s with
oppositely charged proteins such as human serum albumin (Fig.
12C). These complexes showed high mucoadhesive properties
and, while stable in extracellular conditions, they rapidly desta-
bilized in a reductive intracellular environment due to disulfide
bond cleavage. The transport of human serum albumin to early
endosomes, lysosomes, and cytoplasm was determined (25).

Outlook/Conclusions

In vivo redox gradients provide attractive options for
selective, targeted intracellular release, particularly given

the vast array of redox-susceptible architectures that are
readily accessed using modern macromolecular chemistry.
However, this review has sought to highlight that it is
also critical to obtain a comprehensive understanding of
both the chemical nature of the material and the sub-
cellular location being targeted. Evidence has been pre-
sented showing very different rates and extents of release
for similar materials depending on the ‘‘model’’ reducing
agent used. Significant differences are also seen between
materials due to their intracellular fate, which itself is di-
rected by the method of cellular uptake. Therefore, in order
to enable translation of redox-responsive DDS into real
applications it is crucial for the field to address the fol-
lowing outstanding issues:

� What is the actual redox potential inside relevant subcell-
ular locations?
� How do these potentials differ between cell types?
� How can the intracellular reductant for any DDS be

determined and correlated to therapeutic outcome?
� What redox gradients existing within tissue will be en-

countered by the DDS and how will this have an impact
on material design?
� What new chemical tools are required to map out the

processes described earlier?
� How can the rate of degradation of each linkage be

tuned, including effects of local mechanical strain, steric
constraints, and electrostatic interactions?
� What is the most appropriate ‘model’ reducing agent

that facilitates these studies?

FIG. 12. Reducible polymers. (A) Linear systems designed to trigger changes in solubility without a temperature change
(‘‘isothermal’’ transition) on GSH-mediated disulfide reduction (99). (B) Disulfide cross-linked heparin nanogels which
degrade in a reductive intracellular environment to release heparin within cells (8) and (C) disulfide-containing cationic
nanocomplexes that are designed to release human serum albumin on intracellular reduction (25). (A) Reproduced with
permission from Phillips and Gibson (99). Copyright (2013) Royal Society of Chemistry.
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This understanding will not only help with material de-
sign, but will also enable the production of more advanced
materials with greater dexterity and versatility than simply
existing in ‘‘on’’ or ‘‘off’’ states. While beyond the scope of
this review, it should also be appreciated that the search for
a ‘‘perfect’’ delivery device is further challenged given the
natural differences seen from patient to patient. It is known,
for example, that while GSH levels are similar in both men
and women, the body becomes increasingly oxidized with
age (37, 127). Considering the evidence presented earlier, it
would seem there is much opportunity for redox-responsive
materials to play a role in nanomedicine. In order to fully
realize their potential, careful consideration of the actual
biological interactions experienced by these delivery sys-
tems should be made through a concerted combination of
cell biology, biochemistry, pharmacology, and materials
science.
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Abbreviations Used

AFM¼ atomic force microscopy
DDS¼drug delivery system

DHLA¼dihydrolipoic acid
DOX¼doxorubicin
DTT¼dithiothreitol

GILT¼ gamma-interferon-inducible
lysosomal thiol reductase

GSH¼ glutathione
GSH-OEt¼ glutathione monoester

H2O2¼hydrogen peroxide
IC50¼half maximal inhibitory concentration

LCST¼ lower critical solution temperature
ME/b-MCE/b-ME¼ 2-mercaptoethanol

MSN¼mesoporous silica nanoparticle
NADH¼nicotinamide adenine

dinucleotide hydride
NADPH¼nicotinamide adenine

dinucleotide phosphate
NaOCl¼ sodium hypochlorite
NaSH¼ sodium hydrosulfide

PBS¼phosphate buffered saline
PCL¼poly(caprolactam)
PDI¼protein disulfide isomerase

PEG¼poly(ethylene glycol)
PNIPAM¼poly(N-isopropylacrylamide)

PPS¼poly(propylene sulfide)
PTX¼paclitaxel
ROS¼ reactive oxygen species
SCL¼ shell cross-linked

TCEP¼ tris(2-carboxyethyl) phosphine
TE¼ transfection efficiency

TRX¼ thioredoxin
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