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Abstract 

In the last few decades, protein therapeutics have become a relevant segment 

of the pharmaceutical industry. However, clinical use of biotherapeutics can be 

limited by poor stability of proteins in the different steps of manufacturing, 

storage and formulation, with subsequent formation of protein aggregates. 

Aggregation affects not only therapeutics proteins, with detrimental effects on 

production costs, final product yields and therapeutic efficacy, but also 

endogenous proteins, as it leads to the formation of large aggregates deposits 

which have been correlated to different neurodegenerative diseases. 

Consequently, a range of stabilisers have been developed to increase the 

stability of biotherapeutics in formulations, or prevent the aggregation of 

endogenous proteins. Among the different strategies employed, excipients that 

stabilise proteins through non-covalent interactions have been reported.  

This thesis focusses on the stabilisation of proteins through hydrophobic 

interactions: here, the synthesis of short, hydrophobic, stabilisers is reported. 

These stabilisers were tested on different proteins, to interact with 

hydrophobic patches on proteins primary strucures, and block these patches 

from mutual, self-interactions that may lead to proteins aggregation.   

In the first part of this work, peptides analogous of hen egg lysozyme 

Aggregation Prone Region (APR), were synthesised, and tested on lysozyme to 

verify any potential interaction between these synthetic peptides and their 

homologous sequence on lysozyme, to block its site from self-interactions that 
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lead to aggregation. For improved solubility and to enhance its stabilising 

effect, the APR peptide fragment was finally copolymerised with monomer N-

hydroxyethylacrylamide, to generate a peptide-polyacrylamide copolymer 

stabiliser. Pleasingly, the copolymer proved to be able to delay the onset of 

lysozyme aggregation, which was induced in strong basic conditions.    

Encouraged by these results, in the second experimental chapter this strategy 

was expanded by developing a library of amphiphilic block copolymers, 

comprising hydrophobic amino acid-like moieties, potentially able to non-

covalently interact with hydrophobic, self-aggregating protein domains, and 

prevent protein aggregation/denaturation. Three moieties were chosen, indole 

3-acetic acid, phenyl acetic acid and methylisobutiric acid, to mimic the side 

chains of three amino acids, tryptophan, phenylalanine and isoleucine, 

respectively. The copolymers were tested on two different proteins, hen egg 

lysozyme, bovine pancreatic insulin, and the antimicrobial peptide IDR 1018. 

Potential interaction between the proteins and the copolymers was evaluated 

under stressful conditions, which induced proteins aggregation, measured by 

turbidity and solubility studies. Promising stabilising effects were shown by 

some of the indole-contaning copolymers, which proved to be able to prevent 

the aggregation and to increase the solubility of both insulin and peptide IDR 

1018. Hydrophobic Indole-based oligomers were further tested to evaluate 

their efficacy in encapsulating the antimicrobial peptide IDR 1018. The peptide 

was first ion paired with the antimicrobial molecule usnic acid, to develop a 

hydrophobic complex for enhanced IDR 1018 encapsulation and potential co-

delivery of two antimicrobial drugs.   
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In the fourth experimental chapter of this thesis, cholanic-polyacrylamides 

conjugates were synthesised for potential non-covalent protein conjugation. 

Cholanic acid has been previously investigated for its ability to interact with 

proteins hydrophobic patches. In particular, a series of PEG-cholanes of 

different molecular weight were used to efficiently complex two different 

proteins, the recombinant human growth hormone (rh-GH) and the 

recombinant human granulocyte colony stimulating factor (rh‐G‐CSF). 

improving their bioavailability and extending their half-life. Here, cholanic acid 

was incorporated into a RAFT agent and used to mediate the polymerization of 

N-hydroxyethylacrylamide, to develop cholanic-polyacrylamides of different 

length. The polymers were successfully employed as protein complexing agents 

for two model proteins, bovine serum albumin and bovine pancreatic insulin.  

Finally, the last chapter is presented in a form of a draft paper, and is part of a 

collaborative work started by a former PhD student in our group, Joao Madeira 

do O.  A series of linear and 4-arm glycopolymers, were previously prepared by 

copper azide alkyne cycloaddition (CuAAC) functionalisation of preformed 

poly(propargyl methacrylate)s with different sugar azides. In this thesis, the 

reversible, non-covalent interaction between the small hydrophobic molecule 

Nile Red and linear and 4-arm glycopolymers was evaluated. Results suggest 

that the interaction occurs between the dye molecule and single polymer 

chains, suggesting that these glycopolymers do not self-assemble in 

supramolecular aggregates and act instead as unimolecular micelles.    
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1.1. The relevance of protein therapeutics 

In the last decades, the use of protein therapeutics for the treatment of a range 

of different diseases has been constantly increasing1. The first and arguably 

most known biotherapeutic is insulin. Insulin was isolated for the first time in 

1922 from beef pancreas2, and technologies for its production and formulation 

have been continuously improving from the 70s onwards. Current insulin 

formulations use different types of human biosynthetic analogues, each with 

different pharmacokinetic properties3. Following the development of 

therapeutic insulin, an increasing number of proteins and peptides have been 

explored and eventually reached the market. FDA approved 91 protein 

therapeutics between 1980 and 2013 and this number is exponentially  

increasing4. Today more than 130 protein therapeutics are routinely clinically 

prescribed3. These are commonly divided in four groups, according to their 

function1:  

- group I: protein therapeutics with enzymatic or regulatory activity (e.g.   

  hormones);   

- group II: proteins with special targeting activity (e.g. antibodies);  

- group III: vaccines;  

- group IV: protein diagnostics1. 

Compared to the majority of the small molecule drugs, biotherapeutics stand 

out for their higher specificity and lower toxicity5. Moreover, using modern 

molecular biology techniques they can be produced recombinantly, with higher 
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potency and/or low immunogenicity compared to the corresponding wild 

types1. 

For all these reasons, the global protein therapeutics market, which was valued 

at $140,109 million in 2016, is predicted to reach $217,591 million by 20236. 

 

1.2. Incidence of protein aggregation in    

        biotherapeutics and endogenous proteins 

The use of biotherapeutics is often limited by their low stability to aggregation 

in solution7, 8. It should be noticed that also many endogenous proteins show 

propensity for aggregation, which has been related to different diseases9, 10. 

As a definition of protein aggregation, one can use a following statement. 

“Protein aggregation is the process by which misfolded proteins adopt a 

conformation that cause its polymerization into aggregates and organized 

fibrils”11.  

1.2.1. Aggregation of biotherapeutics and its immunogenic   

    effects 

During the protein therapeutics production, aggregation can occur at different 

stages of protein expression and purification processes and typically requires 

additional steps to re-solubilise the insoluble aggregate or separate it from 

native, non-aggregating protein. Hence, aggregation results in increase of 

production costs and reduced yields7, 12.  

For example, protein aggregation and accumulation of such aggregates has 

been observed in E. coli, bacterial expression host for protein therapeutics. In 
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this case, aggregation is ascribed to the large amount of protein that bacteria 

are forced to produce to generate the highest yield possible. Over-expression 

results in very high concentration of recombinant protein in the cytoplasm, too 

high to be stabilised and folded through bacterial chaperones and post-

translational modifications, or to be subjected to proteolytic degradation13-15.  

Following expression, protein aggregation can occur also during purification 

steps. Antibodies are usually purified via Protein A Chromatography. This 

technique generally requires low pH for protein elution,  which may induce 

proteins structural changes leading to aggregation16. Agitation, mixing or 

shaking, applied to achieve homogeneity of the protein solution, can also 

induce protein aggregation. The underlying mechanisms are not fully 

understood, but are believed to involve the air-water interface which forms 

upon agitation17. The air-water interface is relatively hydrophobic and may 

hypothetically induce substantial modifications of protein secondary 

structure18. Freeze-thaw cycles can also induce protein denaturation and 

aggregation, believed to be a result of cold-induced protein misfolding and by 

cryo-concentration of solutes when the water crystallizes19.  

Undesired aggregation can further occur when the dried protein powder is re-

solubilised into an aqueous medium prior to administration. Most of clinically 

approved protein therapeutics are delivered in a form of liquid injections. As 

IM and SC injections do not allow the administration of more than around 1 mL 

of volume per dose, proteins are usually dissolved at very high concentrations, 

which favours the formation of protein aggregates8.  
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Accidental exposure of protein formulation to elevated temperature that may 

occur during shipping or storage is another stress factor capable of inducing 

protein aggregation. Elevated temperature can  induce partial-to-complete 

protein conformational destabilization20.  Aggregation during storage, 

transport, upon or after administration may have an impact on protein 

immunogenicity8, 21, manifested as reduced protein efficacy, cytokine release 

syndrome and anaphylaxis22. Aggregates can activate the production of specific 

Anti Drug Antibodies (ADA) - which bind the protein, causing a reduction of its 

biological activity and alteration of its pharmacokinetic profile. Importantly, 

complexation with ADAs typically results in much faster protein clearance.23, 24 

A number of therapeutic proteins have been shown to undergo aggregation 

and consequently   inducing an immune response. For example, the human 

growth hormone (hGH) induced antibody responses in clinical trials which was 

directly correlated with the proportion of aggregates present in the 

formulations24. Interferon β, clinically utilised in the treatment of multiple 

sclerosis, induces the production of Interferon β-binding ADA in around 25% of 

patients, resulting in impaired receptor binding and consequent drastic 

reduction of therapeutic efficacy25.   

1.2.2. Aggregation of endogenous proteins and their relevance in   

    neurodegenerative diseases 

Aggregation into highly ordered protein aggregates called amyloids has been 

linked to neurodegenerative diseases, including Huntington’s, Parkinson’s and 

Alzheimer’s disease26, 27. Alzheimer’s is a progressive and irreversible disease 

that affects the brain, slowly hampering memory and cognitive skills. The brain 
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of patients affected by Alzheimer is characterised by high accumulation of 

amyloid plaques, which mainly contain the protein fragment Aβ. Aβ is believed 

to play a crucial role in inducing Alzheimer’s disease, as one of its isoforms, Aβ42, 

can induce ordered self-assembly of Aβ into amyloid plaques which will 

ultimately cause neuronal damage28. Parkinson’s disease is characterised by 

progressive loss of dopaminergic neurons in the substantia nigra in the brain. 

The neuronal damage has been associated with the accumulation within the 

neurons of protein aggregates, called Lewy bodies, formed of different 

proteins, in particular aggregates of the pre-sinaptic proteins α-ynuclein29, 30. 

Similarly, a mutation of huntingtin protein leads to its aggregation and 

formation of large intraneuronal aggregates, called inclusion bodies, that are 

hallmarks of Huntington disease, a neurodegenerative disorder which causes 

impaired motor movements, impaired cognitive skills, and early death31.  

1.3. Mechanisms the induce, regulate and control  

        proteins aggregation 

1.3.1. The four different levels of proteins structure  

Proteins are large macromolecules consisting of one or more polypeptide 

chains. 

Protein structure can be considered at 4 levels (Fig. 1.1)32: 

- The primary structure of a protein considers its amino acids sequence. 

- The secondary structure refers to local folded areas that forms within 

the protein molecule through non-covalent interactions between atoms 

of the protein amino acid sequence. The most common secondary 
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structures are the α-helix and the β-sheet. In the α-helix the polypeptide 

chain adopts a helical conformation, stabilised by H-bonds between the 

carbonyl (C=O) of one amino acid and the NH of the amino acid which is 

four down in the chain, such that each turn of the helix contains 3.6 

amino acids33. The β-sheet is characterised by two peptide strands 

running in the same (parallel β-sheet) or opposite direction (antiparallel 

β-sheet), kept together by hydrogen bonding between the strands. The 

H-bonds are established between carbonyl and amino groups of amino 

acid chain, while the side chains locate above and below the plane of 

the sheet34. 

- The tertiary structure is determined by non-covalent interactions 

between amino acids side chains within the protein backbone. These 

interactions can be hydrophobic, electrostatic, H-bonds and disulphide 

linkages35. 

- Some proteins comprise different polypeptide chains, called subunits, 

which are held together by weak interactions. The association of these 

subunits forms the quaternary structure35.  



Chapter 1 
 

9 

 

 

Figure 1.1: The four different levels of proteins structure. Image taken from reference 36. 

 

1.3.2. The main stages of proteins aggregation  

Protein folding is the process by which a protein acquires its most stable, i.e. 

the lowest energy, 3-dimensional conformation, which is called the native 

form37. In this conformation the protein is properly operative and functional38. 

The native form is stabilised by intramolecular interactions, such as hydrogen 

bonds and electrostatic interactions, although the studies have highlighted the 

hydrophobic effect as the major driving force for protein folding: the burying of 

hydrophobic residues into protein inner space, allows intramolecular 
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interactions between water molecules and with the protein surface in a less 

ordered manner, thus increasing the general entropy of the system39.   

The conformation adopted by the protein in its native state cannot be 

considered as a completely rigid and stable condition. Indeed, the protein 

conformation is constantly fluctuating around its native state. This flexibility 

helps the protein to adapt to environmental changes and exert its physiological 

function40, 41. 

In normal conditions in aqueous environment, there is an equilibrium between 

the protein in a native state, and small amounts of partially unfolded 

intermediates, further in equilibrium with the completely unfolded/denatured 

states. These unfolding intermediates are generally considered the main trigger 

of protein aggregation, as they are more flexible and expose hydrophobic 

patches capable of self-interacting. Under stress conditions, or due to genetic 

mutations, the protein may undergo conformational changes that alter the 

equilibrium between folded protein and partially unfolded intermediates. 

Increased population, and subsequent self-assembly of these intermediates 

will lead to formation of protein aggregates42.  

The aggregation process and its rate can vary considerably according to the 

particular protein and the conditions at which aggregation occurs. However, 

three distinct phases are usually identified: a lag phase, a growth phase and a 

plateau phase (Fig. 1.2). 
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Figure 1.2: Sigmoidal curve typical of protein aggregation process. Soluble protein monomers 
begin to form oligomers, which gradually evolve into growth competent nuclei. The initial lag 
phase is followed by a phase of fast growth of aggregates, due to addition of soluble protein 
monomers to the nucleus surface. The aggregates growth reaches plateau as the number of 
protein monomers in solution decreases. Meanwhile, aggregates can further associate into 
complex structures, for example fibrils. Image taken from reference43.    

   

During an initial lag-phase nuclei (or nucleation seeds) are formed from single 

monomeric, partially unfolded protein/peptide molecules. Initial monomers 

association results in reversible oligomers (prenuclei). Further association 

generates the smallest irreversible aggregates, the x-mer nucleus. This is 

followed by a second, faster phase, called elongation, where monomers are 

added to the nucleated aggregates, now growth-competent. The addition, 

initially reversible, is followed by conformational changes in the aggregate that 

make it irreversible. The aggregates may then further self-associate, to 

generate fibrils or more amorphous precipitates7, 44-46. The elongation phase 

can be influenced by so-called secondary nucleation mechanisms. For example, 

fibrils fragmentation increases the number of fibrils ends where soluble protein 
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molecules can attach. Nucleation at the surface of the growing aggregate may 

also occur. The aggregation will ultimately reach a plateau phase, as its rate 

depends on the number of soluble monomers still present in solution, which 

gradually decreases during the elongation process47, 48. 

Protein aggregates can be classified using different parameters, such as size, 

reversibility, conformation and morphology49. In particular, they are usually 

divided into two groups: amorphous and fibrillary (Fig. 1.3). 

 

Figure 1.3: TEM images of lysozyme fibrils (left) and amorphous aggregates (right). Image taken 
from reference50. 

 

Amorphous aggregates are characterised by a lack of high-order structure7 and 

are often observed, for example, in inclusion bodies formed in recombinant 

bacteria during the expression and purification steps of recombinant proteins. 

Their aggregation is often reversible, but solubilisation and refolding 

procedures can be time-consuming and do not always guarantee an acceptable 

recovery yield51. 

By contrast, fibrillary aggregates are characterised by highly-ordered structure. 

They are rich in β-sheet and lack α-helix domains. It has been shown that the 
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fibrils originate from two continuous β-sheet strands, whose side chains 

interact tightly, forming a zipper7. Fibrils are usually the main component of 

amyloids plaques, which, as mentioned above, are protein aggregates deposits 

that characterise several neurodegenerative diseases52.  

Protein aggregation and folding can be considered as competitive processes, 

both regulated by the same forces, such as electrostatic and hydrophobic 

interactions, together with more specific interactions such as salt bridges and 

disulphide bonds53. 

Hydrophobic interactions are generally considered to be a key factor that may 

trigger proteins aggregation, inducing protein molecules self-assembly through 

mutual interactions42. In amyloid-like aggregates, they contribute to the 

stability of the β-sheet strands. On the contrary, electrostatic interactions 

generally have an anti-aggregation effect: polar amino acid residues are usually 

not evenly distributed on the protein backbone, but preferentially organised in 

patches which can be highly charged, especially in conditions away from the 

isoelectric point, and normally  enhance protein repulsion and decrease the 

rate of aggregation53.   

1.3.3. The role of Aggregation Prone Regions (APRs) and   

     gatekeepers in proteins aggregation  

Recently, an increasing body of literature has been focusing on the role that 

specific sequences on proteins backbone have on aggregation: they are known 

as Aggregation Prone Regions (APRs).  
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These sequences are usually 5-15 amino acids long, with a high degree of 

hydrophobicity and a low net charge. They have been shown to be sufficient to 

induce protein aggregation: their covalent conjugation induced aggregation of 

otherwise un-aggregating proteins7, 54. Most of the proteins possess one or 

more APRs, but they are typically buried into proteins hydrophobic inner space 

(core) or positioned in the groves of the protein active site. Aggregation is led 

by exposure of these segments to the solvent. Protein unfolding and 

subsequent denaturation, caused for example by external stress factors (e.g. 

temperature or pH), or intrinsic factors (e.g. destabilisation of the native 

structure by genetic mutation) will expose these sequences and allow their self-

assembly7. APRs start self-interacting and self-assemblying through mutual β-

sheet interactions, forming β-sheet-containing aggregates that may vary from 

amorphous aggregates into ordered amyloid fibrils (Fig.4).  

 

Figure 1.4: Importance of Aggregation Prone Regions APRs on protein aggregation. In the native 
state, APRs are usually buried inside the protein core. The native state is always in equilibrium 
with small population of partially unfolded intermediates. Different external stress factors (in 
case of biotherapeutics) or genetic mutations (in case of endogenous proteins) may induce 
protein misfolding, shifting the equilibrium towards partially unfolded protein intermediates, 
where Aggregation Prone Regions (shown in green), may be exposed to the external solvent. 
APRs from different protein molecules can start mutual interactions which lead to protein 
aggregation and ultimately to the formation of large, insoluble protein aggregates. 
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Interestingly, a strong preference of APRs for self-interaction over hetero-

interactions was observed when two different APR sequences were mixed; self-

interaction was by far more preferable54, 55.  

The aggregation propensity of APR sequences is directly correlated with their 

tendency to establish β-sheet-like interactions. Usually, charged amino acids 

show the lowest incidence of β-sheet formation, while on the contrary, 

aliphatic and aromatic hydrophobic amino acids are the most common 

components of the β-sheet strands.  Aromatic aminoacids residues are believed 

to stabilise the β-sheet secondary structure through π-C and hydrophobic 

interactions and APRs are usually rich in hydrophobic residues and possess a 

very low net charge56-58. 

Different computational tools have been developed to predict the aggregation 

propensity of different peptide sequences and thus identify potential APRs 

within a protein structure. An early example is TANGO, a statistical 

thermodynamic algorithm which locates β-nucleation sequences on the protein 

backbone7. Other increasingly complex algorithms have been developed, which 

take into consideration on a combination of different amino acidic properties 

such as hydrophobicity, charge and β-sheet propensity59, 60. One of these 

algorithms was developed and tested by Pawar et al.61 to predict the intrinsic 

propensities for the aggregation of individual amino acids. The highest 

aggregation propensity was found for the aromatic hydrophobic amino acids 

Tryptophan, Phenylalanine and Tyrosine, followed by aliphatic hydrophobic 

amino acid such as leucine, isoleucine and valine61. 
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The model was further expanded by Tartaglia et al. to predict APRs in different 

proteins: a high aggregation potential for the 12-residue N-terminal region and 

for residues 18–19 and 27–28 of salmon calcitonin was predicted in this way. 

Same predictions were made for residues 6–10 and 23–27 of hormone 

glucagone. In the case of Parkinson’s hallmark protein, α-Synuclein, the central 

region (approximately residues 30–95) has been identified as the one forming 

the core of the fibril. Six aggregation-prone regions (residues 24–32, 37–46, 53–

67, 75–81, 92–93, and 124–127) were identified for human lysozyme62.  

The entire human proteome was investigated for incidence of APRs, and 

computer predictions indicate that more than 80% of human proteins contain 

at least one potential APR and approximately two‐thirds (65%) contain two or 

more APRs. It was also noticed that APRs were generally located close or within 

proteins binding sites, while they were usually far from post-translational 

modifications sites63.  

The incidence of Aggregation Prone Regions has been investigated also in 

proteins used as therapeutics. Commercial antibodies are rich in β-sheet 

secondary structure, which suggests they may effectively aggregate through 

mutual β-sheet-like interactions64. Using the computational prediction tools 

described above, a group of commercial antibodies was analysed, revealing 

that each antibody contained 2–8 aggregation-prone motifs per light and heavy 

chain pair. The APRs in the constant regions were nearly identical among the 

antibodies studied, due to greater conservation in amino acid composition of 

these regions. The APRs in variable domains were found primarily located in 
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the complementarity determining regions, CDRs64.  By using the same 

computational approach, APRs were also predicted in other proteins commonly 

used as therapeutics, such as the fast-acting insulin aspart, the anti-

haemophilic Factor VIII, and the growth hormone somatropin. The motifs 

identified lacked charged residues and were rich in aromatic amino acids. A 

high incidence of hydroxyl-containing Serine and Threonine was noted, and 

ascribed to their high tendency to form β-strand and low tendency to form α-

helix64. 

In a study published by Buck et al. it was observed that within the proteins, 

catalytic residues frequently establish non-covalent interactions with APRs, 

with a significantly higher frequency than expected by random chance.65  APRs 

were also found to contain more ordered residues than the average, and to be 

buried further inside the protein core than their hydrophobicity may suggest. 

From these observations, it was hypothesised that buried APRs can form 

multiple interactions within the protein structure and hence contribute to 

stabilize the native conformation. It appears therefore that, despite their 

aggregation propensity, some of APRs have been highly conserved during 

protein evolution for their native-conformation stabilising function. On the 

other side, APR-neutralising mechanisms are often in place within the protein 

itself to reduce the risk of APRs self-interactions. These mechanisms include the 

so-called gatekeepers: these are amino acid sequences on the protein 

backbone that flank the APRs, preventing them from self-assembly. They have 

repulsive effects, obtained through charged residues (like Arg, Lys, Asp, Glu), 

large and flexible side-chains, or amino acids whose structure is incompatible 
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with a β-sheet strand, such as proline. Gatekeeper residues do not contribute 

to protein native folding in its native conformation, but rather, specifically 

prevent aggregation from the unfolded state 54, 65. For example, the TTR 26–57 

segment of transthyretin was studied to investigate the protein implication in 

senile systemic amyloidosis. The segment was found to be rich of potentially 

amyloid-prone peptides, but further studies highlighted the importance of a 

lysine residue in position 35, capable of preventing aggregation of the segment 

through the repulsive effect of its charge. The specific role of Lys35 was 

investigated changing the lysine with one leucine on the TTR 26-57 sequence. 

The mutated peptide underwent aggregation at two different pHs, 5.0 and 7.5, 

and at different temperatures between 25 and 50°C, while the wild type 

remained crystal clear in all the conditions applied66. 

1.3.4. Chaperones-mediated folding  

Chaperones are a class of endogenous stabilizers that induce folding of freshly 

expressed proteins. Only a small proportion of freshly expressed proteins are 

actually able to fold spontaneously and most of them will assume a range of 

different misfolded or partially folded configurations, before reaching a final 

stable folded state. The energy barrier between these intermediates delays the 

folding process, thus increasing the probability for the hydrophobic sequences 

of the protein to be exposed to the exterior/solvent, inducing protein 

aggregation. Most of newly synthesised proteins are generally accumulated in 

the lumen of the endoplasmic reticulum (ER). Here, after post-translational 

modifications, proteins will fold before they reach their final destination, or, if 

folding is unsuccessful, they will be subjected to ER associated degradation. 
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Chaperones can potentially regulate both proteins folding, and degradation of 

unfolded protein. Chaperones are proteins, usually divided into major classes67: 

- Heat shock proteins Hsp70s; 

- Hsp40s; 

- Nucleotide Exchange Factors (NEFs); 

- Hsp90s; 

- Thiol oxidoreductases; 

Hsp70 are the most important class of chaperones. They comprise three 

domains, a 44 kDa N-terminal ATPase domain, a  15 kDa substrate binding 

domain, and a 10 kDa C-terminal lid67. Binding of unfolded or partially unfolded 

proteins in the substrate-binding domain is regulated by the energy produced 

by ATP-hydrolysis, which induces conformational changes in the ATPase 

domain of Hsp70 that result in the opening of the 10 kDa C-terminal lid, 

allowing the substrate to interact with the binding domain with high affinity. 

ADP release from the ATPase domain is followed by ATP re-binding, with 

subsequent release of the substrate67-69. Two different mechanisms of action 

have been proposed for Hsp70. In the first mechanism Hsp70s are believed to 

keep the concentration of the free substrate sufficiently low to prevent 

aggregation by simply binding it, while unbound proteins are free to fold 

spontaneously to the native state (‘kinetic partitioning’). According to this 

mechanism, chaperones prevent proteins aggregation in a “passive way” (Fig. 

1.5).  



Chapter 1 
 

20 

 

In the second mechanism, the chaperone can interact with hydrophobic 

patches that have induced misfolding and aggregation of proteins, favouring 

their untangling and the release of folded proteins unimers68, 70, 71. 

 

Figure 1.5: Chaperone-mediated protein stabilization. From the unfolded state, the protein 
collapses to partially folded intermediates, which are prone to aggregation. Chaperones bind 
these intermediates, preventing their aggregation. If Kfold is higher than Kon and Kagg, folding 
works efficiently. When Kon is greater than Kfold, the chaperones can stabilize partially folded or 
totally unfolded protein molecules, avoiding their aggregation, but fail in inducing their folding. 
The presence of co-chaperones may be required to improve the process and ensure correct 
protein folding. When Kagg is greater than both Kfold and Kon (for example under stress conditions, 
or when high levels of recombinant therapeutic proteins are expressed in bacteria) protein 
aggregation occurs. Image taken from reference70, 72. 

 

Hsp40s can act as co-chaperones modulating complex formation between 

Hsp70 and polypeptides. Through specific binding domains, they can bind and 

deliver specific proteins to Hsp70. More importantly, they can induce ATP 

hydrolysis in Hsp70s, thus stabilising the Hsp70-protein complex73, 74. 

J-domain proteins (JDPs) and Nucleotide Exchange Factors (NEFs) act in a 

similar way. They both bind Hsp70s in the ATPase domain. JDPs are co-
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chaperones, which are able to induce accelerated ATP hydrolysis. NEFs can 

accelerate ADP-ATP exchange, instead75.  

Hsp90s can a-specifically recognise and bind pre-folded proteins, stabilising the 

conformation of proteins clefts in the native state, so that hydrophobic residues 

in these clefts are not allowed to drive protein denaturation.  Hsp90s can bind 

autonomously to these proteins, in the cytoplasm and nucleoplasm, with 

constant cycles of assembly and disassembly. Alternatively, binding can be 

promoted by Hsp70s, which bind the protein first. Hsp90s can also cooperate 

with Hsp70 to form a multichaperone complexes that can identify proteins that 

have undergone oxidative or other toxic damage and direct them to 

degradation76. 

Two different lectins, the transmembrane protein Calnexin and the soluble 

Calreticulin, can bind and stabilise glycoproteins, favouring their release in the 

fully-folded form77.  Thiol oxidoreductases are a family of chaperones, usually 

located in the endoplasmic reticulum, that are involved in disulfide bond 

formation. They can induce protein folding, and can recognise and target 

misfolded proteins for ER associated degradation67.  

Chaperones malfunctions can compromise the folding of specific proteins, 

resulting eventually in aggregates formation. For example, mutations in the 

Hsp70 co-chaperones family have been correlated with inherited 

neurodegenerative and cardiac disorders, characterised by deposits of protein 

aggregates.78 From a clinical perspective, a better understanding of chaperones 

mechanism of action and structure might lead to the development of more 

efficient protein stabilizers. 
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1.3.5. Most frequently used techniques for detection and analysis   

     of protein aggregates 
 

The formation of protein aggregates can be detected in vitro by a plethora of 

different techniques79, 80 81.  

The formation of organized amyloid fibrils can be easily detected by low-

molecular weight dyes such as Congo Red and Thioflavin T. These small 

molecules are known to interact with amyloid plaques, with subsequent 

significant changes in their fluorescence profile. The binding of Congo Red to 

fibrils induces a red-shift  in CR maximal optical absorbance from 490 nm to 540 

nm, while  ThT displays a shift of the excitation maximum (from 385 nm to 450 

nm) and the emission maximum (from 445 nm to 482 nm) and a dramatic 

increase of its fluorescence intensity82, 83.  

The presence of protein aggregates can be detected by chromatographic 

techniques, such as Size Exclusion Chromatography (SEC). Since this technique 

can separate molecules of different size, the unaggregated protein will be 

eluted at different retention times of its aggregates. According to the protein 

investigated, the nature of its aggregation, and the chromatographic column 

employed, it could be also possible to separate different aggregates of the same 

protein84.  

The formation of protein aggregates could be further detected by scattering 

techniques, such as Dynamic Light scattering, which can calculate the size of 

molecules dispersed in solution in the 0.1-10000 nm range85.  
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The increased scattering generated by large aggregates causes also a reduction 

of transmitted light through the protein solution. The loss of transmittance can 

be easily recorded with a UV/VIS spectrophotometer in a turbidimetry 

experiment, working at wavelengths where proteins in solution generally do 

not adsorb light (e.g. ≥350 nm). This experiment was successfully performed in 

this thesis to evaluate the aggregation of hen egg lysozyme. Although the 

measurement does not provide information about the type of the aggregate 

and its size, the procedure is simple and ideal to quickly assess the formation 

of aggregates in different protein formulations79, 86. 

Finally, Reverse Phase HPLC chromatography was widely employed through my 

PhD to indirectly quantify the aggregation of different proteins and peptides, 

whose large aggregates were easily isolated in solution by centrifugation. RP-

HPLC analyses were performed directly on re-solubilised aggregates, allowing 

to quantify the amount of aggregated protein, or quantifying the amount of 

protein left in solution in the supernatant after centrifugation. The 

quantification was calculated using a UV detector and a calibration curve 

prepared by RP-HPLC analysis of proteins solutions of known concentration.  
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1.4. Aggregation blockers: current strategies  

Despite the significant improvements in the manufacturing of 

biopharmaceuticals in the last 30 years, the stability to aggregation of 

recombinantly expressed proteins is still a major concern, and substantial 

investments have been made to address this issue. In parallel, strategies have 

also been developed to reduce aggregation of endogenous proteins observed 

aggregates associated with in neurodegenerative diseases. 

1.4.1. The stabilising effects of low-molecular weight osmolytes 

One approach focuses on low-molecular weight osmolytes for the stabilisation 

of proteins in both liquid and solid formulations. These are naturally occurring 

molecules, which usually accumulate intracellularly in response to stressful 

conditions. They counter-balance the intracellular water loss that may result 

from evaporation into air or osmosis into concentrated aqueous environments. 

Water loss may lead to cell shrinkage and death87-89. The most common 

osmolytes are polyhydric alcohols, free amino acids and their derivatives, and 

combinations of urea and methylamines87.  These small molecules share a 

similar mechanism of action on proteins, as they are usually excluded from the 

immediate vicinity of the protein surface. For example, equilibrium dialysis 

experiments on sucrose highlighted that sucrose concentration was higher in 

the compartment free of the protein than in the one containing it90. This 

phenomenon is called Preferential Exclusion and results in an increased amount 

of water surrounding the protein. Repulsion of solute around the protein 

surface increases protein free energy. However, since, when unfolded, the 
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protein is less compact and has a higher surface area, it will display an even 

higher free energy. The protein therefore tries to reduce as much as possible 

the exposed surface area by adopting a folded conformation, which is 

energetically favoured. Hence, osmolytes act on unfolded proteins promoting 

their re-folding91-93. 

Osmolytes are commonly employed in many of the different steps that involve 

protein expression, purification and formulation. They can be used to increase 

the amount of soluble folded protein expressed in recombinant Escherichia coli. 

It has been mentioned above that freshly expressed proteins are subjected to 

aggregation in bacteria. These aggregates, called Inclusion Bodies, are often 

reversible, and can be re-solubilised. Unfortunately, the solubilising agents 

normally used in the process, like urea or guanidine hydrochloride, have a 

destabilising effect on proteins secondary structure, thus leading to re-

denaturation of proteins recovered from Inclusion Bodies.  The addition of 

amino acids such as glycine and proline, sugars like trehalose and sucrose, and 

polyhydric alcohols such as sorbitol can induce the re-folding of solubilised 

proteins94, 95.  

Osmolytes can also be conveniently used to improve stability of protein liquid 

and solid formulations, in case of protein exposure to different stress factors, 

for example high temperature, shaking, agitation, or high concentration, during 

storage, shipping and handling. For instance, buffers containing the amino acid 

histidine, lysine and arginine substantially increased the unfolding transition 

temperature of the three IgG domains, showing stabilising effects96 when 
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unfolding transition temperature of ImmunoglobulinG was evaluated by 

Differential Scanning Calorimetry. Similarly, different amino acids were tested 

as excipients to avoid the aggregation of Keratinocyte Growth Factor in 

reconstituting buffers after lyophilisation, with aspartate and glutamate being 

the most efficient97.   

Arginine has been evaluated for its ability in preventing protein-protein 

interactions98. Its stabilizing properties surpass the Preferential Exclusion effect 

and have been attributed to its specific molecular structure which promotes 

the formation of clusters formed by 3-5 arginine molecules. These clusters are 

characterised by a hydrophobic surface, due to the 3 methylene groups of the 

amino acid side chain. For this reason, the clusters can bind and mask 

hydrophobic sequences of the aggregating protein molecules, thus preventing 

them from interactions and eventual aggregation99. However, it has also been 

shown that arginine in some cases can favour aggregation through interactions 

of its guanidinium group with several protein residues, resulting in detrimental 

protein conformational changes100. 

As mentioned above, lyophilisation is a potential trigger of protein aggregation. 

Typically, sugars are the preferentially employed stabilising agents during the 

drying process93. However, amino acids can be also added, together with other 

additives, to improve protein stability during the lyophilisation procedure. In a 

recent work, a panel of 15 amino acids was screened in sucrose-stabilised 

human serum albumin and α-Chymotrypsin lyophilised formulations; the 

amino acids were added to the protein-sucrose mixtures before freeze drying 
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at a 1:1:0.3 (w/w) sucrose-protein-amino acid ratio. Aggregation level of re-

dissolved protein formulations was evaluated by SEC. The data show that all 

the amino acids tested,  except glutamic, managed to increase protein stability 

of tested formulations to various extent101. 

The stabilising action of sugars, like sucrose and trehalose, during the drying 

process, is not attributed to the Preferential Exclusion effect. Two theories have 

been formulated to explain their effects on proteins: the vitrification theory 

suggests the immobilisation of the protein in a rigid, amorphous glassy sugar 

matrix, resulting in protein physical entrapment which slows down protein 

unfolding and degradation processes. The vitrification takes place below sugars 

glass transition temperature, above which sugars are in a rubbery state and the 

stabilising effect is lost102, 103. In agreement with this theory, sugars with higher 

glass transition temperature, like trehalose, are more effective in their 

stabilising effects104, 105.  

The second mechanism proposed is the Water Replacement theory, which 

suggests the presence of H-bond interactions between the hydroxyls groups on 

the sugar and the protein. These interactions replace H-bonds that the protein 

normally establishes with water and stabilise the protein in its native 

conformation106-108. 

1.4.2. Covalent PEGylation 

The covalent attachment of PEG to therapeutic proteins has been successfully 

employed in many cases to improve protein stability. PEGylation is believed to 

stabilise the protein by surrounding the molecule with PEG hydrophilic chain, 



Chapter 1 
 

28 

 

thus preventing protein molecules from approaching each other to start the 

aggregation process. Moreover, PEG protection limits the access of 

endogenous proteases that may degrade the protein after administration. 

Protein immunogenicity is also reduced. Finally, PEGylation increases the 

hydrodynamic volume of PEGylated protein molecules preventing their from 

renal filtration and secretion, and consequently increasing protein 

bioavailability and half-life109. From Adagen (PEGylated Adenosine Deaminase), 

first PEGylated protein approved by FDA in 1990110, more than 10 PEGylated 

proteins have reached the clinic in the last 25 years111. A recent research has 

highlighted that the global PEGylated proteins market is forecast to reach USD 

1,137.8 Million by 2021 from USD 690.6 Million in 2016, with different types of 

commercialised PEGylated biotherapeutics,  including colony stimulating 

factors, interferons, erythropoietin and mAbs112. Different chemistries can be 

used to covalently attached the PEG chain to the protein. Typically, 

monofunctional PEG reagents are used to PEGylate proteins, through a 

functional group attached to one end of the PEG chain, which may react with 

N-terminal amine, lysine, cysteine, or other amino acids113, 114.  

Unfortunately, PEGylation is associated with certain unavoidable drawbacks: 

firstly, it has been increasingly reported that PEG itself may be immunogenic 

and can induce anti-PEG antibodies115. Moreover, steric hindrance of the 

hydrophilic  PEG chain may affect the binding of the PEGylated protein to its 

target receptor or substrate, effecting its activity116. 

In order to overcome the drawbacks of PEGylation, different polymers have 

been explored as alternatives to PEG to achieve polymer degradability and 
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reduced immunogenicity. Amongs these are  polysaccharides, such as 

hyaluronic acid, polyaminoacids, like polyglutamic acid, and polymeric 

materials such as poly-N-vinylpyrrolidone and polyglycerol5. 

A specific strategy aimed at reducing PEG interference on protein-target 

interaction is to use PEGylation chemistries which result in the release of PEG 

from protein molecule in specific conditions, developing a “releasable 

PEGylation”. The PEGylated conjugates are stable under storage, and PEG 

release from the protein occurs upon a trigger following administration. This 

strategy provides improved protein bioavailability and eliminates PEG influence 

on the affinity of the protein for its final target. Controlled and gradual release 

of the PEGylated protein is obtained using a degradable linkage at the 

attachment site on the protein surface117. 

1.4.3. Non-covalent PEGylation 

Non-covalent PEGylation is a potential alternative to “classic” PEGylation, and 

it is somehow similar to ‘releasable PEGylation’. The approach is based on non-

covalent interactions between the protein and the PEG moiety containing the 

polymeric chain. Slow release of the protein from the PEG-protein complex 

ensures increased protein stability, without affecting its affinity for its final 

target. Without the covalent attachment of PEG, potential material loss and 

long purification steps resulting from PEG conjugation are also avoided, as it is 

any type of stress that covalent linking may cause to the protein, with potential 

unfolding118. 
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One approach to non-covalent PEGylation is to promote protein-PEG 

containing polymer chain interactions through ionic forces. It is the case of 

polyelectrolyte-based PEG copolymers which electrostatically interact with 

protein molecules, preventing them from approaching and interacting with 

each other. For example, Kurinomaru and Shiraki utilised cationic poly(ethylene 

glycol)-b-poly(N,N-dimethylaminoethyl methacrylate) to reversibly complex 

the negatively charged protein asparaginase (Fig. 1.6). Results showed that by 

forming non-covalent complexes the polymer was able to stabilize the protein 

against mechanical stress (shaking), and against  proteolytic degradation by 

trypsin119. The interaction was provided by electrostatic interactions between 

the protein and the PAMA block, while the PEG increased protein stability to a 

level comparable to what normally observed in covalent PEGylation. 

 

Figure 1. 6: (a) Structure of the positively charged polyelectrolyte that was used to complex 
asparaginase119. (b) The charged copolymers interact electrostatically with the proteins, 
shielding them and preventing them from interacting. Image taken from reference119.  

 

The same cationic PEG-b-PAMA was analysed on enzyme α-amylase. Enzyme 

kinetics studies and molecular dynamic simulations allowed to discover that the 
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polymer can reversibly inhibit the enzyme activity through random electrostatic 

interactions120.  

Within our group, mPEG2k-poly (glutamic acid) copolymers were utilised to 

form efficient and reversible complexes with lysozyme through ionic 

interactions between the protonated amino acid residues on the protein, and 

the polymer negatively charged glutamic side chains.121   

Recently, a monocationic PEG was prepared by modification of the PEG chain-

end with a positively charged Diethylaminoethyl group. The polymer was 

employed to electrostatically interact with the protein catalase, and complex 

formation was confirmed by native PAGE electrophoresis122.  Another study 

evaluated poly-amido saccharides, which were thought to stabilize proteins 

through multiple hydrogen bonds. Tests made on lysozyme showed higher 

activity for the protein mixed with the polymers after ten lyophilisation cycles, 

relative to the unmixed control123. 

An alternative approach is based on chelating agents. A multi-arm PEG was 

conjugated to nitrilotriacetic acid (NTA), a chelating agent which is able to 

associate with histidine side chain of proteins through reversible coordination 

bonds mediated by metal ions such as Ca²⁺, Cu²⁺, and Fe³⁺. Interaction between 

the polymer and the growth hormone G-CSF was observed by Surface Plasmon 

Resonance, even though the complex failed to prolong G-CSF half-life in vivo124. 

Similarly, PEG was derivatised at its chain-end with sugar Fucose. The resulting 

Fuc-PEG was used to complex RSL, a hexavalent fucose-binding lectin from 

Ralstonia solanacearum. The formation of high molecular weight 
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protein−polymer complexes was shown by size exclusion chromatography 

(SEC), small-angle X-ray scattering (SAXS), and polyacrylamide and agarose gel 

electrophoresis experiments125. 

Non-covalent PEGylation based in hydrophobic interactions has also been 

described. The approach takes advantage of potential hydrophobic pockets 

that may be present on/close to the proteins surface, or may be exposed to the 

external solvent upon unfolding. Recently, in Tudor Arvinte’s group  tryptophan 

was covalently linked to a 2 kDa PEG. The resulting (PEG-Trp) was successfully 

employed to significantly reduce the aggregation of salmon calcitonin (sCT), 

induced in 10 mM pH 6 citrate buffer and measured by turbidity. The 

interaction between the polymer and the peptide was indeed achieved through 

the hydrophobic tryptophan group126. The same concept was extended, within 

the same research group, to different hydrophobic moieties, derivatising PEG 

with cholesterol, dansyl, phenylbutylamino and benzyl groups. The resulting 

modified PEGs, along with the original tryptophan-PEG, were compared for 

their ability of preventing the aggregation of salmon calcitonin and hen egg 

lysozyme. PEG-tryptophan was found to be the most effective to minimise sCT 

aggregation, while PEG-cholesterol and PEG-phenylbutylamino were the most 

effective against lysozyme aggregation127. 

Similarly, cholanic acid interaction with proteins has been investigated by the 

Salmaso and Caliceti group, for reversible non-covalent protein PEGylation 

through hydrophobic interactions between the cholanic moiety and proteins 

hydrophobic pockets. Cholanic acid-terminated PEGs of Mn spanning between 
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5 and 20 kDa were synthesised and tested on two proteins, recombinant 

human growth hormone (rh-GH) and recombinant human granulocyte colony 

stimulating factor (rh‐G‐CSF). The polymers proved to be capable of forming 

supramolecular nano-complexes with both proteins. The corresponding 

formulations were tested in rats, where pharmacokinetic studies showed that 

the complex was able to ensure a slow release of the proteins from the site of 

injection. As the proteins were slowly released from the polymer-protein nano-

complex, the protein half-life was significantly longer, with prolonged effects of 

the two hormones on rat growth128, 129. 

1.4.4. RAFT polymerization 

In this thesis, amphiphilic block copolymers were synthesised and employed to 

act as non-covalent protein stabilisers, mimicking the effect of non-covalent 

PEGylation. Instead of using PEG, commercial and synthesised monomers were 

polymerised using RAFT polymerization. Reversible addition fragmentation 

chain transfer (RAFT) polymerization belongs to the class of reversible 

deactivation radical polymerizations (RDRPs), which are characterised by 

mechanisms that control the rate of chain growth in order to ensure 

predictable molecular weight and a final molar mass distribution as narrow as 

possible130, 131. In particular, RDRPs rely on the equilibrium of the growing 

polymer radical chains between active and dormant states. This equilibrium 

favours the dormant species, ensuring that the concentration of active growing 

radicals remains low. In this way, the number of irreversible termination events 

between growing chains, which would broad the final molar mass distribution, 

is minimised.  In RAFT polymerization this equilibrium is achieved through a 
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Chain Transfer Agent (CTA or RAFT agent), usually a thiocarbonylthio group 

(Scheme 1.1)132. 

 

Scheme 1.1: General structure of a chain-transfer RAFT agent and its mechanism of action. The 
RAFT agent can form stable radical adducts with radical growing polymer chains. Stability of the 
adduct is essential to slow down the polymerization rate and reduce the number of active 
species in solution. The Z group is chosen to increase the stability of the adduct. The R group 
must be stable enough to be released as a radical species, at the same time it must be reactive 
so that its radical form will react with monomers re-initiating the polymerization process133.  

The RAFT agent can bind and exchange the active, propagating radical chains, 

thus establishing equilibrium with its dormant species132, at a higher rate than 

that of the radical propagation, so that all chains will have a similar degree of 

polymerization131. RAFT polymerization requires a starting radical-generating 

initiator that produces radicals upon heating, or other stimuli, e.g. light 

irradiation. These radicals will react with the monomer (M), to give radical 

propagating, active polymeric chains (P·). The RAFT agent is able to exchange 

the growing radical chains with its R group, through formation of the RAFT 

adduct radical, where both P and R are bound to the RAFT agent. P· will 

therefore be in equilibrium between its active and dormant state (pre-

equilibrium), and the generated radical R· will propagate with other monomer 

restarting the radical propagation process (re-initiation). After the re-initiation 

has taken place, the propagating chains are constantly exchanged by the RAFT 

agent (main equilibrium). The general mechanism is shown in Scheme 1.2. At 

the end of the reaction, the chains will have attached the RAFT agent on one 

side, and the R group on the other side132. 
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Scheme 1.2: General mechanism of RAFT polymerization133. 

1.4.5. Aggregation Prone Regions as target for protein  

    stabilisation 

Another strategy of protein stabilisation relies on specific ‘neutralization’ of 

APRs. This approach has been used mainly on endogenous proteins, with the 

aim to prevent the formation of amyloid aggregates that are, as discussed 

above, observed in several neurodegenerative diseases26. Initial studies 

suggested that synthetic peptides of certain composition, called β-sheet 

breakers, could be developed, capable of binding the Alzeheimer’s amyloid 

precursor αβ fragment, but unable to self-assemble into a β-sheet structure. 

Such peptides were typically 11-15 amino acids long and comprised the central 

aminoacid region of the αβ peptide: LVFFA. Polar amino acids, to improve water 

solubility, and proline residues, which are highly unfavourable to be 

incorporated into β-sheet structures134, were added as well. These peptides 
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proved to be able to prevent the aggregation of the αβ peptide into amyloid 

fibrils, and also dissolved preformed fibrils in vitro135-137. Interaction between 

these peptides and the amyloid precursor αβ peptide is attributed to the core 

LVFFA sequence that both shared. This sequence had been identified as the 

most important Aggregation Prone Region (APR) of Aβ138, 139.  

Many peptides have been developed since then, designed to bind to APRs, 

preventing them from self-interacting and therefore blocking the aggregation 

process. These peptides typically possess the LVFFA core that ensure 

interaction with Aβ, but are subjected to various chemical modification at the 

N- and C-Ter that are aimed to block the aggregation process140.  

For example, the central hydrophobic sequence of the Aβ peptide KLVFFA was 

modified by selectively introducing N-methylgroups in the peptide bonds of 

hydrophobic amino acids Leu, Val, Phe, and Ala, to generate various 

monomethylated peptides. The common KLVFFA sequence provided 

interactions between the Aβ and the peptides, but the N-methylgroup 

disrupted the hydrogen bonding that usually promotes the formation of β-

sheet aggregates. αβ -induced cytotoxicity was evaluated on PC12 cell cultures. 

Addition of peptides where phenylalanines had been N-methylated resulted in 

a significant decrease of cytotoxicity141.  

In a different work, the peptidic amyloidogenic sequence LVFFA was chemically 

conjugated to a poly-hydroxpropylmethacrylate chain, creating a PHPMA-

peptide conjugate where the mol % peptide per polymer chain was kept 

constant at 7% and the polymeric chain length was systematically varied to 



Chapter 1 
 

37 

 

explore a range of molecular weights, between 22 and 224 kDa. The polymers 

were tested on preformed Aβ40 fibrils, monitoring their disassembly by DLS, 

AFM imaging, and ThT fluorescence. Analyses showed that the polymers were 

able to disassemble the fibrils in a molecular weight-dependant manner, as the 

biggest polymer was capable of re-solubilise the fibrils into dispersible sub-100 

nm structures, with no fibrils remaining after 3 days142, 143. 

In other studies, peptides were linked with sugar moieties. A new 

peptidomimetic molecule was developed, which was formed by two flanking 

dipeptides, Ala-Val and Val-Leu, and a central D-glucopyranosyl moiety. The 

dipeptides were designed to recognise and bind the hydrophobic KLVFF 

sequence in the central region of Aβ peptide. The sugar was utilised as a 

potential β-sheet breaker. Results showed that these peptidomimetics were 

indeed able to inhibit or increase the lag phase of amyloid formation144. 

However, experiments were conducted in DMSO, while studies in an aqueous, 

biologically relevant medium were not conducted. Solubility and aggregation 

issues in aqueous solvents must be considered when these peptidomimetics 

are designed, because they derive from hydrophobic and aggregation-prone 

sequences. 

The same concept was extended to other neurodegenerative diseases, such as 

Parkinson’s. As mentioned above, the accumulation of amyloid aggregates of 

pre-sinaptic protein α-sinuclein is a hallmark of Parkinson’s disease. Hence, it 

does not surprise that β-sheet breakers have been developed to target α-

synuclein fibrilisation. The insurgence of the disease has been correlated to 
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different α-synuclein mutants with altered fibrillation kinetics, which may 

pathologically enhance and accelerate the formation of protein aggregates145. 

Research has focused in particular on α-synuclein hydrophobic core, which 

spans residues 61-95 and comprise a hydrophobic segment, called non-amyloid 

β component (NAC), whose analogous synthetic peptides have shown to be 

able to interact with α-synuclein and induce its fibrillisation in vitro146, 147. A 

study screened different α-synuclein mutants where amino acids were 

substituted at specific positions. The study highlighted that six of these 

mutations did not fibrillate and also inhibited wild type α-synuclein fibrilisation. 

Importantly, these self-fibrilative defective mutants were also effective on 

Parkinson’s disease related α-synuclein variants148. The size of the six mutants 

was finally reduced to that of around 10 amino acids length peptides, which 

spanned the fibrillation-suppressing mutation sites. Protein fibrilisation was 

evaluated, and several peptides reduced the fibrillation of wild type α-synuclein 

to about half compared to the sample that contained only α-synuclein. The 

most effective peptide, T72P, proved also to be able to re-dissolve pre-formed 

fibrils149. 

A similar study focused on mutated α1-Antitrypsin, whose polymerization is 

correlated with chronic pulmonary diseases. Based on α1-Antitrypsin’s 

hydrophobic reactive loops (RCL), different peptides were synthesised with 

combinatorial methods, and screened with SDS-PAGE, to assess their ability in 

binding the mutated protein at the RCL level and consequently blocking protein 

aggregation. Specific and dose-dependent binding of the selected peptide was 

confirmed by Surface Plasmon Resonance150.  



Chapter 1 
 

39 

 

1.4.6. Solid Phase Peptide Synthesis (SPPS) 
 

Solid Phase Peptide Synthesis (SPPS) is the most commonly used technique for 

the synthesis of peptides, and it was employed also for the synthesis of the β-

sheet breakers discussed above. The major advantage over solution synthesis 

lies in the significant simplification of the purification steps that take place after 

each amino acid coupling151. Moreover, machines have been developed, which 

allow the process to be fully automated152. 

The mechanism relies on the covalent attachment of the growing peptide to a 

solid, polymeric support. The peptide chain is then extended by a series of 

repetitive steps. Complete coupling is achieved using an excess of reagent, 

which can be easily washed away by filtration (Fig. 1.7)153.  

 

Figure 1.7: SPPS steps. The first amino acid is covalently anchored to a solid, polymeric support. 
After the removal of the Nα-protecting group, a new amino acid is coupled to the previous one. 
A cycle of Nα-deprotections and amino acid couplings can be repeated till the sequence is 
completed. Finally, the side chains-protecting groups are removed and the peptide cleaved 
from the solid support. Image taken from reference153.  
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A plethora of different coupling agents can be used to attach the amino acid to 

the growing peptide chain. Among them, the most common are carbodiimides 

such as DIC and DCC, HOBT, HBTU, HATU and Oxyma151. For stepwise amino 

acids coupling, Nα-protection and protected side chains are required. Two 

different strategies have emerged: in the first case, BOC is used for Nα 

protection, which can be removed, at the end of each coupling step, with a mild 

acid such as TFA. Benzyl-based (Cbz) groups are used to protect the amino acids 

side chains and can be removed at the end of the synthesis with a strong acid 

such as hydrofluoric acid (HF). Due to the high toxicity of HF, this technique has 

been mostly replaced by Fmoc SPPS, where Fmoc is used as Nα-protecting 

group, and removed with piperidine at the end of each coupling step. Different 

functional groups can be used for side chains protection, including Boc, Pbf, Tbu 

and Trt, which are easily removed by TFA at the end of the peptide synthesis151, 

153. Fmoc SPPS was used in this thesis as well.  

The choice of the solid support is also very important, as good solvation of the 

peptide on the support is required for successful coupling. The linker between 

the peptide and the resin is acid-labile. It is then possible to achieve both 

peptide deprotection and cleavage by treating the solid support with TFA. 

Interestingly, trityl derivatised resins are highly acid-sensitive, and can be used 

to cleave the peptide in milder conditions, e.g. TFE:DCM 2:8 v/v. These 

conditions do not affect the stability of side chains protecting groups, allowing 

the cleavage of a fully protected peptide151. This strategy was applied also in 

this thesis. 
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1.5. Hen egg lysozyme Aggregation Prone Region  

Hen Egg White lysozyme is a 129-amino acids enzyme, whose main substrate is 

the peptidoglycan cell wall of Gram-positive bacteria. It can degrade the 

polysaccharide architecture of many kinds of cell walls, displaying an important 

role in protection against bacterial infections154, 155.  

The protein comprises a large α-domain containing four α-helices and a smaller 

β-domain consisting of a triple-stranded anti-parallel β-sheet. Six hydrophobic 

clusters have been identified, four of which comprise one tryptophan. The 

protein contains a total of four disulphide bonds156. The active site is located on 

a protein cleft, where two residues, Glu35 (glutamic acid) and Asp52 (aspartic 

acid) have an essential role in hydrolysing the β(1-4) glycosidic bond between 

alternating units of N-acetylmuramic acid and N-acetylglucosamine, which are 

the building blocks of peptidoglycan157. 

Interestingly, the aggregation of hen egg lysozyme has been observed in 

different conditions: when treated at pH 2 and 70 °C, the protein underwent 

hydrolysis, and the resulting fragments self-assembled into fibrils and finally 

into amyloid-like aggregates158. Protein aggregation was induced in aqueous 

ethanol solutions and monitored by light scattering159. Lysozyme self-assembly 

was observed also at pH 12, due to the neutralisation of its basic residues and 

subsequent exposure of its hydrophobic patches160. From these studies, some 

regions on its sequence were identified as highly aggregating. In particular, the 

sequence 49-64 from wild-type hen egg lysozyme was found to form an 

extensive network of fibrils following incubation for 24 hours at pH 4.0 and 
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37°C. The sequence is part of lysozyme β-domain and forms a pair of 

antiparallel β-strands in its native structure161. Hence, lysozyme β-domain was 

suggested to be responsible for protein fibrillisation observed in acidic 

conditions. In another study, lysozyme was enzymatically fragmented into 

different peptides, and the different fragments treated under acidic conditions 

to detect the formation of fibrils. Fragment 57–107 was found able to generate 

amyloid fibrils under these conditions, suggesting its role in protein 

aggregation162. 

In a recent study, the 54-62 sequence was found to be highly amyloidogenic 

and prone to self-aggregation. The sequence corresponds to the peptide 

GILQINSRW, which was isolated from lysozyme, and proved to be able not only 

to self-assemble, but also to induce the aggregation of lysozyme itself at pH 7.5 

and 25°C. The sequence was therefore identified as one of hen egg lysozyme 

aggregation prone regions (APRs)163 (Fig. 1.7).  

 

Figure 1.8: structure of Lysozyme APR GILQINSRW. 

 

Another study showed that the sequence is prone to aggregate in the 2-7 pH 

range, and highlighted the importance of tryptophan in position 62, as its 
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substitution with a glycine resulted in peptide GILQINSRG, whose self-assembly 

was completely suppressed164. This particular tryptophan had been already 

studied and had shown to be very important for lysozyme proper folding. Wild 

type Hen Egg lysozyme was unfolded using guanidine hydrochloride, and 

subsequently diluted in a denaturant-free aqueous solution. It appeared that 

Trp62, together with Trp63, could establish hydrophobic interactions  with 

Trp108 and Trp1, allowing lysozyme hydrophobic clusters to interact with each 

other and form a core nuclei, which stabilised the protein and directed it to 

proper folding165. A single-point mutation (W62G) on lysozyme structure was 

found to slow down the folding process, increase the chance of random folding 

and ultimately lead to protein aggregation166.  

By contrast, when both the wild type lysozyme and its W62G mutation were  

incubated for 15 days at pH 2, the wild type showed fast aggregation into 

amyloid fibrils, while the mutant remained stable through the whole 

experiment167. It appears then that this residue is very important to direct and 

accelerate lysozyme proper folding, but it can also drive protein aggregation 

under stress conditions that induce its prolonged exposure to the external 

solvent. This behaviour is in line with what, as mentioned above, has been 

discovered about Aggregation Prone Regions, which are often responsible for 

proteins aggregation, but in native conformations are buried inside the protein 

and contribute significantly to the stability of its folded form65. 
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1.6. Conclusions  

Poor stability and potential aggregation are problems that affect the 

production and application of protein therapeutics. Aggregation may also occur 

by endogenous proteins and has been correlated to the insurgence of different 

neurodegenerative diseases.   Among the potential factors that may trigger 

aggregation, the role of Aggregation Prone Regions (APRs) has been 

highlighted. These are relatively short, hydrophobic amino acid sequences on 

proteins, usually buried inside the protein core which, if exposed to the external 

solvent, can self-interact through mutual hydrophobic, β-sheet-like 

interactions and drive in this way protein aggregation.  

Covalent protein modifications, in particular PEGylation, have been successfully 

employed to improve proteins stability and prevent their aggregation. 

Unfortunately, they may result in loss of proteins activity and potential 

enhanced protein immunogenicity. Non-covalent conjugation has been 

suggested as potential alternative for effective but less invasive protein 

stabilisation. However, specific groups are required to functionalise the 

polymer chain-end that allow the non-covalent interaction between the 

polymeric chain and the protein.  

Interestingly, in several studies aggregation of endogenous proteins has been 

reversed by application of so-called β-sheet breakers peptides, which are short 

peptide sequences analogues to APRs on endogenous proteins. Thanks to their 

structural similarity, they can interact with APRs on the protein molecule. 

However, they cannot propagate the aggregation process, as they have been 



Chapter 1 
 

45 

 

chemically modified with β-sheet disruptive moieties. The identification of 

different APRs on therapeutic proteins, suggests that β-sheet breakers may be 

developed and used on biotherapeutics as well, to improve their stability in the 

different stages of their expression, purification and formulation. However, 

most of β-sheet breakers tested so far derived from specific Aggregation Prone 

Regions and thus were effective on specific proteins. More generic structures 

are required that can act on a plethora of different therapeutic proteins. 

Moreover, substantial engineering of β-sheet breakers structure is generally 

required to improve their solubility in aqueous media, which is usually very 

poor, due to their hydrophobic and self-aggregating nature.  

1.7. Aims and objectives 

The work presented in this thesis was aimed at developing a new class of 

protein excipients, to improve proteins stability and prevent their aggregation. 

As direct covalent protein modifications may result in loss of proteins activity 

and potential enhanced protein immunogenicity, we were more focused on 

protein non-covalent stabilisation. 

In particular, we aimed at mediating the stabilising effects of hydrophilic 

polymer chains through non-covalent interactions between protein 

hydrophobic patches and β-sheet breakers. Meantime, we aimed at simplifying 

and minimising the chemical structure of these β-sheet breakers from that of a 

proper peptide to more generic peptidomimetic hydrophobic sequences, which 

could interact with a broader range of proteins, and could be more easily 

synthesised and conjugated to hydrophilic polymeric chains. By incorporating 
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these hydrophobic moieties into amphiphilic block copolymers, we wanted to 

greatly increase their aqueous solubility, and ultimately develop different 

groups of protein stabilisers, whose stabilising effects could be compared to 

that of a non-covalent PEGylation mediated by hydrophobic interactions. RAFT 

polymerization was generally employed as polymerization technique to build 

these amphiphilic block copolymers, using the commercial monomer N-

hydroxyethyl acrylamide for the polymerization of the hydrophilic block.  

In particular, Chapter 2 focusses on the synthesis and testing of a group of hen 

egg lysozyme APR analogues. These analogues were applied on lysozyme as β-

sheet breakers, to interact with the original APR on lysozyme backbone and 

stop it from establishing mutual interactions with APRs on other protein 

molecules (Fig. 1.9). 

The APR GILQINSRW peptide fragment was modified by incorporating different 

hydrophilic molecules, and finally copolymerised with hydrophilic monomer N-

Hydroxyethylacrylamide, to make it more soluble and potentially able to stop 

lysozyme aggregation.  
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Figure 1.9: Proposed mechanism of action of the APR analogues that were synthesised in the 
initial part of this work. A) In the absence of APR analogue stabilisers, protein misfolding leads 
to Aggregation Prone Regions (shown in green) to be exposed to the external solvent. APRs 
from different protein molecules can start mutual interactions which lead to protein 
aggregation and ultimately to the formation of large, insoluble protein aggregates. B) Mutual 
interactions can be established between the synthesised APR peptide analogue and its 
homologous sequence on lysozyme backbone. We hypothesised that the incorporation of 
hydrophilic molecules on GILQINSRW backbone could be used to increase its solubility and give 
it β-sheet disrupting properties.  

 

 

In Chapter 3, the initial concept was generalised to use, instead of specific APRs, 

block copolymers comprising a hydrophobic block made of amino acid-like 

moieties, such as indole 3-acetic acid to mimic tryptophan, potentially able to 

non-covalently interact with hydrophobic protein domains and prevent protein 

aggregation. A polyacrylamide chain was used again as hydrophilic block to 

improve the water solubility of these copolymers and shield target proteins 

from mutual interactions and final aggregation. The copolymers were tested on 

lysozyme and other two model polypeptides, bovine pancreatic insulin and 

antimicrobial peptide IDR 1018.  
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As some of these amino acid-like moieties showed stabilising effects on the 

proteins studied, the interaction was further investigated in Chapter 4 to 

evaluate if it could be used to develop a delivery system for proteins controlled-

release. Antimicrobial peptide IDR 1018 was ion-paired to antimicrobial natural 

molecule usnic acid to develop a hydrophobic complex, which was incorporated 

into indole-3 acetic acid oligomers-based nanoparticles, for the synergic 

delivery of two antimicrobial drugs. 

Chapter 5 described the synthesis and characterisation of polyacrylamide-

cholesterol/cholanic acid conjugates, which were employed for non-covalent 

protein complexation through the hydrophobic moieties cholanic 

acid/cholesterol and hydrophobic patches on proteins backbone.  

Finally, in Chapter 6 we concentrated on hydrophobic, non-covalent 

interactions between small hydrophobic probes and  a group of linear and 4-

arm glycopolymers. This Chapter is a continuation of a previous work started 

by a former PhD student in our group, Joao Madeira do O. Reversible 

incorporation of hydrophobic molecule Nile Red into these glycopolymers was 

confirmed by fluorescence studies. Interestingly, further experiments 

highlighted that these polymers do not self-assemble into larger aggregates, 

but are able to incorporate hydrophobic molecules as unimolecular micelles. 
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2.1. Introduction         

As discussed in Chapter 1, research and clinical application of therapeutic 

proteins have dramatically expanded over the last few decades. However, 

smooth translation of a protein with therapeutic efficacy into a clinically used 

medicine is often limited by pre- and post-administration stability issues, 

leading to increased production costs, low pure protein yield, potential 

immunogenicity, as well as fast renal clearance upon protein administration1.  

To overcome these limitations, non-covalent proteins modifications by 

potential stabilising molecules have been studied, with the view to improve 

protein stability and/or delivery, without creating a new therapeutic entity. 

Aggregation Prone Regions (APRs) are specific sequences within protein 

primary structure, which are believed to initiate and mediate protein 

aggregation. These sequences, usually buried into proteins hydrophobic core 

or active site, can get exposed to the external environment following protein 

destabilisation and unfolding. Following solvent exposure, they can initiate self-

assembly of protein molecules through mutual beta-sheet interactions, thus 

leading to protein aggregation2.  

A series of peptides have been developed, called β-sheet breakers, to prevent 

the aggregation of specific peptides and proteins involved in 

neurodegenerative diseases. Their structure resembles closely that of the APR 

sequences responsible for protein/peptide aggregation. The similarity provides 

them with high hydrophobicity and β-sheet propensity, so that they interact 

preferentially with the APR through mutual β -sheet interactions. However, 
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additional amino acids can be incorporated into these peptide sequences to 

make them charged or more hydrophilic, so that the resulting peptide can still 

recognise the APR, but will stop its β-sheet-driven self-assembling, thus acting 

as β-sheet disruptor. These peptides have been successfully used in vivo, on 

animal Alzeihmer models, to prevent the aggregation of the β-amyloid protein 

(Aβ) into amyloid fibrils, which are specidic hallmarks of Alzehimer’s disease3.  

Recently, a specific sequence on hen egg lysozyme backbone, located on the 

enzyme active site and usually partially buried on its cleft, has been identified 

as potentially prone to aggregation4. The sequence, which correspond to 

lysozyme 54-62 segment GILQINSRW, was found to be aggregating in the 2 – 7 

pH range.  

This chapter describes the synthesis of a family of peptides based on the 

homologous amino acid sequence of hen egg lysozyme’s APR, GILQINSRW. The 

working hypothesis here was that the small ‘synthetic APR’ could interact with 

its homologous sequence on lysozyme, and, by occupying this site, prevent its 

self-aggregation. By using lysozyme as a mode substrate, we aimed at 

developing a platform technology that by using peptidic β-sheet breakers based 

on proteins APRs, could potentially be used as excipients to stabilise 

therapeutic proteins against aggregation. For a graphical represention of our 

aim, see Figure 1.8 in Chapter 1.  

The original GILQINSRW APR sequence was synthesised by solid phase peptide 

synthesis, and small hydrophilic residues were incorporated in its structure, 

such as a short PEG and a charged sulfobetaine, to improve peptide solubility 
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and potentially give it some β-sheet disrupting properties. The resulting 

derivatives were evaluated, together with the original APR-based peptide, for 

their potential to interact with lysozyme, by testing their effect on lysozyme’s 

enzymatic activity. The APR homologous peptide was finally conjugated to a 

hydrophilic polyacrylamide through RAFT-polymerization, in order to make it 

substantially more hydrophilic and less self-aggregating. The resulting 

copolymer was investigated for its ability of establishing non-covalent 

interactions with lysozyme.  
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2.2. Materials and methods 

2.2.1.  Materials 

Isopropanol, methanol, dichloromethane (DCM), ethyl acetate, diethyl ether, 

chloroform, tetrahydrofuran, petroleum ether, N,N-dimethylformamide (DMF) 

and acetone were purchased from Fisher Scientific (Bishop Meadow Rd, 

Loughborough, UK). Biotech grade DMF, anhydrous dichloromethane, 

anhydrous MeOH, methoxy PEG 550 Da, bovine serum albumin (BSA) (≥98%), 

piperidine (99%), PBS buffer, Fmoc-leu-OH (98%), Fmoc-ile-OH (98%), Fmoc-

arg(pbf)-OH (≥98%), Fmoc-gly-OH (≥98%),  Fmoc-asn-OH (≥96%), Fmoc-

trp(boc)-OH (97%), Fmoc-ser(tbu)-OH (≥98%), Fmoc-gln(trt)-OH (98%), DIPEA 

(≥99%), TEA (≥99%),  VA-501 (≥98%), DMTMM (96%), ethylene-dioxy-bis-

ethylamine (98%), Di-tert-butyl dicarbonate and disuccinimidyl carbonate 

(≥95%) were obtained from Sigma-Aldrich (St. Louis, Missouri, United States). 

VA-044 was purchased from Wako Pure Chemical Industries. HATU (98%) was 

purchased from Fluorochem Ltd, 14 Graphite Way, Hadfield SK13 1QH. 3-

[Dimethyl-(2-hydroxyethyl)ammonio]-1-propanesulfonate betaine was 

purchased from Merck Biosciences Ltd, Padge Rd, Beeston, UK. 

2.2.2. Synthesis of peptide GILQINSRW (1) 

 

Figure 2.1: chemical structure of peptide GILQINSRW (1). 
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In a glass peptide synthesis vessel, 2-chlorotrytilchloride, polymer bound resin 

beads (1.6 mmol/g, 1.8 g, 2.9 mmol, 1 eq.) were swelled in biotech grade DMF 

for 30 min.  

After resin swelling, the resin was washed with biotech grade DMF, dry 

methanol, dry DCM and biotech grade DMF again. 

The first amino acid, Fmoc-Trp-OH (2.6 g, 6.0 mmol, 2 eq.) was subsequently 

added to the suspension, followed by DIPEA (2.1 mL, 15 mmol, 5 eq.), and the 

resulting mixture stirred for 60 min. After washing, the resin was treated for 15 

min with a mixture of anhydrous DCM/ anhydrous MeOH/ DIPEA (80:15:5 in 

volume) to cap any remaining reactive trityl group. Finally, the protecting Fmoc 

group was removed from the attached amino acid treating the resin with a 20% 

v/v piperidine solution in DMF for 30 min. The remaining 8 amino acids were 

attached following the same procedure: 2 eq. of Fmoc-protected amino acid 

were previously dissolved in biotech grade DMF, mixed with 1.9 eq of HATU 

and 3 eq. of DIPEA. The solution was added to the resin and the resulting 

suspension was stirred for 60 min. The excess of reagents was then removed 

by filtration and the coupling step repeated using the same procedure. Fmoc 

deprotection was finally performed with the same procedure described above.  

After each amino acid coupling and Fmoc deprotection step, the excess of 

reagents was removed from the reaction vessel by filtration, and the resin was 

washed with biotech grade DMF, dry methanol, dry DCM and biotech grade 

DMF again. 
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Final peptide cleavage and deprotection were performed using a mixture of TFA 

/water/triisopropylsilane (95:2.5:2.5 v/v, 10 mL for 200 mg of resin), in which 

the resin was stirred for 90 min. The supernatant was then collected and dried 

under vacuum to 1/10 of its volume. The peptide was finally precipitated in 

diethyl ether and dried overnight in the desiccator. The product was analysed 

by ESI-MS and RP-HPLC. RP-HPLC was run at a flow rate of 1 mL/min, using a 

20-80% acetonitrile gradient in Milli-q water + 0.1% TFA, on a C18 Jupiter 

Phenomenex column (5µm, 300 Å, 25X4.6 mm). Absorbance was recorded at 

280 nm. Yield: 47%. 

ESI-MS: expected m/z [M-H]+ 1086.6 and [M-Na]+ 1108.6, found 1086.6 and 

1108.6, respectively. 

RP-HPLC: retention time 12.7 min. Purity 86%. 

2.2.3. Synthesis of methoxy PEG-succinimidyl carbonate (2) 

 

Scheme 2.1: synthesis of methoxy PEG-succinimidyl carbonate (2). 

 

Polyethyleneglycol monomethyl ether 550 (1.00 g, 1.82 mmol, 1 eq.), 

previously dried by azeotropic distillation in toluene, and N,N′-disuccinimidyl 

carbonate (0.70 g, 2.7 mmol, 1.5 eq.) were dissolved in dry acetonitrile (23 mL). 

Then triethylamine (0.55 g, 0.77 mL, 5.5 mmol, 3 eq.) was added and the 

reaction stirred overnight at room temperature. The solvent was evaporated 

under reduced pressure, the residue dissolved in tetrahydrofuran (20 mL) and 
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the resulting solution further diluted with diethyl ether (40 mL). The resulting 

precipitate was filtered to remove the unsoluble triethylamine salt, and the 

solution evaporated to dryness, yielding a clear oily residue. The oil was 

dissolved in sat. aqueous NaHCO3 (60 mL), extracted with ethyl acetate (2×120 

mL), dried with MgSO4, filtered, and the solvent removed under reduced 

pressure, to give methoxy PEG-succinimidyl carbonate (2) as a clear oil. Yield: 

42%.  

1H NMR (400 MHz, CDCl3, δ, ppm): 4.46 (m, 2H, CH2OCO), 3.64 (m, 42H, PEG 

CH2CH2O), 2.84 (s, 4H, succinimide CH2CH2) (Fig. S2.1). 

13C NMR (101 MHz, CDCl3, δ, ppm): 168.51 (succinimide CO), 72-69 (PEG 

CH2CH2O) (Fig. S2.2).  

58.84 (CH3O), 25.45 (succinimide CH2). 

FT-IR: 2868 cm-1, 1738 cm-1 (ʋC=O), 1089 cm-1 (ʋCH2-O ether). 
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2.2.4. Synthesis of PEGylated peptide (4) 

 

Scheme 2.2: Synthesis of PEGylated peptide (4). 

 

110 mg of resin (containing ca. 69 mg of protected peptide, corresponding to 

25 mg, 0.023 mmol of peptide (1), 1 eq.) were swelled in 10 mL of anhydrous 

DCM for 30 min. PEG-succinimidyl carbonate (2) was then added (75 mg, 0.12 

mmol, 5 eq.) followed by triethylamine (96 µL, 0.069 mmol, 3 eq.) and the 

reaction was stirred overnight at room temperature. Cleavage of (3) from the 

resin and subsequent reaction work-up were performed using the same 

protocol described previously for (1). The mPEG-peptide (4) product was 

analysed by MALDI TOF-MS. 
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MALDI TOF-MS: m/z [M-H]+ multiple peaks expected, due to commercial PEG 

polydispersity (ethylene oxide unit CH2CH2O=44.02 Da). For example, for 

ethylene oxide units n=4, expected m/z [M-H]+ 1320.7, found 1321.3. 

2.2.5. Synthesis of betaine succinimidyl carbonate (5) 

 

Scheme 2.3: Synthesis of betaine succinimidyl carbonate (5). 

 

3-[Dimethyl-(2-hydroxyethyl)ammonio]-1-propanesulfonate (0.500 g, 2.38 

mmol, 1 eq.) and N,N′-disuccinimidyl carbonate (1.83 mg, 7.14 mmol, 3 eq.) 

were suspended in dry DMF (1.5 mL). Then triethylamine (0.995 mL, 7.14 mmol, 

3 eq.) was added and the reaction stirred overnight at room temperature. The 

insoluble precipitate was then washed with acetonitrile 4 times to remove 

traces of unreacted N,N′-disuccinimidyl carbonate. Traces of solvent were 

removed from the precipitate under reduced pressure.  Yield: 70%. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 4.81 (m, 2H, NCH2CH2), 3.8 (m, 2H, 

NCH2CH2), 3.51 (m, 2H, CH2CH2N), 3.10 (s, 6H, CH3N), 2.83 (s, 4H, succinimide 

CH2CH2), 2.46 (m, SO3CH2), 2.00 (m, 2H, CH2CH2N ) (Fig. S2.3). 
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2.2.6. Synthesis of betaine-modified peptide (7) 

 

Scheme 2.4: Synthesis of betaine-modified peptide (7). 

 

110 mg of resin (containing ca. 69 mg of protected peptide, corresponding to 

25 mg, 0.023 mmol of peptide (1), 1 eq.) were swelled in 6 mL of biotech grade 

DMF for 30 min. Betaine succinimidyl carbonate (5) was then added (258 mg, 

0.368 mmol, 32 eq.), together with triethylamine (3.1 µL, 0.023 mmol, 1 eq.) 

and the suspension was stirred for 7 days at room temperature. The conversion 

of (1) into (7) was monitored by ESI-MS every 24h by cleaving from the resin 

and deprotecting small amounts of peptide. Final cleavage of (7) from the resin 

and subsequent reaction work-up were performed using the same protocol 

described previously for (1).  Yield: 36%. 
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ESI-MS: expected m/z [M-H]+ 1323.67 and [M-H-Na]2+ 673.3, found 1323.67, 

and 673.2, respectively. 

2.2.7. Synthesis of Chain Transfer Agent (CTA) (10) 

 

Scheme 2.5: Synthesis of Chain Transfer Agent (CTA) (10)5. 

 

Sodium ethyl carbonotrithioate (8). NaH (60 wt % in mineral oil, 2.82 g, 70.4 

mmol, 1.06 eq.) was dispersed in diethyl ether (50 mL) and cooled in an ice 

bath. Ethanethiol (4.35 g, 70.0 mmol, 1 eq.) was added dropwise under stirring 

to the suspension and the mixture was stirred for 10 minutes. CS2 (5.8 mL, 96 

mmol, 1.4 eq.) was then added dropwise to the suspension and the reaction 

was stirred at room temperature for 1 h. The bright yellow solid was filtered 

and washed with diethyl ether and dried under vacuum. Yield: 80 %. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 2.94 (q, J=7.4 Hz, 2H, CH3CH2S), 1.13 (t, 

J=7.4 Hz, 2H, CH3CH2S) (Fig. S2.4). 

13C NMR (101 MHz, d6-DMSO, δ, ppm): 239.3 (C=S), 33.8 (CH3CH2S), 14.01 

(CH3CH2S) (Fig. S2.5). 

Dithiobis-ethyl carbonotrithioate disulfide (9). (8) was dissolved in 100 mL of 

an aqueous solution of K3Fe (CN)6 (16 g, 49 mmol). The mixture was extracted 

with diethyl ether (4 X 500 mL) and the organic fractions, collected, were dried 
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over MgSO4. Following filtration, the solvent was removed under reduced 

pressure, yielding product (9) as an orange, viscous oil. Yield: 56%.  

1H NMR (400 MHz, d6-DMSO, δ, ppm): 3.32 (q, J=7.5 Hz, 2H, CH3CH2S), 1.36 (t, 

J=7.5 Hz, 3H, CH3CH2S) (Fig. S2.6). 

13C NMR (101 MHz, d6-DMSO, δ, ppm): 221.91 (C=S), 33.10 (CH3CH2S), 12.98 

(CH3CH2S) (Fig S2.7). 

CTA (10). Carbonotrithioate disulfide (9) (2.80 g, 13.2 mmol, 1 eq.) and V501 

(5.38 g, 19.2 mmol, 1.45 eq.) were dissolved in 1:1 v/v ethyl acetate:methanol 

(80 mL). The solution was degassed for 30 min by argon bubbling, under 

stirring. The reaction was then heated to reflux for 17 h. The volatiles were then 

removed under reduced pressure, and the resulting yellow oily residue was 

purified by silica gel flash chromatography, using a Pet. Ether:Et2O in gradient, 

from 9:1 to 7;3 v/v, as the mobile phase. Yield: 30%.  

1H NMR (400 MHz, CDCl3, δ, ppm): 3.33 (q, J=7.4 Hz, 2H, CH3CH2S), 2.67 (m, 2H, 

CH2CH2COOH), 2.53-2.39 (m, CH2CH2COOH), 1.87(s, CH3), 1.09 (t, J=7.4 Hz, 3H, 

CH3CH2S) (Fig S2.8). 

13C NMR (101 MHz, d6-DMSO, δ, ppm): 218.19 (C=S), 172.72 (COOH), 119.10 

(CN), 43.08 (CCN), 31.08 (CH3CH2S), 29.14 (CH2CH2COOH), 23.74 (CH3), 12.63 

(CH3CH2S) (Fig S2.9). 

ESI-TOF mass spectrometry: expected m/z [M-H]+ 264.01, [M-Na]+ 285.99, 

found 264.02 and 285.99. 

FT-IR: 2932 cm-1, 2235 cm-1 (ʋC≡N), 1704 cm-1 (ʋC=O). 



Chapter 2 

73 

 

2.2.8. Synthesis of peptide GILQINSRG (11) 

 

Figure 2.2: Chemical structure of peptide GILQINSRG (11). 

In a glass peptide synthesis vessel, 2-chlorotrytilchloride, polymer bound resin 

beads (1.6 mmol/g, 1.8 g, 2.9 mmol, 1 eq) were swelled in biotech grade DMF 

for 30 min.  

After swelling, the resin was washed with biotech grade DMF, dry methanol, 

dry DCM and biotech grade DMF again. 

The first amino acid, Fmoc-Gly-OH (1.9 g, 6.0 mmol, 2 eq.) was subsequently 

added to the suspension, followed by DIPEA (2.1 mL, 15 mmol, 5 eq.), and the 

resulting mixture stirred for 60 min. After washing, the resin was treated for 15 

min with a mixture of anhydrous DCM/ anhydrous MeOH/ DIPEA (80:15:5 in 

volume) to cap any remaining reactive trityl group. Finally, the protecting Fmoc 

group was removed from the attached amino acid treating the resin with a 20% 

v/v piperidine solution in DMF for 30 min. The remaining 8 amino acids were 

attached following the same procedure: 2 eq. of Fmoc-protected amino acid 

were previously dissolved in biotech grade DMF, mixed with 1.9 eq of HATU 

and 3 eq. of DIPEA. The solution was added to the resin and the resulting 

suspension was stirred for 60 min. The excess of reagents was then removed 
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by filtration and the coupling step repeated using the same procedure. Fmoc 

deprotection was finally performed with the same procedure described above.  

After each amino acid coupling and Fmoc deprotection step, the excess of 

reagents was removed from the reaction vessel by filtration, and the resin was 

washed with biotech grade DMF, dry methanol, dry DCM and biotech grade 

DMF again. 

Final peptide cleavage and deprotection were performed using a mixture of 

TFA:water:triisopropylsilane (95:2.5:2.5 v/v, 10 mL for 200 mg of resin), in 

which the resin was stirred for 90 min. The supernatant was then collected and 

dried under vacuum to 1/10 of its volume. The peptide was finally precipitated 

in diethyl ether and dried overnight in the desiccator. The product was analysed 

by ESI-MS and RP-HPLC. RP-HPLC was run at a flow rate of 1 mL/min, using a 

20-80% acetonitrile gradient in Milli-q water + 0.1% TFA, on a C18 Zorbax 

Eclipse Plus C18 column (3.5 μm, 95 Å, 4.6 × 12.5 mm). Absorbance was 

recorded at 280 nm. Yield: 41%. 

ESI-MS: expected m/z [M-H]+ 957.09 and [M+2H]2+ 479.05, found 957.55 and 

479.28. 

RP-HPLC: r.t. 8.5 min. Purity 85%. 
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2.2.9. Synthesis of peptide GILQINSRW-RAFT agent (12) and    
    peptide GILQINSRG-RAFT agent (13)  

 

Scheme 2.6: Synthesis of peptide GILQINSRW-RAFT agent (12) and peptide GILQINSRG-RAFT 
agent (13). 

 

The same protocol was followed for both protected, resin-bounds peptides (1) 

and (11). 400 mg of resin-bound peptide (1) (containing approximately 246 mg 

of attached, protected peptide (1), and 145 mg of starting resin, 1.60 mmol/g, 

0.248 mmol, 1 eq.) and 400 mg of resin-bound peptide (11) (containing 

approximately 217 mg of attached, protected peptide (1), and 183 mg of 

starting resin, 1.60 mmol/g, 0.248 mmol, 1 eq.) were swelled for 30 min in DMF. 

CTA agent (10) (196 mg, 0.740 mmol, 3 eq.), DIPEA (173 µL, 0.992 mmol, 4 eq.) 

and HATU (274 mg, 0.720 mmol, 2.9 eq.) were added to both suspensions, 

which were left under stirring at room temperature overnight. The resin beads 

were then repeatedly washed with DCM, and finally treated for 120 min with a 

DCM:TFE 8:2 v/v solution (10 mL). The suspensions were filtered and 

concentrated under vacuum. The resulting protected peptidic RAFT agents (12) 

and (13) were analysed by 1H NMR and ESI-MS. 

RAFT agent (12) Yield: 68%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.40-7.00 

(m, 30H, trityl aromatic CH), 1.83 (s, 1H, CTA CH3), 1.59 (s, 9H, Boc CH3), 1.39 (s, 
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9H, Pbf CH3) 1.28 (t, J=14.7Hz, 3H, CH3CH2S), 0.91 (s, 9H, tert-butyl CH3), 0.85-

0.7 (m, 9H, leucine and isoleucine CH3) (Fig.2.16). 

ESI-TOF mass spectrometry: expected m/z [M-H-Na]2+ 1124.01 and [M + 2Na]2+ 

1134.99, found 1124.01 and 1134.99. 

RAFT agent (13) Yield: 66%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.40-7.00 

(m, 30H, trityl aromatic CH), 1.83 (s, 1H, CTA CH3), 1.39 (s, 9H, Pbf CH3) 1.28 (t, 

J=14.7Hz, 3H, CH3CH2S), 1.06 (s, 9H, tert-butyl CH3), 0.90-0.70 (s, 9H, leucine 

and isoleucine CH3) (Fig. 2.26). 

ESI-TOF mass spectrometry: expected m/z [M]- 1993.91, found 1993.89. 
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2.2.10. Synthesis of poly(N-hydroxyethylacrylamide)-b-   
              GILQINSRW (14) and poly(N-hydroxyethylacrylamide)-b-   

              GILQINSRG (15)   

 

 
Scheme 2.7: Synthesis of poly(N-hydroxyethylacrylamide)-b-GILQINSRW (14) and poly(N-
hydroxyethylacrylamide)-b-GILQINSRG (15). 
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The same synthetic route was used to synthesise copolymers (14) and (15).  

Copolymer (14): RAFT agent (12) (1 eq., 220 mg, 0.096 mmol) was dissolved in 

DMF (3 mL) and mixed with N-hydroxyethylacrilamide (100 eq., 1.12 g, 9.60 

mmol). The solution was transferred into a small schlenk tube equipped with a 

magnetic stirrer, which was put in ice. Initiator V 501 (0.7 mg, 0.002 mmol, 0.1 

eq) in DMF (70 µL), was added to the tube. The mixture was degassed for 30 

min bubbling argon under stirring at 0°C, and finally put on a paraffin oil bath 

at 70 ˚C. The reaction was monitored by 1H NMR, checking the disappearance 

of acrylamide monomer peaks into the 5-6.5 ppm region, and stopped after 

4.5h when 92% conversion was reached. The polymer was then precipitated in 

THF and dried under high vacuum. 

Copolymer (15): RAFT agent (13) (1 eq., 200 mg, 0.096 mmol) was dissolved in 

DMF (3 mL) and mixed with N-Hydroxyethylacrilamide (100 eq., 1.12 g, 9.60 

mmol). The solution was transferred into a small schlenk tube equipped with a 

magnetic stirrer, which was put in ice. Initiator V 501 (0.7 mg, 0.002 mmol, 0.1 

eq) in DMF (70 µL), was added to the tube. The mixture was degassed for 30 

min bubbling argon under stirring at 0°C, and finally put on a paraffin oil bath 

at 70 ˚C. The reaction was monitored by 1H NMR, checking the disappearance 

of acrylamide monomer peaks into the 5-6.5 ppm region, and stopped after 6h 

when 92% conversion was reached. The polymer was then precipitated in THF 

and dried under high vacuum. 

The products were characterized by 1H NMR and SEC, performed in DMF with 

0.1% LiBr.  
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Copolymer (14) Yield: 44%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.8-7.4 (m, 

90H, polyacrylamide NH), 7.25-7.10 (m, 30H, trityl groups), 5.10-4.70 (m, 90H, 

polyacrylamide OH), 2.10-1.70 (m, 90H, polyacrylamide CHCH2) 1.60-1.20 (m, 

180H, polyacrylamide CHCH2), 0.78(m, 12H, leucines and isoleucines CH3) 

(Fig.2.17). Mn,NMR: 12.5 kDa, Mn,SEC(DMF) 17.0 kDa, Ð 1.09. 

Copolymer (15) Yield: 47%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.8-7.4 (m, 

95H, polyacrylamide NH), 7.25-7.10 (m, 30H, trityl groups), 5.10-4.70 (m, 85H, 

polyacrylamide OH), 2.10-1.70 (m, 95H, polyacrylamide CHCH2) 1.60-1.20 (m, 

190H, polyacrylamide CHCH2), 0.78(m, 12H, leucine and isoleucine CH3) (Fig 

S2.10). Mn,NMR: 13.1 kDa, Mn,SEC(DMF) 15.0 kDa, Ð 1.16. 
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2.2.11. Removal of trithiocarbonate chain-ends from   
           peptide-b-polyHEA copolymers. 

 

Scheme 2.8: RAFT removal from copolymers (14) and (15). 
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For removal of trithiocarbonate chain-ends from peptide-b-polyHEA 

copolymers, the same procedure was followed for both copolymers (14) and 

(15).  

Copolymer (14): the copolymer (350 mg, 0.028 mmol, 1 eq.) was dissolved in 

DMF (5 mL) together with AIBN (700 mg, 2.4 mmol, 80 eq.). The mixture was 

degassed in ice for 30 min by bubbling argon under stirring, and then put on an 

oil bath at 80°C overnight. The solution was then repeatedly precipitated in THF 

and re-dissolved in MeOH. The precipitate was finally dried under reduced 

pressure.  

Copolymer (15): the copolymer (0.30 g, 0.025 mmol, 1 eq.) was dissolved in 

DMF (5 mL) together with AIBN (0.56 g, 2.0 mmol, 80 eq.). The mixture was 

degassed in ice for 30 min by bubbling argon under stirring, and then put on an 

oil bath at 80°C overnight. The solution was then repeatedly precipitated in THF 

and re-dissolved in MeOH. The precipitate was finally dried under reduced 

pressure.  

Efficiency of removal of the trithiocarbonate RAFT chain-end from the polymers 

was estimated by UV spectrophotometry scan on final isolated polymers, 

measuring absorbance decrease of peak at 300 nm, which is characteristic of 

the trithiocarbonate group (Fig. S2.11 and S2.12). Copolymers were finally 

analysed by SEC, using DMF with 0.1% LiBr as solvent.  

Copolymer (16) Yield: 60%. Mn,SEC(DMF) 16.8 kDa, Ð1.08. 

Copolymer (17) Yield: 64%. Mn,SEC(DMF) 15.0 kDa, Ð 1.13. 
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2.2.12. Synthesis of HEA90-b-GILQINSRW and HEA95-b-                         
          GILQINSRG  

 

 

Scheme 2.9: Synthesis of HEA90-b-GILQINSRW and HEA95-b-GILQINSRG.  

 

Protecting groups on amino acid residues were removed from the peptide using 

the same procedure for both copolymers.  
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Copolymer (16): the copolymer (200 mg) was dissolved in a solution of 0.1 N 

HCl in hexafluoroisopropanol (5 mL). The solution was left stirring for 6 h. The 

polymer was then precipitated in diethyl ether, re-dissolved in water, dialysed 

against water (5 L, MWCO 3.5 kDa) for 48 h. The solution was finally lyophilised. 

Copolymer (17): the copolymer (400 mg) was dissolved in a solution of 0.1 N 

HCl in hexafluoroisopropanol (5 mL). The solution was left stirring for 6 h. The 

polymer was then precipitated in diethyl ether, re-dissolved in water, dialysed 

against water (5 L, MWCO 3.5 kDa) for 48 h. The solution was finally lyophilised. 

The final deprotected copolymers were analysed by 1H NMR and SEC, using 

DMF with 0.1% LiBr.  

HEA90-b-GILQINSRW Yield: 62%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.8-7.4 

(m, 90H, polyacrylamide NH), 5.10-4.70 (m, 90H, polyacrylamide OH), 2.10-1.70 

(m, 90H, polyacrylamide CHCH2) 1.60-1.20 (m, 180H, polyacrylamide CHCH2), 

0.78(m, 12H, leucine and isoleucine CH3) (Fig.2.19). Mn,NMR: 10.8 kDa, Mn,SEC(DMF) 

17.0 kDa, Ð 1.07. 

HEA95-b-GILQINSRG Yield: 58%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.8-7.4 

(m, 95H, polyacrylamide NH), 5.10-4.70 (m, 95H, polyacrylamide OH), 2.10-1.70 

(m, 95H, polyacrylamide CHCH2) 1.60-1.20 (m, 190H, polyacrylamide CHCH2), 

0.78(m, 12H, leucine and isoleucine CH3) (Fig.2.27). Mn,NMR: 12.1 kDa, Mn,SEC(DMF) 

14.8 kDa, Ð 1.13. 

SEC traces are displayed in Fig. S2.13. 
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2.2.13. Synthesis of HEA100 control polymer. 

 

Scheme 2.10: synthesis of HEA100 control polymer. 

 

CTA agent (10) (0.15 g, 0.53 mmol, 1 eq.)  and HEA monomer (5.0 g, 42 mmol, 

80 eq.) were dissolved in DMF (8 mL). The mixture was transferred into a glass 

tube equipped with a magnetic stirrer, which was put in ice. Initiator V 501 (16 

mg, 0.050 mmol, 0.1 eq.), in DMF (16 µL), was added to the tube. The mixture 

was degassed for 30 min bubbling argon under stirring at 0°C, and finally put 

on a paraffin oil bath at 70 ˚C. The reaction was monitored by 1H NMR, checking 

the disappearance of acrylamide monomer peaks into the 5-6.5 ppm region, 

and stopped after 1.5h when 84% conversion was reached. The polymer was 

then precipitated in THF and dried under high vacuum. The final control 

polymer HEA110 was analysed by 1H NMR and SEC, performed in DMF with 0.1% 

LiBr. Yield: 72%. 

HEA100: 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.8-7.4 (m, 100H, polyacrylamide 

NH), 5.10-4.70 (m, 100H, polyacrylamide OH), 2.10-1.70 (m, 100H, 

polyacrylamide CHCH2) 1.60-1.20 (m, 200H, polyacrylamide CHCH2) Mn,THEO: 

12.9 kDa, Mn,SEC(DMF) 12.1 kDa, Ð 1.14. 
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2.2.14. Lysozyme activity assay 

Lysozyme activity assays were carried out measuring the change of absorbance 

due to light scattering at λ=460 nm, over time. The first experiment was 

conducted by mixing 0.90 mL of a 0.044 mg mL-1 lysozyme solution in DPBS, 

with 0.10 mL of three DMSO solutions in which peptides (1) (5.3 mg mL-1), (4) 

(4 mg mL-1) and (7) (4 mg mL-1), respectively had been previously dissolved.  

The second experiment followed a similar procedure, but the samples were in 

this case put on an oil bath at 90°C and left heating for 1 h, before 

measurement.  

The last experiment was performed by mixing 100 µL of a 0.4 mg mL-1 lysozyme 

solution in DPBS with separate 4.5, 9, 45, 90, 450 and 900 µL of two DMSO 

solutions in which peptide (1) (0.59 mg mL-1) and peptide (4) (0.44 mg mL-1) 

respectively had been previously dissolved.  

For each of the samples described above, 150 µL were added to a Quartz UV 

cell, and 300 µL of a 10 mg/mL water suspension of substrate Micrococcus 

lysodeikticus cell walls were added immediately prior starting the 

measurement. The turbidity of the samples was evaluated by measuring 

absorbance at λ=460 nm every 1.5 second, for 60 seconds. 

2.2.15. Lysozyme aggregation assay 

A lysozyme stock solution was prepared by dissolving the protein in water at a 

concentration of 100 mg/mL. 200 µL of this solution were added to 1800 µL of 

100 mM phosphate buffer pH 12.3 in which the polymers HEA90-b- GILQINSRW, 

HEA95-b- GILQINSRG and HEA100 had been previously dissolved, for a final 
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lysozyme concentration of 10 mg/mL and a polymer: protein molar ratio of 1:1. 

From each polymer-protein mixture, 5 aliquots of 300 µL were transferred into 

a 96-well plate. The plate was loaded into a TECAN Spark 10M Multi-function 

Platereader. Absorbance at λ=500 nm was measured every 30 min for 24 h at 

30°C to monitor the increase of turbidity resulting from protein aggregation. 
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2.3. Results and Discussion 

The first part of this work focusses on the investigation of potential interactions 

between proteins and peptides designed to mimic their specific Aggregation 

Prone Regions. These are typically highly hydrophobic, non-charged protein 

fragments, usually located in the inner core of the protein. Upon protein 

unfolding, either reversible or irreversible, they can get exposed to the external 

environment, and promote self-aggregating processes due to β-sheet mutual 

associations, which may ultimately lead to formation of proteins amorphous or 

fibrillary aggregates2, 6. Our initial working hypothesis was that peptides with 

structure homologous or similar to specific APRs, could establish hydrophobic, 

non-covalent interactions with the protein APR sequence on the protein. We 

aimed at developing appropriate APR analogues that could have a stabilising 

effect on therapeutic proteins, preventing self-interactions that could lead to 

protein aggregation.  

Hen egg lysozyme was chosen as model protein to study, as one of its APRs, the 

GILQINSRW fragment has been identified and characterised4. In this chapter, 

potential interactions between the APR peptide and its homologous intact 

sequence in native lysozyme, and how chemical modifications of the APR-

mimicking peptide could affect these interactions, were investigated. 

GILQINSRW APR-mimicking peptide and its chemically modified analogues 

were found to be prone to self-aggregate under aqueous conditions, hence to 

increase their solubility, analogues containing a hydrophilic poly-N-

hydroxyethylacrylamide chain, were synthesised by RAFT polymerisation. The 
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copolymer was then tested on hen egg lysozyme to evaluate its potential 

stabilising effects on lysozyme, through the APR incorporated in the copolymer 

chain.  

2.3.1. Synthesis of APR-derived peptides 

The first part of this work focussed on the synthesis of GILQINSRW peptide APR 

(1), and its PEGylated (4) and sulfobetaine-modified (7) derivative (Fig. 2.3), and 

their ability to interact with lysozyme.  

 

Figure 2.3: Structure of the three peptides synthesised in the initial part of this study: 
GILQINSRW peptide (1), homologous of one of the APR sequences of hen egg lysozyme4, and  
its PEGylated (4) and betaine-modified (7) derivatives. 
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Peptide GILQINSRW (1) was synthesised by solid phase peptide synthesis in 

47% yield, and was found to be analytically pure, as confirmed by ESI-MS. The 

main peak at 1086.6 m/z corresponds to [M-H]+ (Fig. 2.4). Its purity was further 

verified by RP-HPLC and was found to be around 85% (Fig. 2.5).  

 

Figure 2.4: ESI-MS analysis of GILQINSRW APR (1). Two peaks are identified: peak at 1086.6 m/z 
corresponds to [M-H]+, that at 1108.6 to [M-Na]+. 
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Figure 2.5: RP-HPLC (C18) chromatogram of peptide GILQINSRW. The sample was eluted using 
a 20-90% acetonitrile gradient in water +0.1% TFA. Absorbance was recorded at λ=220 nm. 
Purity was estimated by calculating the ratio between the peak area of the peptide and all 
detected peak areas. 

 

Both mPEG and sulfobetaine peptide derivatives, (4) and (7) respectively, were 

synthesised from (1). PEGylated peptide (4) was obtained by reacting (1) with 

succinimidyl carbonate of methoxyPEG 550, using a previously established 
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procedure7 (Scheme 2.11). An analogous approach was employed with (7), 

using 3-[dimethyl-(2-hydroxyethyl)ammonio]-1-propanesulfonate instead of 

PEG (Scheme 2.12).  

 

Scheme 2.11: Synthesis of PEGylated GILQINSRW (4). Reagents and conditions: (a) TEA, MeCN, 
room temperature. (b) (1), (2), TEA, DCM, room temperature. (c) (3), TFA 
:water:triisopropylsilane 95:2.5:2.5 v/v, room temperature.  
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Scheme 2.12: Synthesis of Sulfobetaine GILQINSRW (7). Reagents and conditions: (a) TEA, DMF, 
room temperature. (b) (1), (5) TEA, DMF, room temperature. (c) (6), TFA 
:water:triisopropylsilane 95:2.5:2.5 v/v, room temperature.  

 

Compound (4) was characterised by MALDI-MS, compound (7) by ESI-MS 

(Fig.2.6). In both cases MS analysis confirmed successful synthesis and efficient 

purification of (4) and (7). In the mass spectra of both peptide derivatives the 

peak corresponding to the peptide starting material (1) disappeared, 

confirming quantitative conversion into PEGylated (4) and sulfobetaine (7) 

derivatives. 

The mass spectrum of (4) shows multiple peaks, separated by 44.02 Da 

(ethylene oxide unit) due to the polydispersity of commercial PEG (Fig. 2.6). In 

the mass spectrum of (7), peaks at 673.3 m/z for [M-H-Na]2+ and at 1323.7 for 

[M-H]+ were clearly identified (Fig. 2.7). 
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Figure 2.6: MALDI TOF-MS analysis of PEGylated peptide (4), showing the complete 
disappearance of APR peptide (1) starting material.  

 

 

Figure 2.7: ESI-MS analysis of product of sulfobetaine peptide (7). The main peak at 673.3 m/z 
corresponds to [M-H-Na]2+, the smaller peak at 1323.7 to [M-H]+. 

 

Solubility of the three compounds was investigated in different solvents, such 

as DCM, MeOH, DMSO, 2-propanol, acetonitrile, chloroform, acetone, 

tetrahydrofuran, ethyl acetate, hexane, water and petroleum ether. The 

compounds were found to be insoluble in all these solvents, with the exception 

of DMSO. This behaviour was ascribed to the physico-chemical nature of the 

APR GILQINSRW, which is intrinsically prone to form insoluble aggregates. Its 

self-assembly is driven by different hydrophobic amino acids, like the  aliphatic 
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leucine, isoleucine and glycine, and the aromatic tryptophan4. Chemical 

modification with mPEG or sulfobetaine was found not to be sufficient to 

significantly modulate this behaviour, and no increase in solubility for these 

derivatives, compared to their GILQINSRW peptide precursor, were observed. 

In an initial aggregation test, lysozyme APR derivatives (1), (4) and (7) were 

solubilised in 100 µL of DMSO at a concentration of 10 mg/mL, and when 300 

µL of water were added, these species re-precipitated, forming visible 

aggregates that could be easily seen with an optical microscope (Fig. 2.8). 

 

Figure 2.8: Optical microscopy images of compounds (1), (4) and (7) aggregates formed by 
initial solubilisation of the three compounds in DMSO (100 µL) at 10 mg/mL concentration, 
followed by addition of 300 µL of water.  

 

2.3.2. Interactions of APR-derived peptides with lysozyme:   
   enzymatic assay 

Potential non-covalent physical association between the peptides (1), (4) and 

(7) and hen egg lysozyme was evaluated by enzymatic activity assay. The 

working hypothesis was that the APR sequence on the hydrophobic core of 

lysozyme could recognise its homologous peptide on the 3 compounds, 

developing non-covalent, hydrophobic interactions, similarly to the beta sheet 

interactions between APRs that lead to protein aggregation. The modulation of 

lysozyme enzymatic activity was used to assess the ability of the APR-mimicking 

100 mm 100 mm 100 mm 
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peptides to non-covalently interact with the enzyme, as these interactions 

could alter protein folding and/or its interaction with the substrate, thus 

reducing its enzymatic activity. 

Lysozyme activity was determined using a Micrococcus lysodeikticus–based 

turbidimetric assay, which measures the decrease in turbidity of a lyophilised 

Micrococcus lysodeikticus cells walls suspension in the presence of this enzyme. 

These cells walls are made of polysaccharides containing 1,4-β-linkages 

between N-acetylmuramic acid and N-acetyl-D-glucosamine which can be 

hydrolysed in the presence of lysozyme8, resulting in a progressive decrease of 

turbidity which is monitored by visible spectrophotometry (λ=460 nm).  

In the first experiment, compounds (1), (4) and (7) were separately solubilised 

in 100 µL of DMSO and each solution diluted 10 times in a DPBS solution in 

which lysozyme had been previously dissolved. The final w/w ratio between the 

compounds and the protein was 10:1 for compounds (4) and (7), and 13:1 for 

peptide (1). A relatively low concentration for these species - between 0.4 and 

0.53 mg mL-1 depending on the experiment - was chosen to avoid their 

aggregation/precipitation when the DMSO was diluted with PBS. 300 µL of a 10 

mg/mL water suspension of Micrococcus lysodeikticus cells walls were then 

added to 150 µL of each protein-peptide mixture, recording absorbance at 460 

nm (Fig. 2.9). 



Chapter 2 

95 

 

0 2 0 4 0 6 0

0 . 4

0 . 6

0 . 8

1 . 0

1 . 2

T i m e  ( s e c )

O
.
D

.
 
(

4
6

0
 
n

m
)

L y s o z y m e

( 1 ) : L y s o z y m e  1 3 : 1  w / w

( 4 ) : L y s o z y m e  1 0 : 1  w / w

( 7 ) : L y s o z y m e  1 0 : 1  w / w

 

Figure 2.9: Lysozyme activity assay. Activity was measured for native lysozyme, and mixtures 
between lysozyme and compounds (1), (4) and (7), at 13:1 (1):lysozyme, 10:1 (4):lysozyme and 
(7):lysozyme w/w ratio.  
Final concentrations were of 0.04 mg/mL for lysozyme, 0.53 mg/mL for peptide (1), and 0.4 
mg/mL for peptide (4) and (7). After mixing lysozyme:(APR peptide) mixtures with Micrococcus 
lysodeikticus cells walls, the decrease in light scattering (λ=460 nm) was monitored over time.  

 

No difference in substrate degradation rate was observed between lysozyme 

alone (positive control) and its mixture with the peptides (1), (4) and (7) 

indicating that these compounds did not affect protein activity, as a clear 

decrease in turbidity over time was observed, and this was not affected by the 

addition of the APR-derived compounds.  

The potential of compounds (1), (4) and (7) to stabilise lysozyme against 

thermal-induced aggregation was then tested in an analogous set of 

experiments which were carried out at the same experimental conditions as 

the previous ones, except that initially solutions of lysozyme, alone or in the 

presence of each of the three APR peptide derivatives, at 90˚C for 1 h (Fig. 2.10). 

In the absence of stabilisers, at this temperature the lysozymes permanently 

denatures9, hence no activity is observed. The initial hypothesis was that 
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protein-peptide interactions could stabilize lysozyme at least in part, thus with 

retention of part of its enzymatic activity after thermal treatment.  
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Figure 2.10: lysozyme activity after application of a thermal stress - 90 °C for 1 hour. Lysozyme 
was mixed with the three peptides (1), (4) and (7) before heating at 13:1 (1):lysozyme and 10:1 
(4):lysozyme and (7):lysozyme w/w ratios. Final concentrations were of 0.04 mg/mL for 
lysozyme, 0.53 mg/mL for peptide (1), and 0.4 mg/mL for peptide (4) and (7).   

 

The experiment confirmed the loss of protein activity upon heating-caused 

denaturation. Again, the presence of APR-derived peptides (1), (4), and (7) did 

not influence the protein behaviour.  

Considering the poor solubility of the compounds, it was hypothesised that the 

high ionic strength of the DPBS-containing medium in the samples could have 

caused their aggregation, even if during the experiment their precipitation was 

not visually observed, likely because of their low final concentration. Therefore, 

the experiment was repeated increasing the amount of DMSO and reducing 

DPBS to the minimum amount necessary to solubilise lysozyme. Indeed in our 

study the protein alone was able to show activity in DMSO, despite previous 

works have shown its complete denaturation when solubilised in more than 
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70% DMSO10. We hypothesised that addition of water may cause instantaneous 

refolding of lysozyme, thus restoring its enzymatic activity. 

Samples were made by preparing lysozyme solutions in 100 µL of DPBS at 0.4 

mg/mL, and then diluting them 10 times with DMSO solutions in which different 

amounts of compounds (1) and (4) had been previously separately dissolved. 

Different w/w ratios between the compounds and the enzyme were tested, 

ranging from 0.13:1 to 13:1 peptides (1)/lysozyme w/w ratio and from 0.01:1 

to 10:1 peptide (4)/lysozyme w/w ratio (Fig.2.11 and 2.12).  
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Figure 2.11: Enzymatic activity assay of lysozyme mixed with increasing quantities of peptide 
(1). Samples were prepared at lysozyme final concentration of 0.04 mg mL-1. Concentration of 
peptide (1) ranged from 0.0053 mg mL-1 to 0.53 mg mL-1, for (1):lysozyme w/w ratios of 0.13:1, 
0.65:1, 1.3:1, 6.5:1 and 13:1.  
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Figure 2.12: Enzymatic activity assay of lysozyme mixed with increasing quantities of compound 
(4). Samples were prepared at lysozyme final concentration of 0.04 mg mL-1. Concentration of 
of peptide (4) ranged from 0.004 to 0.4 mg mL-1, for (4):lysozyme w/w ratios of 0.01:1, 0.05:1, 
0.1:1, 0.5:1, 1:1, 5:1 and 10:1.  

  

Results showed a concentration-dependent inhibition of lysozyme activity 

when APR peptides (1) and (4) where mixed with the protein above peptide 

(1):lysozyme 6.5:1 w/w ratio, and above peptide (4):lysozyme 5:1 w/w ratio. 

The inhibition suggested a potential non-covalent interaction of peptides (1) 

and (4) with their homologous intact Aggregation Prone Region on lysozyme 

backbone, thus interfering with its enzymatic activity. At the highest 

(1):lysozyme and (4):lysozyme molar ratios, the scattering appeared to increase 

over time. The increase was ascribed to the mixing of the added Micrococcus 

lysodeikticus suspension with lysozyme water solution inside the UV cuvette, 

leading to a more homogeneous mixture. Some differences in scattering 

intensity between the samples could also be noticed at the starting point of the 

measurements. These differences were ascribed to the manual procedure 

employed to analyse the samples: for each sample, the Micrococcus 

lysodeikticus suspension was manually added to the cuvette, and the 
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measurement started immediately after the addition. Small changes in the way 

the suspension was added or in the time elapsed between the addition and the 

experiment start are presumably responsible for the differences observed. 

However, subsequent studies carried out using DPBS to suspend the substrate 

(Micrococcus lysodeikticus cell walls) instead of water led to complete recovery 

of lysozyme activity.  

We therefore hypothesised that the inhibition of lysozyme activity seen in the 

previous experiments had been caused by contaminants in our peptides. The 

activity of hen egg lysozyme has been previously reported to be pH-dependent, 

and sharply decreasing as pH decreases from to 7.4, until no activity is recorded 

at pH 511. TFA was used in the final step of the synthesis of the peptides, to 

remove the protecting groups from aminoacid residues and cleave the peptide 

from the solid phase support. To assess whether residual TFA on the peptides 

could indeed affect the enzymatic assay, lysozyme was dissolved in 100 µL of 

PBS and then diluted 10 times with DMSO. TFA was added to the final solution, 

at 0.1% v/v. The enzymatic assay was performed on the sample and showed no 

activity from lysozyme, proving that TFA did indeed inhibit its enzymatic activity 

(Fig. 2. 13). This result suggested that it was the residual TFA in the peptides 

rather than APR peptide which inhibited the enzyme. Again, some differences 

in scattering between the samples could be noticed at the starting point of the 

measurements, and were ascribed to the manual procedure employed to 

perform the measurement. 
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Figure 2.13: lysozyme enzymatic activity studies performed at different conditions to assess the 
influence of TFA on lysozyme.  

 

Thus, from these initial experiments no influence of compounds (1), (4) and (7) 

on lysozyme activity was observed, which may be suggestive of no significant 

interaction between APR GILQINSRW peptide and lysozyme.  

However, it has been previously shown by Tokunaga et Al that the target intact 

APR sequence, the segment 54-62 GILQINSRW, is located on lysozyme active 

site, and it is partially buried in its cleft (Fig.2.14)4. 

 

Figure 2.14: Figure taken from Tokunaga et Al4. Structure of HEWL and location of the APR 
region. A. Illustration by ribbon representation. In red the APR with the side chain of tryptophan 
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62. B. Illustration by space-filling model. Red and yellow show tryptophan 62 and other amino 
acids of the APR, respectively. Amino acids in the APR are largely buried inside lysozyme. 

From previous studies and from the experiments we have conducted, lysozyme 

has shown to be a very stable protein, whose denaturation can be obtained 

only in extreme conditions, e.g. using high percentages of a denaturating 

solvent12 or really high temperatures13. When heating was applied, the enzyme 

was able to keep its folded state until up to 70 °C. In its native form, lysozyme 

Aggregation Prone Region, partially buried inside lysozyme active site cleft, may 

be not accessible to compounds (1), (4) and (7).  

Moreover, the high insolubility of these initial GILQINSRW APR derivatives 

made it very difficult to conduct any type of experiment together with the 

protein unless a very high proportion of DMSO was used. These APR derivatives 

were very poorly soluble in aqueous conditions, and when water was slowly 

added to their solutions in DMSO they rapidly precipitated, forming aggregates. 

Introducing relatively small hydrophilic residues, like betaine or a short PEG, did 

not improve significantly the physico-chemical characteristics of the peptide. 

2.3.3. Synthesis of HEA90-b-GILQINSRW 

To circumvent the solubility issues of compounds (1), (4) and (7), a larger 

hydrophilic polymer block was introduced into the GILQINSRW peptide (1) in 

the form of a polymeric chain. N-hydroxyethylacrylamide was selected as 

starting monomer, to generate an amphipathic copolymer with better water 

solubility than the original peptide. The copolymer was synthesised via RAFT 

polymerization with a poly(N-hydroxyethylacrylamide) block of 10 kDa (Scheme 
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2.13). 1H NMR and 13C NMR spectra of the different steps of this synthesis are 

included in the Supporting Information. 
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Scheme 2.13: Synthesis of HEA90-b-GILQINSRW copolymer. Reagents and conditions: (a) Et2O, 
room temperature. (b) K3Fe(CN)6, H2O, room temperature. (c) V501, MeOH, ethyl acetate, 80°C. 
(d) HATU, TEA, DMF, room temperature. (e) DCM/TFE 8:2 v/v, room temperature. (f) N-
Hydroxyethylacrylamide, V501, DMF, 70 °C. (g) AIBN, DMF, 80 °C. (h) 0.1 N HCl in HFIP at room 
temperature. SEC analyses were conducted using DMF + 0.1% LiBr as the mobile phase.   
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2.3.3.1. Synthesis of peptide GILQINSRW -RAFT agent (12) 

The trithiocarbonate CTA (10) was synthesised in 3 steps, following a modified 

version of a reported protocol5. The protocol started with the reaction of 

carbon disulfide with ethanethiol in presence of sodium hydride, affording 

sodium ethyl carbonotrithioate (8). Compound (8) was then oxidised with 

K3Fe(CN)6 giving dithiobis ethyl carbonotrithioate disulfide  (9), which was 

finally converted into CTA (10) by reacting with V501 radical initiator. CTA (10) 

was then coupled to the APR (1) GILQINSRW through its carboxyl group. The 

coupling was performed in solid phase, using a modified version of a previous 

established procedure18, and gave the peptidic, resin-bound GILQINSRW-RAFT 

agent intermediate. The peptide was then cleaved from the resin using mild 

conditions (a 8:2 mixture of DCM and TFE), which did not remove the protecting 

groups on the amino acids side chains, finally affording the GILQINSRW-RAFT 

agent (12). In order to avoid any side reactions between the side chains of the 

peptide and the trithiocarbonate of the RAFT agent, peptide deprotection was 

carried out as the last step, after the synthesis of the poly(hydroxyethyl 

acrylamide)-b-peptide. The purity of GILQINSRW-RAFT agent (12) was verified 

by 1H NMR and ESI-MS (Fig. 2.15 and 2.16). 
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Figure 2.15: Structure of peptidic GILQINSRW-RAFT agent (12) and its ESI MS spectrum. Peak at 
1135 corresponds to [M + 2Na]2+. 

 

1H NMR analysis allowed the identification of some of the methyl peaks 

belonging to GILQINSRW protecting groups, such as the aromatic trityl- 

protecting groups at around 7.5 ppm, alongside with the methyl peaks 

belonging to leucines and isoleucines residues on the APR backbone. These 

peaks were later used to calculate the N-Hydroxyethylacrylamide DP of the final 

copolymer.   
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Figure 2.16: 1H NMR spectrum of RAFT-GILQINSRW (11) in d6-DMSO. 

.  

2.3.3.2. Synthesis of HEA90-b- GILQINSRW 

The RAFT agent was then used to mediate the RAFT polymerization of 

monomer N-hydroxyethylacrylamide, α affording poly(N-

hydroxyethylacrylamide)-b-GILQINSRW (14). Its Mn,NMR was estimated by 1H 

NMR spectroscopy by comparing the integrals of peaks characteristic for the 

protected peptide moiety (e.g. the trityl protecting groups) with those of the 

poly(HEA) block (Fig. 2.17), obtaining a final Mn,NMR of 12.5 kDa. The 

polymerization was found to be controlled, as confirmed by SEC analysis in DMF 

(PMMA standards), with final narrow molecular weight distributions observed 

(Ð = 1.09 with Mn,SEC= 17 kDa). 
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Figure 2. 17: 1H NMR spectrum of poly(N-hydroxyethylacrylamide)-b-GILQINSRW (14) in d6-
DMSO. Peaks of peptide protecting groups are compared to that of the polyHEA block, 
confirming copolymer synthesis, and a chain length of 90 HEA monomer units, giving a Mn,NMR 

= 12.5 kDa.  

 

The acidic conditions required for peptide deprotection may cause hydrolysis 

of the polymer, generating thiol-terminated polymer chains which in the 

presence of oxygen could dimerize. Therefore, the trithiocarbonate end-group 

was removed from the copolymers before peptide deprotection, using an 

excess of radical initiator AIBN, as described by Perrier and co-workers19. The 

reaction afforded poly(N-hydroxyethylacrylamide)-b-GILQINSRW (16). A 

UV/Vis analysis was carried out before and after this reaction, showing the 

disappearance of the broad band between 290 and 320 nm, which is due to the 

trithiocarbonate group chain-end (Fig. 2.18). 
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Figure 2.18: Removal of trithiocarbonate polymer chain-ends. UV spectra of poly(N-
hydroxyethylacrylamide)-b-GILQINSRW (14) (before removal of the trithiocarbonate moiety), 
and poly(N-hydroxyethylacrylamide)-b-GILQINSRW (16) (after removal). The progress of the 
reaction was followed by monitoring the disappearance of the band at λmax ~ 310 nm.   

 

After removal of the trithiocarbonate end-group, poly(N-

hydroxyethylacrylamide)-b-GILQINSRW (16) was finally converted into HEA90-

b-GILQINSRW by removal of amino acid protecting groups from the GILQINSRW 

block. 1H NMR analysis of the final copolymer showed the characteristic peaks 

of poly(N-hydroxyethylacrylamide), while the signals of the protecting groups 

were no longer present, confirming quantitative deprotection of the peptide 

block (Fig. 2.19). A final Mn,NMR of 11.5 kDa was calculated by comparing the 
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signal of the methyl group of leucine and isoleucine residues of the GILQINSRW 

peptide block to the peaks of the polyacrylamide block.  

SEC analysis in DMF (PMMA standards) confirmed the narrow distribution 

observed before RAFT removal with a PDI of 1.07 and Mn,SEC= 17 kDa.  

 

Figure 2.19: 1H NMR spectrum of HEA90-b-GILQINSRW in d6-DMSO. The area of the signal of 
the methyl group of leucine and isoleucines of GILQINSRW peptide at 0.81 ppm was compared 
to peaks of OH and NH of polyacrylamide, to estimate a polymer chain length of around 90 
monomer units, and a Mn,NMR of 11.5 kDa. 

 

2.3.4. Potential interactions of HEA90-b- GILQINSRW with   
   lysozyme:  enzymatic assay 

Potential interaction between HEA90-b- GILQINSRW and lysozyme in PBS was 

assessed by performing a lysozyme activity assay. The protein and the 

copolymer were mixed at 1:1 molar ratio. The copolymer was found to be fully 

soluble in DPBS at the concentration tested (0.035 mg/mL), allowing to 
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overcome the solubility problems experienced with original APR-mimicking 

peptide (1). 

Results showed that addition of HEA90-b-GILQINSRW did not have any relevant 

effect on lysozyme activity (Fig. 2.20), as it was previously observed for peptide 

GILQINSRW (1). Despite copolymer full solubility in DPBS, no interaction could 

be observed between the copolymer and the protein.    
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Figure 2.20: activity assay of lysozyme mixed with HEA90-b-GILQINSRW at 1:1 molar ratio. 
Samples were prepared at lysozyme final concentration of 0.04 mg/mL in PBS.  

 

2.3.5. Potential interactions of HEA90-b- GILQINSRW with  
    lysozyme: lysozyme aggregation assay 

Despite the synthesis of a fully water-soluble APR-incorporating copolymer, it 

was not observed any difference in lysozyme activity upon copolymer addition, 

suggesting that there was no interaction occurring between the two 

macromolecules. The lack of interaction may be ascribed to potential low 

accessibility of lysozyme homologous intact APR sequence, which is, when the 

protein is in folded state, partially buried in the active site cleft. 
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For this reason, potential interaction between the copolymer and the protein 

was investigated in denaturant conditions, which could force the protein to 

unfold, increasing the solvent exposure and the accessibility of its APR.  

Lysozyme aggregation has been observed at alkaline pH by Homchaudhuri et 

al. Protein incubation at pH 12 in phosphate buffer led to the formation of 

visible aggregates. Aggregation rate was found to be concentration dependent, 

and irreversible under these strongly basic conditions20. Another study 

highlighted that the protein, polycationic at neutral pH,  above its isoelectric 

point of 11.8 has an overall net charge close to zero, which triggers protein 

unfolding and exposure of hydrophobic patches with subsequent protein 

aggregation21.  

The exposure of these hydrophobic patches, usually hidden inside lysozyme 

core, in denaturing conditions, was conveniently used to improve lysozyme 

stability by Muller et al., who covalently linked different hydrophobic groups, 

such as tryptophan, cholesterol and dansyl, to PEGs of different molecular 

weight (2 and 5 kDa). The resulting PEG-conjugates were tested on hen egg 

lysozyme, whose aggregation onset, induced in pH 12 phosphate buffer, was 

significantly delayed in the presence of the polymers. The interaction between 

the polymers and the protein was achieved through the hydrophobic group at 

the polymer chain-end, developing a non-covalent PEGylation system based on 

hydrophobic interactions22. 

It was reasonable to hypothesise that, due to GILQINSRW aggregation-prone, 

self-interacting nature, the HEA90-b-GILQINSRW copolymer could establish 
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non-covalent hydrophobic interactions with the intact APR homologous on 

lysozyme sequence, or with other hydrophobic, potentially self-assembling 

pockets on the protein backbone.  

Lysozyme was therefore dissolved at a final concentration of 10 mg/mL, and 

mixed with the block copolymer for a final lysozyme:copolymer 1:1 molar ratio. 

Aggregation was followed by turbidimetry, recording absorbance at 500 nm on 

a 96-well plate over 24 h (Fig. 2.21). 
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Figure 2.21: aggregation assay of Lysozyme and a mixture between HEA90-b-GILQINSRW and 
lysozyme at 1:1 HEA90-b-GILQINSRW:lysozyme molar ratio. [Lysozyme]= 10 mg/mL in 100 mM 
pH 12.3 phosphate buffer. Lysozyme aggregation was assessed by turbidimetry, recording Abs 
λ=500 nm every 30 min for 24 h. 

 

Results confirmed the formation of large aggregates from pure lysozyme 

samples. Aggregation onset started after ca. 1 h of incubation in the plate 

reader and reached its maximum after around 20 h. HEA90-b-GILQINSRW 

delayed significantly the onset of the aggregation process. In the HEA90-b-
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GILQINSRW:Lysozyme sample, aggregation only started after 10 h, and by the 

end of the experiment the amount of scattering due to the presence of 

aggregates was still significantly lower compared to that of the free protein.  

The experiment suggested that a non-covalent interaction may have occurred 

between the APR fragment on the copolymer chain and hydrophobic, self-

aggregating patches on lysozyme sequence. The interaction could successfully 

delay the onset of lysozyme aggregation and the amount of final aggregate. 

This stabilising effect may have been favoured by the copolymer 

polyacrylamide hydrophilic chain that shielded the protein, preventing multiple 

proteins to come in contact and aggregate. The stabilising mechanism of action 

may be then analogous to that of hydrophobic non-covalent PEGylation, where 

a transient stabilising interaction between proteins and PEG is developed 

through functional groups linked to the PEG chain, able to establish non-

covalent interactions with specific areas on the protein backbone23. 

2.3.6. APR modification: assessing the importance of Tryptophan  
  for APR-lysozyme interaction 

The previous experiment showed that copolymer HEA90-b-GILQINSRW had 

stabilising effects on lysozyme. Due to the hydrophobic nature of peptide 

GILQINSRW, it was reasonable to hypothesise that these effects had been 

mediated by non-covalent hydrophobic interactions between the peptide and 

hydrophobic patches on lysozyme backbone.  However, more studies were 

needed to understand the exact nature of this interaction. In particular,  since 

it has been verified by Tokunaga et al. that APR GILQINSRW fragment can self-

assembly through mutual β-sheet interactions4, if an analogous interaction was 
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established with the homologous intact APR of lysozyme, a change in the amino 

acidic composition of the APR-mimicking  fragment, capable of suppressing its 

self-aggregation, could potentially also suppress its interaction with the 

protein.  

Interestingly, in the same work that identified GILQINSRW as one of lysozyme’s 

APRs, Tokunaga et al. highlighted that a single amino acid change, the 

substitution of tryptophan with a glycine, completely suppressed GILQINSRW 

aggregation (Table 2.1)4. 

Table 2.1: aggregation-propensity of peptide GILQINSRW is completely suppressed by the 
susbstitution of tryptophan with glycine (terminal glycine (G) residue in bold to highlight the 
amino acid that was introduced compared to the original GILQINSRW sequence). Table 
rearranged from Tokunaga et Al4. pI=isoelectric point, ++ high propensity, + propensity, - no 
propensity. 

Peptide pI pH 2 pH 4 pH 7 pH 9 

GILQINSRW 9.75 + ++ + - 

GILQINSRG 9.75 - - - - 

 

This is of no surprise if we consider the importance that tryptophan has in 

protein aggregation24.  Together with the other aromatic amino acids, 

tryptophan is believed to form β-sheet-directed aggregates through the π-

stacking interactions that multiple tryptophan side chains can mutually 

establish. Studies have used specific algorithms to predict the propensity to 
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aggregate of each amino acid, and tryptophan was found to be the one with 

the highest aggregation propensity25. 

In analogy with Tokunaga’s work4, to gain further insight into the mechanisms 

by which HEA90-b-GILQINSRW delayed and minimised aggregation of lysozyme, 

an analogous of  GILQINSRW (1), where tryptophan was replaced by a glycine 

residue, was synthesised.  

The newly synthesised peptide GILQINSRG was thus coupled to CTA (10) and 

used to mediate the RAFT polymerization of N-Hydroxyethylacrylamide 

monomer as it was done with the original APR GILQINSRW. The resulting 

copolymer was then tested to assess its ability to prevent lysozyme 

aggregation, compared to the original HEA90-b-GILQINSRW. 

2.3.6.1. Synthesis of GILQINSRG peptide (11) 

Synthesis of GILQINSRG peptide (11) (Fig. 2.22) was accomplished through solid 

phase synthesis, following the same procedure used for GILQINSRW (1). 

Chemical identity and purity of GILQINSRG (11) were confirmed by ESI-MS and 

RP-HPLC (Fig. 2.23 and 2.24). 
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Figure 2.22: Structure of GILQINSRG (11), which was synthesised as a modified version of APR 
GILQINSRW (1) to verify the importance of tryptophan in APR sequence for its interaction with 
lysozyme. (terminal glycine (G) residue in bold to highlight the amino acid that was introduced 
compared to the original GILQINSRW sequence). 

 

Figure 2.23: ESI MS analysis of GILQINSRG (11) (terminal glycine (G) residue in bold to highlight 
the amino acid that was introduced compared to the original GILQINSRW sequence). Two peaks 
are identified: peak at 957.5 m/z corresponds to [M-H]+, that at 479.3 to [M+2H]2+. 
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Figure 2.24: RP-HPLC chromatogram of GILQINSRG peptide (terminal glycine (G) residue in bold 
to highlight the amino acid that was introduced compared to the original GILQINSRW 
sequence). The sample was eluted using a 20-90% acetonitrile gradient in water +0.1% TFA. 
Absorbance was recorded at λ=220 nm. Purity was estimated by calculating the ratio between 
the peak area of the peptide and all detected peak areas. 
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By RP-HPLC chromatography it was possible to estimate a purity of ~85%. The 

peptide was used directly to react with CTA (10) without further purification. 

2.3.6.2. Synthesis of HEA95-b-GILQINSRG 

The synthesis of HEA95-b- GILQINSRG followed the same steps taken for HEA90-

b- GILQINSRW (Scheme 2.16).   

 

Scheme 2.14: synthesis of HEA95-b-GILQINSRG copolymer (terminal glycine (G) residue in bold 
to highlight the amino acid that was introduced compared to the original GILQINSRW 
sequence). Reagents and conditions: (a) Et2O, room temperature. (b) K3Fe(CN)6, H2O, room 
temperature. (c) V501, MeOH, ethyl acetate, 80ºC. (d) HATU, TEA, DMF, room temperature. (e) 
DCM:TFE 8/2 v/v, room temperature. (f) N-Hydroxyethylacrylamide, V501, DMF, 70 ºC. (g) 
AIBN, DMF, 80 °C. (h) 0.1 N HCl in HFIP at room temperature.  
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As first step, CTA (10) was coupled to GILQINSRG through solid-phase, HATU-

mediated coupling. The resulting resin-bound, RAFT- GILQINSRG (13) was 

cleaved from the resin using a 8:2 DCM:TFE v/v mixture to avoid the removal 

of the protecting groups. Cleaved (13) was then analysed by ESI-MS and 1H NMR 

(Fig. 2.25 and 2.26).  

 

Figure 2.25: ESI MS analysis of RAFT- GILQINSRG (13) (terminal glycine (G) residue in bold to 
highlight the amino acid that was introduced compared to the original GILQINSRW sequence). 
Peak at 1993.9 m/z corresponds to [M]-.  

 

Figure 2.26: 1H NMR spectrum of RAFT-GILQINSRG (11) (terminal glycine (G) residue in bold to 
highlight the amino acid that was introduced compared to the original GILQINSRW sequence) 
in d6-DMSO.  
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The RAFT agent was then used to mediate the RAFT polymerization of N-

hydroxyethylacrylamide, affording poly(N-hydroxyethylacrylamide)-b-

GILQINSRG (15). Its chemical identity was confirmed by 1H NMR, as done 

previously for poly(N-hydroxyethylacrylamide)-b-GILQINSRW (14), obtaining a 

final Mn,NMR of 13.1 kDa and a DP of 95 (see Appendix). The polymerization was 

found to be controlled, as confirmed by SEC analysis, with final narrow 

molecular weight distributions observed (Ð= 1.26 and Mn,SEC 16.4 kDa). 

Similarly to what done before for copolymer (14), the trithiocarbonate end-

group was removed from the copolymer before peptide deprotection, using an 

excess of the radical initiator AIBN, as described by Perrier and co-workers19. 

The reaction afforded poly(N-hydroxyethylacrylamide)-b-GILQINSRG (17). A 

UV-Vis analysis was performed before and after this reaction, showing the 

disappearance of the broad band between 290 and 320 nm, which is due to the 

trithiocarbonate group chain-end (see Supporting Information). 

Finally, protected poly(N-hydroxyethylacrylamide)-b-GILQINSRG (17) was 

converted into final HEA95-b-GILQINSRG by removal of amino acid protecting 

groups of the peptide GILQINSRG. The final copolymer was analysed by 1H NMR 

(Fig.2.27). A final Mn,NMR of 12.1 kDa was calculated by comparing the signal 

from leucine and isoleucines CH3 of the GILQINSRG peptide block to peaks of 

polyacrylamide. SEC analysis confirmed the narrow distribution observed 

immediately after polymerization, with a Ð of 1.13.  



Chapter 2 

120 

 

 

Figure 2.27: 1H NMR spectrum of HEA95-b-GILQINSRG in d6-DMSO. The area of the signal of the 
methyl groups of leucine and isoleucine of GILQINSRG peptide at 0.81 ppm was compared to 
characteristic peaks of polyacrylamide (1 and 4), to estimate a polymer chain length of around 
85 monomer units, and a Mn,NMR of 12.1 kDa. 

 

2.3.6.3. Synthesis of control polymer HEA100 

A polymer lacking the APR GILQINSRW peptide at its chain-end was synthesised 

using CTA (10) as RAFT agent and N-hydroxyethylacrylamide as monomer 

(Scheme 2.17). The resulting HEA100 was used as a control polymer in the 

subsequent protein-polymers association experiment, as it had a similar N-

hydroxyethylacrylamide DP of synthesised copolymers. 
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Scheme 2.15: synthesis of HEA100. Reagents and conditions: N-hydroxyethylacrylamide, V501, 
DMF at 70 °C.  

 

2.3.6.4. Comparison between HEA90-b- GILQINSRG and HEA95-b- GILQINSRG:  
     lysozyme aggregation assay 

 

The two copolymers and the control HEA100 were tested on lysozyme 

aggregation assay, to compare their anti-aggregation behaviour (Fig.2.28).  
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Figure 2.28: aggregation assay of lysozyme and a mixture between the polymers and lysozyme 
at 1:1 polymers:lysozyme molar ratio. [Lysozyme]= 10 mg/mL in 100 mM pH 12.3 phosphate 
buffer. Lysozyme aggregation was assessed by turbidimetry, recording Abs λ=500 nm every 30 
min for 24 h. 

 

It is clear from Fig. 2.28 that HEA95-b-GILQINSRG does not have any ability to 

modulate lysozyme aggregation, as its turbidimetry curve is almost overlapping 

that of pure lysozyme. From the absorbance (due to light scattering) values it 

appears that the copolymer is increasing the amount of final aggregated 

lysozyme. A very similar behaviour was observed from the control polymer 
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HEA100, which confirms that the polyacrylamide chain on its own is not able to 

establish any stabilising interaction with lysozyme in these conditions.  

Results appear to confirm the initial hypothesis: the modification of the APR 

sequence has been reported to suppress its self-aggregating properties, and we 

have experimentally proven that it has also suppressed the interaction of the 

corresponding copolymer with lysozyme. This may suggest that this interaction 

was established between the APR GILQINSRW fragment that we synthesised, 

and its homologous APR on lysozyme, based on the ability of APRs to self-

assemble through mutual interactions. 

Results have also highlighted the importance of tryptophan as a key amino acid 

to maintain the lysozyme anti-aggregation properties of the APR sequence. A 

single change caused a drastic difference, which may be ascribed to tryptophan 

important role in APRs for the development of β-sheet-like supramolecular 

aggregates. 
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2.4. Final considerations 
 

In this chapter, hen egg lysozyme’s Aggregation Prone Region (APR) was chosen 

as target to improve lysozyme stability and prevent its aggregation4. APRs can 

drive protein self-aggregation through β-sheet mutual interactions. Our 

working hypothesis was that a synthetic peptide, identical or very similar to 

Lysozyme APR, could interact with its homologous sequence on the protein 

with mutual, non-covalent, hydrophobic interactions. These interactions could 

be used to prevent Lysozyme APRs from self-interacting, thus preventing 

protein aggregation. A small library of APR GILQINSRW peptides analogues was 

synthesised. Small hydrophilic molecules were incorporated into the APR 

structure, to improve peptide solubility and potentially give it some β-sheet 

disrupting properties, so that it could interact with lysozyme, and minimise its 

aggregation. 

However, initial experiments failed to detect significant interaction between 

lysozyme and APR peptide GILQINSRW, under the conditions investigated, as 

assessed by lysozyme activity assay. This could be ascribed to a number of 

contributing factors. The APR within the lysozyme structure is partially buried 

in the cleft that comprises lysozyme active site, thus it may be difficult to access. 

Moreover, the synthesised APR GILQINSRW fragment was found to be very 

insoluble, and its self-aggregating behaviour may prevent it to interact with the 

protein.  APR GILQINSRW analogues that were synthesised to improve its 

solubility displayed the same behaviour. 
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Thus, a different approach was followed, where the APR peptide GILQINSRW 

was converted into a RAFT agent and this used to mediate the polymerisation 

of N-hydroxyethylacrylamide, to provide the hydrophobic peptide with a long 

hydrophilic polymer block that could improve its solubility in water. The 

interaction between the resulting copolymer HEA90-b-GILQINSRW and 

lysozyme was evaluated using again the lysozyme enzymatic activity assay. As 

no difference in lysozyme activity was observed upon copolymer addition, we 

enhanced the solvent exposure of lysozyme APR by inducing lysozyme 

denaturation and aggregation at pH 12. This time an interaction between the 

HEA90-b-GILQINSRW and the protein was observed, as lysozyme aggregation 

onset was significantly delayed in the presence of HEA90-b-GILQINSRW. 

The stabilising effects of HEA90-b-GILQINSRW was ascribed to non-covalent 

hydrophobic interactions between the GILQINSRW peptide fragment on the 

copolymer and hydrophobic patches on lysozyme backbone.  

To further investigate if the self-assembly, β-sheet-forming nature of 

GILQINSRW was a key factor to develop this interaction, tryptophan on 

GILQINSRW was substituted with a glycine. This substitution was based on a 

previous study, where it was shown that without tryptophan the self-

aggregating behaviour of the APR GILQINSRW peptide was completely 

suppressed. Interestingly, the newly synthesised copolymer HEA85-b-

GILQINSRG lost completely its ability to interact with lysozyme and prevent its 

aggregation. 
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Results indicate that peptide GILQINSRW can be used to interact with 

hydrophobic patches on lysozyme to prevent or delay its aggregation. They also 

suggest that if GILQINSRW self-assembling nature is supressed, its interaction 

with the protein is greatly reduced.  It may then be hypothesised that 

GILQINSRW is stabilising lysozyme by interacting with its homologous APR 

sequence on the protein, with the same type of mutual interactions that usually 

lead to protein aggregation. The polyacrylamide block may surround and shield 

the protein, in this way preventing proteins from coming together and 

aggregate. If confirmed, the hypothesis suggests a potentially new approach to 

address aggregation of therapeutic proteins, by targeting their aggregation 

prone regions through homologous APR-copolymers that act as non-covalent 

stabilisers.  

However, more studies are required to elucidate the specificity of GILQINSRW 

for its homologous APR on lysozyme backbone. Other hydrophobic patches on 

the protein could be capable of interacting with GILQINSRW. A proper 

technique, like for example Isothermal Titration Calorimetry, could help to 

estimate the number of HEA90-b-GILQINSRW chains that are interacting per 

protein molecule. More investigations are also required to understand if the 

protein retains its enzymatic activity after being treated with the copolymer. 

Even though after 24h at pH 12 almost no visible aggregate was observed, the 

protein may still be partially or completed unfolded. The non-covalent 

interactions that undergo between the two macromolecules may induce 

conformational changes in the protein structure, with partial unfolding and 

subsequent loss of protein functionality.  



Chapter 2 

126 

 

Finally, further studies conducted on GILQINSRW revealed that its poor 

solubility in water and also many organic solvents was at least partially due to 

the procedure that was used to purify the peptide after cleavage from the resin. 

The cleaved GILQINSRW was precipitated in diethyl ether and used directly 

without any further purification, as HPLC analysis revealed a purity of around 

85%.  

However, its purification was later attempted, using a semi-preparative HPLC 

column. The collected fractions afforded a ≥95% purity peptide, which, once 

dissolved in DMSO, surprisingly did not precipitate anymore upon water 

addition.  

The low degree of solubility observed on un-purified GILQINSRW could be 

ascribed to its precipitation in diethyl ether, which may have induced its self-

assembly into very insoluble aggregates. Further studies would therefore be 

necessary to understand if the APR GILQINSRW fragment is now potentially 

able to interact with its homologous on lysozyme backbone, without the need 

for its copolymerization with a long hydrophilic chain to make it more soluble. 
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Supporting Information Chapter 2 
 

1H and 13C NMR spectra were recorded on a Bruker DPX400 UltraShield™ 

Spectrometer and processed with MestReNova 12.0© 2017 Mestrelab 

Research S.L. All chemical shifts are reported in ppm (δ) relative to 

tetramethylsilane or referenced to the chemical shifts of residual solvent 

resonances.  

ESI TOF Mass spectrometry analyses were conducted on a Bruker microTOF II. 

MALDI TOF analyses were performed on a Bruker Ultraflex III analyser.  

FT-IR spectra were recorded using an Agilent Cary630.  

Polymer SEC analyses were performed on a Polymer Laboratories GPC 50 

system equipped with a refractive index detector, using a system made of two 

PLgel Mixed-D (5 μm bead, 7.8 × 300 mm) columns and a matching guard (7.8 

× 50 mm). Analyses were performed in DMF at a flow rate of 1 mg/mL with 

0.1% w/v LiBR. Narrow PMMA standards were used for calibration.  

HPLC experiments were performed on a Shimadzu HPLC (LC-20AD pump) 

equipped with a SPD-M20A UV detector and SIL-20A autosampler. Reverse 

phase analyses were completed using a C18 Zorbax Eclipse Plus C18 column 

(3.5 μm, 95 Å, 4.6 × 12.5 mm). 

Lysozyme activity assays were performed using a using a DU-800 UV/Vis 

Spectrophotometer from Beckman Coulter, US. 
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Lysozyme aggregation assays were performed using a TECAN Spark 10M Multi-

function Platereader, measuring Absorbance at λ=500 nm every 30 min for 24 

h at 30°C. 

 

 

 
Figure S2.1: 1H NMR spectrum of PEG Succinimidyl Carbonate (3) in CDCl3. 

 

 



Chapter 2 

131 

 

 
Figure S2.2: 13C NMR spectrum of PEG Succinimidyl Carbonate (3) in CDCl3. 

 

 

 

Figure S2.3: 1H NMR spectrum of sulfobetaine succinimidyl carbonate (6) in d6-DMSO. 
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Figure S2.4: 1H NMR spectrum of Sodium ethyl carbonotrithioate (8) in d6-DMSO. 

 

Figure S2.5: 13C NMR spectrum of Sodium ethyl carbonotrithioate (8) in d6-DMSO. 
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Figure S2.6: 1H NMR spectrum of dithyiobis ethyl carbonotrithioate disulfide (9) in CDCl3. 

 

Figure S2.7: 13C NMR spectrum of dithyiobis ethyl carbonotrithioate disulfide (9) in CDCl3. 
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Figure S2.8: 1H NMR spectrum of CTA (10) in CDCl3. 

 

Figure S2.9: 13C NMR spectrum of CTA (10) in d6-DMSO. 
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Figure S2.10: 1H NMR spectrum of poly(N-hydroxyethylacrylamide)-b-GILQINSRG (15) in d6-
DMSO. 
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Figure S2.11: Removal of trithiocarbonate polymer chain-ends. UV spectra of poly(N-
hydroxyethylacrylamide)-b-GILQINSRG (15) (before removal of the trithiocarbonate moiety), 
and poly(N-hydroxyethylacrylamide)-b-GILQINSRG (17) (after removal). The progress of the 
reaction was followed by monitoring the disappearance of the band at λmax ~ 310 nm. 
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Figure S2.12: normalised SEC traces of HEA90-b-GILQINSRW, HEA95-b-GILQINSRG and their 
polymeric precursors. SEC analyses were performed in DMF + 0.1 % LiBr (PMMA standards). 
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protein stabilisation 

______________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

138 

 

3.1. Introduction .............................................................................................. 139 

3.2. Materials and methods ............................................................................. 144 

3.2.1. Materials ........................................................................................... 144 

3.2.2. Synthesis of monomers IND, PHEN and MTB ................................... 144 

3.2.3. Synthesis of oligomeric CTAs IND1, PHEN1, MTB1, IND3, .................. 147 

PHEN3, MTB3, IND10, PHEN10 and MTB10 ........................................................... 147 

3.2.4. Synthesis of IND1-, PHEN1-, MTB1-, IND3-, PHEN3-, MTB3-, ............... 151 

3.2.5. Synthesis of control polymer HEA36.................................................. 155 

3.2.6. Lysozyme aggregation assay ............................................................. 156 

3.2.7. Binding of copolymers to insulin: solubility studies ........................ 156 

3.2.8. Binding of copolymers to insulin: Circular Dichroism ...................... 157 

analysis .............................................................................................................. 157 

3.2.9. Binding of copolymers to peptide IDR1018: solubility .................... 158 

studies ............................................................................................................... 158 

3.2.10. Analysis of potential polymers self-assembly .................................. 158 

3.2.11. Critical Micelle Concentration measurements of ............................ 158 

IND3-b-HEA98 and IND10-b-HEA95 ....................................................................... 158 

3.3. Results and discussion .............................................................................. 160 

3.3.1. Synthesis of IND, (PHEN) and (MTB) monomers .............................. 161 

3.3.2. Synthesis of oligomeric CTAs IND1, PHEN1, MTB1, IND3, PHEN3, MTB3, 

IND10, PHEN10 and MTB10 .................................................................................. 162 

3.3.3. Synthesis of IND1-, PHEN1-, MTB1-, IND3-, PHEN3-, MTB3-, ............... 170 

IND10-, PHEN10- and MTB10-copolymers ............................................................ 170 

3.3.4. Prevention of lysozyme aggregation ................................................ 175 

3.3.5. Binding of copolymers to insulin: solubility studies ........................ 179 

3.3.6. Binding of copolymers to insulin: circular dichroism studies .......... 185 

3.3.7. Binding of copolymers to peptide IDR 1018: solubility ................... 189 

studies ............................................................................................................... 189 

3.3.8. Potential self-association of copolymers ......................................... 193 

3.4. Final considerations .................................................................................. 200 

References ............................................................................................................. 203 

Supporting Information Chapter 3 ....................................................................... 207 

 

 

 

 



Chapter 3 

139 

 

3.1. Introduction 

In the previous chapter, we hypothesised that a peptide derived from one of 

lysozyme’s aggregation prone regions was able to non-covalently interact with 

its homologous sequence on lysozyme itself. A copolymer incorporating such 

peptide was able to significantly delay lysozyme aggregation in strong basic 

conditions. 

These results suggested that peptides with amino acid sequences analogous to 

that of protein aggregation prone regions, as naturally self-aggregating 

sequences, could be used to interact through the same mechanism with similar, 

hydrophobic and self-aggregating sequences on proteins backbone. These 

materials may potentially be used to prevent or delay protein aggregation, 

improve protein solubility or, when included in protein delivery carriers, 

promote controlled-release or targeted delivery of therapeutic proteins.  

Interestingly, in our initial work we observed that a single change in the amino 

acids sequence, the replacement of tryptophan with glycine, completely 

suppressed any interaction between this peptide and lysozyme, thus 

highlighting an important role that tryptophan may have on protein 

aggregation.  

Tryptophan is one of the four aromatic amino acids, together with histidine, 

phenylalanine and tyrosine: its side chain is characterised by an aromatic indole 

functional group, which can interact with other aromatic groups on the protein 

sequence through the π-electron cloud over the indole ring.  There are 3 types 
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of interactions that aromatic rings may establish: edge-to-face or T-shaped, 

face-to face and parallel displaced or offset stacked (Fig. 3.1)1. 

 

 

Figure 3.1: different types of π-interactions established by aromatic rings. 

 

Through its indole N-H, tryptophan is also able to establish H-bonds with 

carbonyl groups of phospholipids in cell membranes, improving the stability of 

transmembrane proteins2. 

The role of tryptophan in mediating protein aggregation has been previously 

investigated. A specific algorithm was developed to calculate the propensity of 

each amino acid to promote the conversion of a polypeptide chain into amyloid 

aggregates and tryptophan has been identified as the amino acid with the 

highest intrinsic aggregation propensity at neutral pH3. Cecchini et. al 

investigated the importance of tryptophan in the amyloidogenic fibrillation of 

myoglobin, by substituting Trp7 and Trp14 from myoglobin aggregation prone 

regions with two alanines. The resulting peptides were dissolved in 10 mM HCl, 
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pH 2.0 and while the original peptide readily self-assembled into a β-sheet 

structure, under the same conditions its modified analogues retained a 

completely unfolded structure4. The role of tryptophan-tryptophan 

interactions in stabilizing the protein motif β-hairpin (two anti-parallel β-

strands that resemble a hairpin) was had been previously elucidated by 

Cochran and co-workers 5. 

Within the context of protein formulation, the propensity of tryptophan for 

hydrophobic interactions and β-sheet structure has made it a good candidate 

for the development of proteins stabilizers.  

Its potential use as component of protein excipient was explored by Tudor 

Arvinte’s group, where tryptophan was covalently linked to PEGs of different 

molecular weight (2 and 5 kDa). The resulting (PEG-Trp)s were tested on salmon 

calcitonin (sCT), a 3.4 kDa peptide whose aggregation, induced in 10 mM pH 6 

citrate buffer and measured by turbidimetry, was significantly reduced in the 

presence of the 2 kDa polymer. The interaction between the polymer and the 

peptide was achieved through the tryptophan group, developing a non-

covalent PEGylation system based on hydrophobic interactions6. The same 

concept was extended, within the same group, to different hydrophobic 

groups, derivatising PEG with cholesterol, dansyl, phenylbutylamino and benzyl 

groups. The resulting modified PEGs, along with the original tryptophan-PEG, 

were compared for their ability of preventing the aggregation of salmon 

calcitonin and hen egg lysozyme. PEG-tryptophan was found to be the most 
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effective to minimise sCT aggregation, while PEG-cholesterol, PEG-

phenylbutylamino and PEG-dansyl gave the best results with lysozyme7.  

In the present part of this thesis work, we aimed at further exploring the 

efficacy of tryptophan as excipient for protein formulation to develop a family 

of protein stabilisers. We wanted to develop a library of amphiphilic block 

copolymers, comprising amino acid-like moieties, potentially able to non-

covalently interact with hydrophobic, self-aggregating protein domains, and 

prevent protein aggregation/denaturation.  

As most of the non-covalent interactions discussed thus far can be ascribed to 

tryptophan’s side group indole, we decided to incorporate one or more indoles 

into these potential protein stabilisers. Accordingly, we first created an indole-

bearing monomer starting from the molecule indole 3-acetic acid. The 

monomer was then oligomerised by RAFT polymerization to obtain a series of 

oligomeric CTAs with DP between 1 and 10. For comparative purposes, a range 

of hydrophobic oligomeric CTAs incorporating phenyl and methylisobutyric 

moieties were also made, to mimic the side groups of phenylalanine and 

isoleucine (Fig. 3.2). 

As these oligomers were highly hydrophobic, they were thus copolymerized 

with N-hydroxyethylacrylamide, obtaining final water-soluble copolymers.  The 

copolymers were tested as stabilizers and solubilisers for three different 

proteins: hen egg lysozyme, bovine pancreatic insulin and the antimicrobial 

peptide IDR1018. The efficacy of the copolymers was assessed by turbidimetry 

and solubility studies. 
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Figure 3.2: chemical structure of the three monomers that were used to mimic the side chains 
of Trp, Phen and Ile: the indole-bearing IND monomer, PHEN monomer which incorporates 
phenylacetic acid and MTB which comprises a methylbutyric acid functionality. 
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3.2. Materials and methods 
3.2.1. Materials 

Methanol, dichloromethane (DCM), ethyl acetate, diethyl ether, chloroform, 

tetrahydrofuran, petroleum ether, N,N-dimethylformamide (DMF) and acetone 

were purchased from Fisher Scientific (Bishop Meadow Rd, Loughborough, UK). 

N-hydroxyethylacrylamide (97%), indole 3-acetic acid (≥98%), phenylacetic acid 

(99%), methylbutyric acid (98%), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide-HCl (≥97%), dimethylamino pyridine 

(≥99%), bovine pancreatic insulin , hen egg lysozyme (≥95%), DPBS buffer, 

DIPEA (≥99%), TEA (≥99%),and VA-501 (≥98%) were obtained from Sigma-

Aldrich (St. Louis, Missouri, United States). Azobisisobutyronitrile (AIBN) was 

purchased from FUJIFILM Wako Pure Chemical, Ltd.  

3.2.2. Synthesis of monomers IND, PHEN and MTB 

 

Scheme 3. 1: Synthesis of IND, PHEN and MTB monomers. 
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The synthesis of the acrylamide monomers IND, PHEN and MTB was carried out 

by reaction of 2-hydroxyethyl acrylamide (HEA) with 3-indole-acetic acid, 

phenyl-acetic acid and methylbutyric acid, respectively. A solution of EDC-HCl 

(1.2 g, 6.3 mmol, 1.1 eq.) in anhydrous DCM (20 mL) was added dropwise under 

stirring over 1 h to a solution of one of the three acid derivatives (5.7 mmol, 1 

eq.), DMAP (0.07 g, 0.6 mmol, 0.1 eq.) and HEA (0.89 mL, 8.6 mmol, 1.5 eq) in 

DCM (50 mL), kept at 0°C with an ice bath. The reaction was then left stirring 

for 16 hours at room temperature. The solution was concentrated under 

reduced pressure and washed twice with brine and twice with HCl 2M. The 

organic phase was then dried over MgSO4, filtered, and the solvent was 

removed under reduced pressure. The resulting oil was used for the 

polymerisation experiments without further purification. 

 

IND Yield: 60%. 1H NMR (400 MHz, CDCl3, δ, ppm), 8.68 (s, 1H, indole NH), 7.6 

(d, J=6.5 Hz, 1H, aromatic CH), 7.34 (d, J=8.1 Hz, 1H, CH aromatic), 7.20 (t, J=8.2 

Hz, 1H, CH aromatic), 7.13 (m, 1H, CH aromatic), 7.07 (d, J=2.4 Hz, 1H, CH 

aromatic), 6.13 (dd, J=17.0, 1.4 Hz, 1H, CH=CH2), 5.74 (dd, J=17.0, 10.3 Hz, 1H, 

CH=CHH), 5.53 (dd, J=10.4, 1.4 Hz, 1H, CH=CHH), 4.16 (t, J=5.3 Hz, 2H, 

CH2CH2NH), 3.77 (s, 2H, CH2COO) 3.49 (q, J=5.5 Hz, 2H, CH2CH2NH) (Fig.3.3).  

13C NMR (101 MHz, CDCl3, δ, ppm): 172.31 (CONH), 166.05 (C(O)O), 136.24, 
130.38, 126.61, 123.66, 121.95, 119.48, 118.42, 111.65, 107.50, 63.11 
(COOCH2CH2), 38.41, 31.31 (Fig. S3.1). 

FT-IR: 3346 cm-1 (ʋN-H), 1721 cm-1 (ʋC=O ester), 1660.4 cm-1 (ʋC=Oamide), 1545.5 cm-

1(ʋC-Namide). 

ESI-TOF mass spectrometry: expected m/z [M-H]+ 273.12 and [M-Na]+ 295.11,  
found 273.12, and 295.10, respectively .   
 

PHEN Yield: 67%. 1H NMR (400 MHz, CDCl3, δ, ppm), 7.4-7.2 (m, 5H, aromatic), 

6.23 (dd, J=17.0, 1.3 Hz, 1H, CH=CH2), 5.99 (dd, J=17.0, 10.3 Hz, 1H, CH=CHH), 
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5.64 (dd, J=10.3, 1.3 Hz, 1H, CH=CHH), 4.22 (m 2H, CH2CH2NH), 3.65 (s, 2H, 

CH2C(O)O) 3.58 (q, J=5.6 Hz, 2H, CH2CH2NH) (Fig.S3.2).  

13C NMR (101 MHz, CDCl3, δ, ppm): 171.69 (CONH), 165.74 (C(O)O), 133.84, 
130.56, 129.22, 128.7, 127.28, 127.27, 126.62, 63.41 (COCH2CH2), 41.29, 38.67 
(Fig. S3.3).  

FT-IR: 1731 cm-1 (ʋC=Oester), 1654.5 cm-1 (ʋC=Oamide), 1560.3 cm-1(ʋC-Namide). 

ESI-TOF mass spectrometry: expected m/z [M-H]+ 234.11 and M-Na]+ 256.10, 
found 234.11 and 256.10.   
 

MTB Yield: 70%. 1H NMR (400 MHz, CDCl3, δ, ppm),  6.28 (dd, J=17.0, 1.3 Hz, 

1H, CH=CH2), 6.09 (dd, J=17.0, 10.3 Hz, 1H, CH=CHH), 5.66 (dd, J=10.3, 1.3 Hz, 

1H, CH=CHH), 4.23 (t, J=5.4Hz, 2H, CH2CH2NH), 3.62 (q, J=5.6 Hz, 2H, 

CH2CH2NH), 2.4 (h, J=7 Hz  1H, CHCH3), 1.15 (d, J=7Hz, 3H, CHCH3), 0.90 (t, 

J=7.4Hz, 3H, CH2CH3) (Fig. S3.4). 

13C NMR (101 MHz, CDCl3, δ, ppm): 177.08 (COO), 165.87 (CONH), 130.70 (CH), 
126.75 (CH), 62.76 (COCH2CH2), 41.00, 39.05, 26.78, 16.62 (CHCH3), 
11.64(CH2CH3) (Fig. S3.5). 

FT-IR: 1732.6 cm-1 (ʋC=Oester), 1655.8 cm-1 (ʋC=Oamide), 1541.8 cm-1(ʋC-Namide). 

ESI-TOF mass spectrometry: expected m/z [M-H]+ 200.12 and M-Na]+ 222.11, 
found 200.13 and 222.11.   
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3.2.3. Synthesis of oligomeric CTAs IND1, PHEN1, MTB1, IND3,   
   PHEN3, MTB3, IND10, PHEN10 and MTB10 

 

Scheme 3. 2: Synthesis of oligomeric chain transfer agents IND1, IND3, IND10, PHEN1, PHEN3, 
PHEN10, MTB1, MTB3 and MTB10. 

 

The synthesis of the hydrophobic oligomeric CTAs was carried out by RAFT 

polymerization, using different [monomer]:[CTA (10)] molar ratios in 

combination with IND, PHEN and MTB.  

Typically, IND, PHEN and MTB (3.68 mmol) and CTA (10) (1 eq., 0.78 g, 2.94 

mmol for IND1, PHEN1 and MTB1, 0.24 g, 0.92 mmol for IND3, PHEN3 and MTB3, 

0.08g, 0.3 mmol for IND10, PHEN10 and MTB10) were mixed together in 1 mL of 

DMF. The solutions were transferred into a small Schlenk tube equipped with a 

magnetic stirrer, which was put on ice. Radical initiator AIBN (0.1 eq., 0.08 g, 

0.29 mmol for IND1, PHEN1 and MTB1, 0.026 g, 0.09 mmol for IND3, PHEN3 and 

MTB3, 0.008 g, 0.03 mmol for IND10, PHEN10 and MTB10), previously dissolved in 

DMF (80 µL for IND1, 26   µL for PHEN1 and 8 µL for MTB1) was added to the 
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tubes. The mixtures were degassed for 30 min bubbling argon under stirring at 

0°C and finally put on a paraffin oil bath at 80 ˚C. The reactions were monitored 

by 1H NMR, checking the disappearance of acrylamide monomer peaks into the 

5-6.5 ppm region, until ~ 80% conversion was reached. See Table below for 

reaction times and conversions. 

 

Table 3. 1: reaction times and conversions of short IND-, PHEN- and MTB-based copolymers. 

POLYMER REACTION TIME (h) CONVERSION (%) 

IND1 7 74 

PHEN1 7 70 

MTB1 7 67 

IND3 9 71 

PHEN3 8 83 

MTB3 9 87 

IND10 23 70 

PHEN10 8 84 

MTB10 8 79 

 

The reaction solutions were then transferred into a 25 mL round bottom flask, 

and DMF was removed under reduced pressure to give a residue that was 

purified as follows: 

IND1, PHEN1 and MTB1 were purified by flash chromatography using Pet. 

Ether:EtOAc 2:8 v/v as the eluent. Purification of IND3, PHEN3 and MTB3 was 

performed by reversed phase chromatography on an Agilent 971-FP automated 

flash purification system using a BIOTAGE KP-C18-HS 12 g column. Elution was 

performed using a linear gradient from 20% to 80% MeCN in water over 250 

min at a flow rate of 8 mL min−1. IND10, PHEN10 and MTB10 were re-dissolved in 

acetone and purified by multiple precipitations in Et2O. The final precipitates 



Chapter 3 

149 

 

were dried under vacuum and used without any further purification. IND1, 

PHEN1 and MTB1 were analysed by 1H NMR, 13C NMR and ESI-TOF. IND3, PHEN3 

and MTB3 were analysed by 1H NMR and ESI-TOF. IND10, PHEN10 and MTB10 

were analysed by 1H NMR and SEC in THF. 

IND1 Yield: 32%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 10.93 (s, 1H, indole NH), 

8.84 (s, 1H, acrylamide NH), 7.48 (d, J= 7.8Hz, 1H, CH aromatic), 7.34 (d, J= 

8.1Hz, 1H, CH aromatic), 7.24 (d, J= 2.0Hz, 1H, CH aromatic), 7.07 (m, 1H, CH 

aromatic), 6.98 (t, J= 7.3Hz, 1H, CH aromatic), 4.85 (m, 1H, CH), 4.06 (m, 2H, 

CH2), 3.73 (d, J= 2.3Hz, 2H, CH2), 1.26 (m, 3H, CH3) (Fig.3.5).  

13C NMR (101 MHz, d6-DMSO, δ, ppm): 222.64 (C=S), 176.20 (COOH), 172.03 
(CONH), 169.28 (COO), 136.14 (CH, C aromatic), 127.17 (CH, C aromatic), 123.32 
(CH, C aromatic), 127.17 (CH, C aromatic), 122.31 (CH, C aromatic), 119.78 (CN), 
118.69 (CH, C aromatic), 111.56 (CH, C aromatic), 108.11 (CH, C aromatic), 
62.83 (COOCH2CH2), 49.03 (CH2CH), 39.16, 36.9, 30.95, 24.34, 23.41,  20.85, 
18.44, 12.83 (Fig S3.6).  

ESI-TOF mass spectrometry: expected m/z [M]- 534.13, found 534.12.   

IND3 Yield: 8%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.49 (m 2.52H, CH), 7.35 

(d, J= 8.2Hz, 2.52H, CH, CH aromatic), 7.23 (m, 2.52H, CH, CH aromatic), 7.07 (m, 

2.52H, CH, CH aromatic), 6.97 (m, 2.52H, CH, CH aromatic), 4.03 (m, 5.04H, 

CH2), 3.72 (m, 5.04H, CH2) (Fig.3.5). 

 

ESI-TOF mass spectrometry: expected m/z [M]- 1078.35, found 1078.35 (n=3, 
52%) and 806.24 (n=2, 48%).  

IND10 Yield: 58%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 10.90 (s, 10H, indole 

NH), 7.46 (m, 10H, CH, CH aromatic), 7.34 (m, 10H, CH, CH aromatic), 7.21 (m, 

10H, CH, CH aromatic), 7.05 (m, 10H, CH, CH aromatic), 6.95 (m, 10H, CH, CH 

aromatic), 4.04 (m, 20H, CH2), 3.7 (m, 20H, CH2), 2.38-1.88 (m, 10H CH2CH), 1.8-

1 (m, 20H CH2CH) (Fig.3.9). Mn,THEO: 3 kDa. Mn,SEC(THF) 1.56 kDa, Đ=1.12. 

 

PHEN1 Yield: 38%. 1H NMR (400 MHz, CDCl3, δ, ppm), 7.23-7.27 (m, 5H, 

aromatic), 6.60-6.55 (m, 1H, acrylamide NH), 4.85 (dd, J=8.1, 4.8Hz, 1H, CH), 

4.09 (d, J= 5.3Hz, 2H, CH2CH2NH), 3.57 (m, 2H, CH2), 3.42 (m, 2H, CH2CH2NH), 

3.32 (q, J= 7.3Hz, 2H, CH2CH3) (Fig S3.7).  

13C NMR (101 MHz, CDCl3, δ, ppm): 223.01 (C=S), 176.55 (COOH), 171.58 
(CONH), 169.28 (COO), 133.68 (CH, C aromatic), 129.33 (CH, C aromatic), 128.7 
(CH, C aromatic), 127.28 (CH, C aromatic), 122.26 (CN), 63.08 (COOCH2CH2), 
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48.69 (CH2CH), 41.18, 39.09, 34.42, 33.55, 32.23,  29.47, 24.48,  23.68, 12.84 
(Fig S3.8).  

ESI-TOF mass spectrometry: expected m/z [M]- 495.12, found 495.10. 

PHEN3 Yield: 12%. 1H NMR (400 MHz, CDCl3, δ, ppm), 7.5-7.2 (m, 15H, 

aromatic), 7.2-6.5 (m, 3H, acrylamide NH), 4.9-4.5 (m, 3H, CH), 4.18 (m, 6H, 

CH2CH2NH), 3.63 (m, 6H, CH2CO), 3.55-3.25 (m, 6H, CH2CH2NH, and m, 2H, 

CH2CH3) (Fig S3.9).  

ESI-TOF mass spectrometry: expected m/z [M]- 961.33, found 961.32.   

PHEN10 Yield: 64%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 8.4-7.4 (m, 10H, 

acrylamide NH), 7.35-7.15 (m, 50H, aromatic), 7.2-6.5 (m, 10H, acrylamide NH), 

4.03 (m, 20H, CH2CH2NH), 3.83 (m, 20H, CH2CO), 2.4-1.85 (m, 10H CH2CH), 1.8-

1 (m, 20H CH2CH) (Fig.S3.10). Mn,THEO: 2.6 kDa. Mn,SEC(THF) 1.6 kDa, Đ=1.09. 

 

MTB1 Yield: 41%. 1H NMR (400 MHz, CDCl3, δ, ppm), 6.83-6.79 (m, 1H, 

acrylamide NH), 4.93 (dd, J= 8.0, 4.9Hz, 1H, CH2CH), 4.12 (t, J= 5.2Hz, 2H, 

CH2CH2NH), 3.50 (m, 2H, CH2CH2NH), 3.37 (q, J= 7.4Hz, 2H, CH2CH3),  2.53 (m, 

2H, CH2CH2) 2.35 (h, J =6.9 Hz, 1H, CHCH3), 2.15-1.8 (m, 2H, CH2CH2),1.7-1.4 (m, 

2H, CH2CH3), 1.33 (m, 3H, CH2CH3), 1.13 (m 3H, CHCH3), 0.88 (td, J= 7.4, 2.5Hz, 

3H, CH2CH3) (Fig S3.11). 

13C NMR (101 MHz, d3- CDCl3, δ, ppm): 223.25 (C=S), 177.17 (COOH), 169.88 
(CONH), 122.65 (CN), 62.27 (COOCH2CH2), 49.21 (CH2CH), 41.3, 39.59, 36.29, 
34.86, 30.00, 24.02, 19.66, 16.86, 13.21, 12.02 (Fig S3.12). 

ESI-TOF mass spectrometry: expected m/z [M]- 461.13, found 461.13.    

MTB3 Yield: 10%. 1H NMR (400 MHz, CDCl3, δ, ppm), 7.2-6.8 (m, 3H, acrylamide 

NH), 4.4-4.0 (m, 6H, CH2CH2NH), 3.55-3.25 (m, 6H, CH2CH2NH, and m, 2H, 

CH2CH3), 1.14 (m, 9H, CHCH3), 0.9 (m, 9H, CH2CH3) (Fig S3.13). 

ESI-TOF mass spectrometry: expected m/z [M]- 859.37, found 859.37. 

MTB10 Yield: 57%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 8.4-7.1 (m, 10H, 

acrylamide NH), 4.01 (m, 20H, CH2CH2NH), 2.33 (m, 1H, CHCH3), 1.06 (m, 30H, 

CHCH3), 0.83 (m, 30H, CH2CH3). (Fig S3.14). Mn,THEO: 2.3 kDa.  Mn,SEC(THF) 1.47 kDa, 

Đ=1.10. 

SEC traces of IND10, PHEN10 and MTB10 can be found in Fig. S3.35. 
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3.2.4. Synthesis of IND1-, PHEN1-, MTB1-, IND3-, PHEN3-, MTB3-,    

           IND10-, PHEN10- and MTB10-copolymers 

 

Scheme 3. 3: synthesis of IND1-, IND3-, IND10-, PHEN1-, PHEN3-, PHEN10-, MTB1-, MTB3- and 
MTB10-b-HEAn block copolymers. 

 

Synthesis of amphiphilic block copolymers was then carried out by RAFT 

polymerization of commercial monomer N-hydroxyethylacrylamide (HEA) using 

the previously synthesised oligomeric CTAs macro RAFT agents. Typically, the 

CTAs (0.10 mmol for IND1, PHEN1, MTB1, 0.050 mmol for IND3, PHEN3, MTB3 and 

0.050 mmol for IND10, PHEN10, MTB10), where dissolved in DMF along with HEA 

(50 eq. for final target DP =40 (aiming to stop the reaction at ~ 80% monomer 
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conversion), 100 eq. for final target DP n=100). See Tables below for reaction 

times and conversions. 

Table 3. 2: Reaction times and conversions of short IND-, PHEN- and MTB-based copolymers. 

POLYMER REACTION TIME (h) CONVERSION (%) 

IND1-b-HEA37 1.5 54 

PHEN1-b-HEA37 1.5 76 

MTB1-b-HEA37 1.5 81 

IND3-b-HEA53 2 81 

PHEN3-b-HEA45 1.5 85 

MTB3-b-HEA42 1.5 78 

IND10-b-HEA40 4 52 

PHEN10-b-HEA38 1.5 78 

MTB10- b-HEA43 1.5 87 

 

Table 3. 3: Reaction times and conversions of short IND-, PHEN- and MTB-based copolymers. 

POLYMER REACTION TIME (h) CONVERSION (%) 

IND1-b-HEA100 1.5 74 

PHEN1-b-HEA100 1.5 81 

MTB1-b-HEA111 1.5 91 

IND3-b-HEA98 1.25 82 

PHEN3-b-HEA99 1.25 78 

MTB3-b-HEA82 1.25 73 

IND10-b-HEA95 1.5 50 

PHEN10-b-HEA88 1.5 56 

MTB10-b-HEA105 1.5 81 

 

The initial monomer concentration in the reaction solution was 3.0 M. The 

mixtures were transferred into small schlenk tubes equipped with a magnetic 

stirrer, which were put in ice. Initiator V 501 (0.1 eq.), previously dissolved in 

DMF, was added to each tube. The mixtures were degassed for 30 min bubbling 

argon under stirring at 0°C, and finally put on a paraffin oil bath at 70 ˚C. The 

reactions were monitored by 1H NMR, checking the disappearance of 

acrylamide monomer peaks into the 5-6.5 ppm region until ~ 80% conversion 
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was reached. The polymers were then repeadetly precipitated in a 8:2 v/v 

THF:Et2O mixture and re-dissolved in MeOH. After three precipitation cycles 

they were dried under high vacuum. The polymers were analysed by 1H NMR 

and SEC in DMF with 0.1% LiBr. 

IND1-b-HEA37 Yield: 75%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.80-7.40 (m, 

37H, polyacrylamide NH), 7.34 (d, 1H, CH, CH aromatic), 7.24 (m, 1H, CH, CH 

aromatic), 7.08 (t, 1H, CH, CH aromatic), 6.99 (t, 1H, CH, CH aromatic), 5.50-

4.30 (m, 37H, polyacrylamide OH), 4.04 (m, 2H, CH2), 3.78 (m, 2H, CH2), 2.10-

1.70 (m, 37H, polyacrylamide CHCH2) 1.60-1.20 (m, 74H, polyacrylamide 

CHCH2) (Fig.S3.15). Mn,NMR: 5 kDa. Mn,SEC(DMF) 8.7 kDa, Đ=1.07.  

PHEN1-b-HEA37 Yield: 78%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

37H, polyacrylamide NH), 7.35-7.22 (m, 5H, aromatic), 5.50-4.30 (m, 37H, 

polyacrylamide OH), 4.04 (m, 2H, CH2), 2.10-1.70 (m, 37H, polyacrylamide 

CHCH2) 1.60-1.20 (m, 74H, polyacrylamide CHCH2) (Fig.S3.16). Mn,NMR: 4.8 kDa. 

Mn,SEC(DMF) 9 kDa, Đ=1.07.  

MTB1-b-HEA37 Yield: 82%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

37H, polyacrylamide NH), 5.50-4.30 (m, 38H, polyacrylamide OH), 4.02 (m, 2H, 

CH2), 2.10-1.70 (m, 38H, polyacrylamide CHCH2) 1.60-1.20 (m, 76H, 

polyacrylamide CHCH2), 1.07 (d, 3H, CH3), 0.84 (t, 3H, CH3) (Fig.S3.17). Mn,NMR: 

4.8 kDa. Mn,SEC(DMF) 10.4 kDa, Đ=1.05.  

IND3-b-HEA53 Yield: 46%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.80-7.40 (m, 

53H, polyacrylamide NH), 7.34 (d, 2.52H, CH, CH aromatic), 7.24 (m, 2.52H, CH, 

CH aromatic), 7.08 (t, 2.52H, CH, CH aromatic), 6.99 (t, 2.52H, CH, CH aromatic), 

5.50-4.30 (m, 53H, polyacrylamide OH), 4.03 (m, 5.04H, CH2), 3.74 (m, 5.04H, 

CH2), 2.10-1.70 (m, 53H, polyacrylamide CHCH2) 1.60-1.20 (m, 106H, 

polyacrylamide CHCH2) (Fig.S3.18). Mn,NMR: 7.2 kDa. Mn,SEC(DMF) 11.7 kDa, 

Đ=1.09.  

PHEN3-b-HEA45 Yield: 70%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

45H, polyacrylamide NH), 7.35-7.22 (m, 15H, aromatic), 5.50-4.30 (m, 45H, 

polyacrylamide OH), 4.05 (m, 6H, CH2), 2.10-1.70 (m, 45H, polyacrylamide 

CHCH2) 1.60-1.20 (m, 90H, polyacrylamide CHCH2) (Fig.S3.19). Mn,NMR: 6.2 kDa. 

Mn,SEC(DMF) 9.6 kDa, Đ=1.07.  

MTB3-b-HEA42 Yield: 80%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

42H, polyacrylamide NH), 5.50-4.30 (m, 42H, polyacrylamide OH), 4.02 (m, 6H, 

CH2), 2.10-1.70 (m, 42H, polyacrylamide CHCH2) 1.60-1.20 (m, 84H, 

polyacrylamide CHCH2), 1.07 (d, 9H, CH3), 0.84 (t, 9H, CH3) (Fig.S3.20). Mn,NMR: 

5.8 kDa. Mn,SEC(DMF) 10.9 kDa, Đ=1.05.  
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IND10-b-HEA40 Yield: 46%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.80-7.40 (m, 

40H, polyacrylamide NH), 7.34 (d, 10H, CH, CH aromatic), 7.24 (m, 10H, CH, CH 

aromatic), 7.08 (t, 10H, CH, CH aromatic), 6.99 (t, 10H, CH, CH aromatic), 5.50-

4.30 (m, 40H, polyacrylamide OH), 4.03 (m, 20H, CH2), 3.74 (m, 20H, CH2), 2.10-

1.70 (m, 40H, polyacrylamide CHCH2) 1.60-1.20 (m, 80H, polyacrylamide 

CHCH2) (Fig.S3.21). Mn,NMR: 7.7 kDa. Mn,SEC(DMF) 8.9 kDa, Đ=1.07.  

PHEN10-b-HEA38 Yield: 70%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 38H, polyacrylamide NH), 7.35-7.22 (m, 50H, aromatic), 5.50-4.30 (m, 38H, 

polyacrylamide OH), 4.03 (m, 20H, CH2), 2.10-1.70 (m, 38H, polyacrylamide 

CHCH2) 1.60-1.20 (m, 76H, polyacrylamide CHCH2) (Fig.S3.22). Mn,NMR: 7 kDa. 

Mn,SEC(DMF) 10.7 kDa, Đ=1.08.  

MTB10-b-HEA43 Yield: 68%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

43H, polyacrylamide NH), 5.50-4.30 (m, 43H, polyacrylamide OH), 4.02 (m, 20H, 

CH2), 2.10-1.70 (m, 43H, polyacrylamide CHCH2) 1.60-1.20 (m, 86H, 

polyacrylamide CHCH2), 1.07 (d, 30H, CH3), 0.84 (t, 30H, CH3) (Fig.S3.23). 

Mn,NMR: 7.7 kDa. Mn,SEC(DMF) 10 kDa, Đ=1.07. 

IND1-b-HEA100 Yield: 67%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.80-7.40 (m, 

100H, polyacrylamide NH), 7.34 (d, 1H, CH, CH aromatic), 7.24 (m, 1H, CH, CH 

aromatic), 7.08 (t, 1H, CH, CH aromatic), 6.99 (t, 1H, CH, CH aromatic), 5.50-

4.30 (m, 100H, polyacrylamide OH), 4.04 (m, 2H, CH2), 3.78 (m, 2H, CH2), 2.10-

1.70 (m, 100H, polyacrylamide CHCH2) 1.60-1.20 (m, 200H, polyacrylamide 

CHCH2) (Fig.S3.24). Mn,NMR: 8.7 kDa. Mn,SEC(DMF) 13.8 kDa, Đ=1.07.  

PHEN1-b-HEA100 Yield: 81%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 100H, polyacrylamide NH), 7.35-7.22 (m, 5H, aromatic), 5.50-4.30 (m, 100H, 

polyacrylamide OH), 4.04 (m, 2H, CH2), 2.10-1.70 (m, 100H, polyacrylamide 

CHCH2) 1.60-1.20 (m, 200H, polyacrylamide CHCH2) (Fig.S3.25). Mn,NMR: 12.2 

kDa. Mn,SEC(DMF) 18.6 kDa, Đ=1.08.  

MTB1-b-HEA111 Yield: 72%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

111H, polyacrylamide NH), 5.50-4.30 (m, 111H, polyacrylamide OH), 4.02 (m, 

2H, CH2), 2.10-1.70 (m, 111H, polyacrylamide CHCH2) 1.60-1.20 (m, 222H, 

polyacrylamide CHCH2), 1.07 (d, 3H, CH3), 0.84 (t, 3H, CH3) (Fig.S3.26). Mn,NMR: 

13.2 kDa. Mn,SEC(DMF) 19.8 kDa, Đ=1.09.  

IND3-b-HEA98 Yield: 57%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.80-7.40 (m, 

98H, polyacrylamide NH), 7.34 (d, 2.6H, CH, CH aromatic), 7.24 (m, 2.52H, CH, 

CH aromatic), 7.08 (t, 2.52H, CH, CH aromatic), 6.99 (t, 2.52H, CH, CH aromatic), 

5.50-4.30 (m, 98H, polyacrylamide OH), 4.05 (m, 5.04H, CH2), 3.74 (m, 5.04H, 

CH2), 2.10-1.70 (m, 98H, polyacrylamide CHCH2) 1.60-1.20 (m, 196H, 

polyacrylamide CHCH2) (Fig.S3.27). Mn,NMR: 12 kDa. Mn,SEC(DMF) 17 kDa, Đ=1.11.  

PHEN3-b-HEA99 Yield: 66%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

99H, polyacrylamide NH), 7.35-7.22 (m, 15H, aromatic), 5.50-4.30 (m, 99H, 
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polyacrylamide OH), 4.04 (m, 6H, CH2), 2.10-1.70 (m, 99H, polyacrylamide 

CHCH2) 1.60-1.20 (m, 198H, polyacrylamide CHCH2) (Fig.S3.28). Mn,NMR: 12.5 

kDa. Mn,SEC(DMF) 17.25 kDa, Đ=1.06.  

MTB3-b-HEA82 Yield: 80%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

82H, polyacrylamide NH), 5.50-4.30 (m, 82H, polyacrylamide OH), 4.01 (m, 6H, 

CH2), 2.10-1.70 (m, 82H, polyacrylamide CHCH2) 1.60-1.20 (m, 164H, 

polyacrylamide CHCH2), 1.07 (d, 9H, CH3), 0.84 (t, 9H, CH3) (Fig.S3.29). Mn,NMR: 

10.5 kDa. Mn,SEC(DMF) 16.8 kDa, Đ=1.07. 

IND10-b-HEA95 Yield: 57%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.80-7.40 (m, 

95H, polyacrylamide NH), 7.34 (d, 10H, CH, CH aromatic), 7.24 (m, 10H, CH, CH 

aromatic), 7.08 (t, 10H, CH, CH aromatic), 6.99 (t, 10H, CH, CH aromatic), 5.50-

4.30 (m, 95H, polyacrylamide OH), 4.03 (m, 20H, CH2), 3.74 (m, 2H, CH2), 2.10-

1.70 (m, 95H, polyacrylamide CHCH2) 1.60-1.20 (m, 190H, polyacrylamide 

CHCH2) (Fig.S3.30). Mn,NMR: 12 kDa. Mn,SEC(DMF) 18.4 kDa, Đ=1.11.  

PHEN10-b-HEA88 Yield: 60%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 88H, polyacrylamide NH), 7.35-7.22 (m, 50H, aromatic), 5.50-4.30 (m, 88H, 

polyacrylamide OH), 4.02 (m, 20H, CH2), 2.10-1.70 (m, 88H, polyacrylamide 

CHCH2) 1.60-1.20 (m, 176H, polyacrylamide CHCH2) (Fig.S3.31). Mn,NMR: 12.9 

kDa. Mn,SEC(DMF) 17.4 kDa, Đ=1.07.  

MTB10-b-HEA105 Yield: 80%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 105H, polyacrylamide NH), 5.50-4.30 (m, 105H, polyacrylamide OH), 4.02 

(m, 20H, CH2), 2.10-1.70 (m, 105H, polyacrylamide CHCH2) 1.60-1.20 (m, 210H, 

polyacrylamide CHCH2), 1.07 (d, 30H, CH3), 0.84 (t, 30H, CH3) (Fig.S3.32). 

Mn,NMR: 12.5 kDa. Mn,SEC(DMF) 18.7 kDa, Đ=1.07. 

SEC traces can be found in Fig. S3.36 and S3.37. 

3.2.5. Synthesis of control polymer HEA36 

CTA agent (10) (150 mg, 0.53 mmol, 1 eq.), was dissolved with monomer HEA 

(2.48 g, 21.2 mmol, 40 eq.) in 3 mL of DMF. The mixture was transferred into a 

small schlenk tube equipped with a magnetic stirrer, which was put in ice. 

Initiator V 501 (17 mg, 0.053 mmol,0.1 eq.), previously dissolved in DMF (170 

µL), was added to the tube. The mixture was degassed for 30 min bubbling 

argon under stirring at 0°C, and finally put on a paraffin oil bath at 70 ˚C. The 

reaction was monitored by 1H NMR, checking the disappearance of acrylamide 

monomer peaks into the 5-6.5 ppm region, for 90 minutes until 80% conversion 
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was reached and the reaction was stopped. The polymer was then precipitated 

in THF and dried under high vacuum. The polymer was characterised by 1H NMR 

and SEC in DMF with 0.1% LiBr. 

Yield: 80%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 36H, 

polyacrylamide NH), 5.50-4.30 (m, 36H, polyacrylamide OH), 2.10-1.70 (m, 36H, 

polyacrylamide CHCH2) 1.60-1.20 (m, 72H, polyacrylamide CHCH2) (Fig.S3.33).  

Mn,THEO: 4.5 kDa. Mn,SEC(DMF) 8.5 kDa, Đ=1.04.  

3.2.6. Lysozyme aggregation assay 

A lysozyme stock solution was prepared by dissolving the protein in water at a 

concentration of 100 mg/mL. 200 µL of this solution were added to 1800 µL of 

100 mM phosphate buffer pH 12.3 in which the polymers had been previously 

dissolved, for a final lysozyme concentration of 10 mg/mL and a polymer: 

protein molar ratio of 1:1. From each polymer-protein mixture, 5 aliquots of 

300 µL were transferred into a 96-well plate. The plate was loaded into a TECAN 

Spark 10M Multi-function Platereader. Absorbance at λ=500 nm was measured 

every 30 min for 24h at 30°C to monitor the increase of turbidity resulting from 

protein aggregation. 

3.2.7. Binding of copolymers to insulin: solubility studies 

An insulin stock solution was prepared by dissolving the protein in 10 mM 

phosphate buffer pH 2 at a concentration of 4 mg/mL. Polymers stock solutions 

were prepared by dissolving various amounts of polymers in the same buffer. 

Different amounts of insulin and polymers stock solutions were mixed to have 

a final protein concentration of 2 mg/mL and polymer:protein molar ratio of 

5:1 and 10:1 in a final volume of 485 µL. After mixing, polymer/protein solutions 

were let under gentle stirring for 2 h. The pH was then raised to 5.3 by adding 
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15 µL of NaOH 0.5 M solution to each of the polymers:protein mixtures, which 

were left overnight at ambient temperature. The mixtures were then 

centrifuged, the supernatants discarded, and the precipitates re-dissolved in 10 

mM pH2 phosphate buffer to be analysed by RP-HPLC, using a Zorbax Eclipse 

Plus C18 column (3.5 μm, 95 Å, 4.6 × 12.5 mm), with a linear gradient of 20-90% 

acetonitrile in Milli-q water with 0.1% TFA. 

3.2.8. Binding of copolymers to insulin: Circular Dichroism   

   analysis 

Circular Dichroism (CD) analyses were conducted at Universtiy of Cambridge by 

Dr. Marco di Antonio. Spectra were recorded on an Applied Photo-physics 

Chirascan circular dichroism spectropolarimeter using a 1 mm path length 

quartz cuvette. CD measurements were performed at 25°C over a 180-280 nm 

wavelength range, using a response time of 1 s, 1 nm pitch and 0.5 nm 

bandwidth. The recorded spectra represent a smoothed of the original scan. An 

insulin stock solution was prepared by dissolving the protein in 10 mM pH 2 

phosphate buffer at a concentration of 4 mg/mL. IND10-b-HEA95 stock solution 

was prepared by dissolving the polymer in the same buffer at 98.4 mg/mL. 

Different amounts of insulin and polymers stock solutions were mixed to have 

a final protein concentration of 2 mg/mL and polymer:protein molar ratio of 

5:1 and 10:1 in a final volume of 990 µL. After mixing, polymer/protein solutions 

were let under gentle stirring for 2 h. The pH was then raised to 5.3 by adding 

10 µL of NaOH 1 M solution to each of the polymers/protein mixtures. The 

mixtures were then purified by semi-preparative HPLC, using a Phenomenex 

Jupiter C18 column (10 μm, 300 Å, 10 × 250 mm), with a linear gradient of 30-
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60% acetonitrile. Purified protein samples were lyophilised and re-dissolved in 

10 mM pH 2 phosphate buffer at a concentration of 0.2 mg/mL. pH was raised 

again to 7.4 before the analysis. 

3.2.9. Binding of copolymers to peptide IDR1018: solubility   

   studies 

A 1.0 mM peptide stock solution was prepared in water. 0.11 mM polymers 

stock solutions were prepared by dissolving the polymers in 100 mM phosphate 

buffer, pH 7.2. 50 µL of peptide were diluted in 450 µL of each polymer solution, 

for a final volume of 500 µL and a concentration of 0.10 mM for both peptide 

and the polymers. The solutions were let under stirring for 5 h and finally 

centrifuged. The supernatant was analysed by RP-HPLC to detect the amount 

of peptide left in solution, using a Zorbax Eclipse Plus C18 column (3.5 μm, 95 

Å, 4.6 × 12.5 mm), with a linear gradient of 25-90% acetonitrile in Milli-q water 

with 0.1% TFA. Absorbance was recorded at λ= 280 nm. 

3.2.10. Analysis of potential polymers self-assembly 

The polymers were dissolved in Milli-Q water at a concentration of 1 mg/mL. 

The solutions were left mixing for 2 h, and then analysed using a Malvern 

Zetasizer Nano. 3 repetitions were made for each sample. 

3.2.11. Critical Micelle Concentration measurements of  

     IND3-b-HEA98 and IND10-b-HEA95 

IND3-b-HEA98 and IND10-b-HEA95 were dissolved in Milli-Q water at 

concentrations ranging from 0.05 to 15 mg/mL. The surface tension of each 

copolymer dilution was measured on a Kruss DSA 100 using the “pendant drop” 
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method. Two droplets were analysed per sample, taking multiple measurement 

from each droplet. 
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3.3. Results and discussion 

This chapter was dedicated to the synthesis of a library of amphiphilic block 

copolymers, incorporating amino acid-like chemical structure, capable of 

hydrophobic, non-covalent interactions with hydrophobic pockets on proteins, 

as a class of new potential proteins stabilizers/solubilizers.   

Since tryptophan is the amino acid that we chose to use to establish these 

interactions, we mimicked its structure by synthesising an indole-containing 

monomer, as indole is tryptophan side-chain and it is the part of tryptophan 

which is ultimately responsible for its properties8. The minimization approach 

provided us with a monomer that could be oligomerised via RAFT 

polymerization to yield short oligomers bearing varying indole units. These 

oligomers were used as macro CTA RAFT agents to mediate the 

copolymerisation of N-hydroxyethylacrylamide. As in the previous chapter, the 

monomer was chosen for its high hydrophilicity, to develop a hydrophilic chain 

that could ensure good water solubility of final copolymers. To compare the 

effects of one or more indoles with that of different amino acids side chains, 

two more monomers were synthesised, oligomerised and copolymerised. The 

first was built from phenylacetic acid, and was effectively a minimised version 

of phenylalanine9, the second resulted from methylbutyric acid, and its 

structure resembled that of isoleucine. The oligomerization and 

copolymerization of the 3 monomers resulted in the development of a 

copolymers library (Scheme 3.4), whose properties where screened, to assess 

potential protein anti-aggregation and solubilisation activity, on three different 
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model proteins: hen egg lysozyme, bovine pancreatic insulin and the 

antimicrobial peptide IDR 1018.    

 

Scheme 3.4: Synthesis of INDm-, MTBm- and PHENm-b-HEAn amphiphilic block copolymers. 
Reagents and conditions: (a) EDC-HCl, DMAP, N-hydroxyethylacrylamide, room temperature. 
(b) AIBN, CTA (10), DMF at 80ºC. (c) N-hydroxyethylacrylamide, V501, DMF at 70 ˚C.  

 

3.3.1. Synthesis of IND, (PHEN) and (MTB) monomers 

The synthesis of IND, PHEN, and MTB monomers was accomplished by 

esterification of N-hydroxyethylacrylamide with three different acid 

precursors: Indole-3 acetic acid, phenylacetic acid and methylbutyric acid using 

EDC-HCl10 as coupling agent.  Chemical identity of the three monomers was 

confirmed by using a range of characterization techniques (see Supporting 

Information). The 1H NMR and mass spectra of monomer IND are shown in 

Figure 3.3 and 3.4, respectively.   
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Figure 3.3: 1H NMR spectrum of monomer IND in CDCl3. 

 

 

Figure 3.4: ESI-MS analysis of monomer IND. Two peaks are identified: peak at 273.1 m/z 
corresponds to [M-H]+, that at 295.1 to [M-Na]+. 

 

3.3.2. Synthesis of oligomeric CTAs IND1, PHEN1, MTB1, IND3, 

PHEN3, MTB3, IND10, PHEN10 and MTB10 

In this part of this thesis work, three small libraries of oligomeric hydrophobic 

RAFT chain transfer agents with DP in the 1-10 range were synthesised. 

Accordingly, CTA (10), synthesised as described in Chapter 2, was used to 

mediate the RAFT polymerization of the three monomers IND, PHEN and MTB. 

DP of 1, 3 and 10 were targeted. The [CTA (10)]0:[monomer]0 molar ratios were 

chosen accordingly.  Oligomeric CTAs with an average DP of 10, IND10, PHEN10 
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and MTB10, were synthesised using a CTA:monomer molar ratio of 1:12.5. The 

reactions were stopped at a monomer conversion of around 80%, which was 

typically reached within a few hours. Interestingly, the synthesis of IND10 was 

found more difficult, as polymerisation was slower than for the other 

monomers, requiring 1-2 further additions of AIBN initiator over 24 h to reach 

80% conversion. Whilst this result was quite difficult to rationalise at this stage 

and was not specifically investigated, it is possible that partial indole-driven 

aggregation of the growing chain in DMF could have been responsible for this 

behaviour. The IND10, PHEN10 and MTB10 oligomers were isolated by 

precipitation and used without any further purification. Their chemical identity 

was confirmed by 1H NMR and SEC (Table 3.1). The discrepancy between Mn,SEC 

and the expected ones may be ascribed to differences between the 

hydrodynamic volumes of the oligomeric CTAs and those of the narrow PMMA 

standards used to calibrate the SEC (see Fig S.3.43 for SEC traces).  

Table 3.4: Composition, Mn, and dispersity of the short hydrophobic-oligomers prepared in 
this study.  

Name 
Hydrophobic 

monomer 

Average hydrophobic 

monomer units, m 

Mn,THEO
a

  

(kDa) 

Mn,SEC 

(kDa)b 
Ðb 

IND10 IND 10 3.0 kDa 1.56 1.12 

PHEN10 PHEN 11 2.6 kDa 1.60 1.09 

MTB10 MTB 10 2.2 kDa 1.47 1.10 

aCalculated from initial [HEA]0:[CTA]0  and final monomer conversion bObtained from SEC 
analysis in THF (PMMA standard). 

 

Aiming at obtaining fully monodisperse RAFT agents, chromatographic 

purification of CTAs with targeted DP of 1 and 3 were attempted. Isolation of 

individual n-mers from oligomeric mixtures is a challenging task, for which Size 

Exclusion Chromatography is a potentially useful technique. It allows the 
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elution of molecules at different retention times according to their size. It is 

then successfully employed to separate proteins with considerable differences 

in MW, or protein aggregates that have generated a multimeric population11. 

Oligomers separation is more difficult due to the small size difference between 

the species in solution, but it has proven successful for specific oligomers 

mixture of low molecular weight12. As the Mn increases, separation of a 

polymer of n units from one of n+1 units becomes more difficult12. 

Poly(ethylene Terephthalate) cyclic oligomers were successfully separated by 

SEC, affording pure dimer, trimer, tetramer and pentamer13.  

Monomer, dimer and trimer of different fatty acids were successfully separated 

using a High Performance SEC system made of two connected columns packed 

with styrene/divinylbenzene copolymer as stationary phase and toluene as the 

eluent14.  

In another work, RAFT polymerization was used for the sequential insertion of 

up to four monomers. The oligomerization was organised in steps, where 10 

equivalents of monomer were added each time, followed by ten minutes 

polymerization and n+1 oligomer purification by SEC15. 

Recently, a group of tert-butyl acrylate oligomers was synthesised and 

separated by Hawker et al16. In this case, an automated chromatographic 

system was used, running a hexane/ethyl acetate solvent gradient on a silica 

gel-filled column. Shorter oligomers were eluted first, suggesting that 

separation was based on oligomer-silica interactions rather than size exclusion. 

Discrete oligomers from trimer to decamer were successfully purified.  
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In our case, two different chromatographic techniques were employed to 

attempt discrete separation of pure oligomers. CTAs incorporating only one 

monomer units were purified by standard silica gel column chromatography, 

using a Pet.Et./Ethyl acetate gradient as the mobile phase.  The RAFT 

oligomerisations were performed using a starting 1:1.25 [CTA 

(10)]0:[monomer]0 molar ratio. After flash chromatography IND1, PHEN1 and 

MTB1, were isolated and characterised by 1H NMR, 13C NMR and COSY. A 

representative example, IND1, is shown in Fig. 3.5. 

 

Figure 3.5: 2D COSY-NMR spectrum of IND1 in d6-DMSO. Peaks of protons 6 and 14 are hidden 
by water peak.  
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A 1:4 [CTA (10)]0:[monomer]0 molar ratio was used to target a DP of 3. In this 

case, initial purification attempts by silica gel chromatography proved to be 

unsuccessful. Mixtures of two or more oligomers were collected from the 

elution of oligomers with DP higher than 1, indicating that the similarity 

between them was a serious limitation to their separation. Different eluting 

solvents were tested without any improvement.  

Thus, reverse phase chromatography was utilised. In this case, due to the 

hydrophobic nature of the stationary phase, a solvent gradient of increased 

hydrophobicity is employed and more hydrophilic compounds are eluted first. 

Reverse phase chromatography has been used in the past to obtain discrete 

oligomers purification. Cramers and co-workers utilised a range of different 

columns and mobile phases to separate 3-hexylthiophene oligomers with 3-30 

repeating units17. Rissler et al compared C18 reversed-phase and Si80 polar 

stationary phases to optimise the separation of low molecular weight PEG 

oligomers, and found better peak resolution on reversed phase for PEG200 and 

PEG300 chain18.  

Given the hydrophobic nature of the IND, PHEN, and MTB monomers used for 

the synthesis of the oligomeric CTAs, we expected that the hydrophobicity of 

the latter would increase with their molecular weight, and thus that larger CTAs 

would be eluted later in a reversed-phase chromatographic separation. A pre-

filled C18 silica-bonded cartridge was employed, using a 20-80% acetonitrile 

gradient in water as the mobile phase. The purification of PHEN and MTB 

oligomers gave good results, leading to the successful separation of dimer, 
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trimer, tetramer, pentamer and hexamer CTAs resulting from PHEN 

oligomerization, and dimer, trimer, tetramer and pentamer from MTB 

oligomerization. As expected, compounds with lower DP were eluted first, 

whilst larger oligomers were eluted last, at higher concentrations of acetonitrile 

and came out in larger peaks, confirming a stronger affinity to the hydrophobic 

stationary phase. Purification of indole oligomers was partially successful, 

providing the elution of pure dimer and a mixture of dimer and trimer. The 

other fractions that were collected were found to be a mixture of dimer, trimer, 

tetramer and pentamer. The poor resolution may be attributed to a stronger 

interaction of the indole side chain with the stationary phase, which caused the 

oligomers to be eluted slowly over time, with subsequent poor resolution and 

peaks overlapping. Moreover, self-interactions between indole aromatic rings 

may have induce the formation of large aggregates, containing a mixture of 

different oligomers that were eluted together. The purified oligomers were 

characterised by 1H NMR and ESI-MS (Figs. 3.6, 3.7 and 3.8). 

 

Figure 3.6: ESI-MS spectra of purified IND2 and a partially purified mixture of IND2 and IND3 
RAFT agents (m= 2 and 3) isolated after reversed-phase chromatographic separation of an 
average DP ≈ 3 oligomers mixture. 

m=2

m=2

[M]-

[M]-

[M]-

m=3



Chapter 3 

168 

 

 

Figure 3.7: ESI-MS spectra of purified PHENm RAFT agents (m= 2, 3, 4, 5 and 6) isolated after 
reversed-phase chromatographic separation of an average DP ≈ 3 oligomers mixture. Peak at 
1457.4 in the m= 2 spectrum can be attributed to non-covalent dimerization between two 
PHEN2 molecules. 
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Figure 3.8: ESI-MS spectra of purified MTBm RAFT agents (m= 2, 3, 4, and 5) isolated after 
reversed-phase chromatographic separation of an average DP ≈ 3 oligomers mixture. Peak at 
1321.5 in the n= 2 spectrum can be attributed to non-covalent dimerization between two MTB2 
molecules. 

 

A comparison between the 1H NMR spectra of IND1, IND3 and IND10 showed 

that the signals become broader and less defined as the DP increases (Fig 3.9). 

Polymer peaks are usually broad, due to magnetic dipolar interactions between 

the protons on the polymer backbone19, slow nuclei longitundinal relaxation 

time20 and  polymer chain microtacticity21. 
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Figure 3.9: 1H NMR spectra of oligomeric CTA RAFT agents IND1, IND3 and IND10 in d6-DMSO.  

 

3.3.3. Synthesis of IND1-, PHEN1-, MTB1-, IND3-, PHEN3-, MTB3-,    
   IND10-, PHEN10- and MTB10-copolymers 

The trimers obtained from PHEN and MTB oligomerizations, PHEN3 and MTB3, 

and the dimer/trimer mixture from IND oligomerization, called here IND3 for 

simplicity, were then utilised as macro-CTA RAFT agents to mediate the RAFT 

polymerisation of N-hydroxyethylacrylamide, together with IND1, PHEN1, MTB1, 

IND10, PHEN10 AND MTB10. 
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RAFT polymerization is widely used for the synthesis of block-copolymers, 

ensuring good polymerization control and narrow polymer molecular weight 

dispersity22-24. 

Two different chain lengths, with DP 40 and 100, were targeted, to investigate 

the influence of the size of the polyHEA block on protein-copolymer interaction. 

The combination of nine oligomeric RAFT agents and two different p(HEA) 

chains length resulted in the synthesis of a library of eighteen amphiphilic INDm-

b-HEAn, PHENm-b-HEAn, and MTBm-b-HEAn block co-polymers. A control 

polymer lacking the hydrophobic block was synthesised using CTA (10) as RAFT 

agent and N-hydroxyethylacrylamide (Scheme 3.5). The resulting HEA36 

together with HEA100 synthesised in the previous chapter, were used as 

negative control polymers in the subsequent protein-polymers association 

experiments, as they had similar N-hydroxyethylacrylamide DP of the block 

copolymers. 

 

Scheme 3.5: synthesis of HEA36. Reagents and conditions: N-hydroxyethylacrylamide, V501, 
DMF at 70 °C.  

 

A representative example of 1H NMR of these amphiphilc bock copolymers, 

IND10-b-HEA95, is shown in Figure 3.10. For INDm-b-HEAn copolymers, Mn,NMR 

were calculated by comparing the integrals of the indole aromatic signals in the 
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6-8 ppm region, with those of the NH and OH groups of the pHEA block. For 

PHENm-b-HEAn copolymers, the two protons of the methylene CH2 at around 4 

ppm were used instead. Finally, for PHENm-b-HEAn copolymers, the triplets 

from the MTB methyl groups at around 0.8 ppm were used (all spectra can be 

found in the Supp. Info section at the end of this thesis). Degrees of 

polymerisation estimated by 1H NMR were generally found to be close to the 

theoretical ones, calculated from the initial [monomer]0:[Oligo CTA]0 ratios and 

final monomer conversion. However, it was noticed that calculated values 

became increasingly higher than theoretical ones as the size of the hydrophobic 

block increased. In particular, for IND10-b-HEAn copolymers the final HEAn chain 

length was found to be approximately 25% longer than expected from 

theoretical values, suggesting that part of IND10 CTA was unable to efficiently 

mediate RAFT polymerisation of HEA. The difference may be attributed to the 

high hydrophobicity of IND10, which may have reduced their solubility in DMF, 

or caused their partial aggregation. Moreover, as IND10 oligomerisation was 

slower than the others and required more than one addition of initiator, the 

lack of reactivity of the final product may be explained with partial chain 

termination that the excess of initiator caused during the oligomerization25, 26. 

Loss of the trithiocarbonate functionality could not be verified by 1H NMR, as 

the peaks belonging to the RAFT agent are covered by the oligomer backbone 

peaks. If a fraction of trithiocarbonate RAFT agent functionalities had been lost, 

that could be maybe verified by UV-analysis, as the trithiocarbonate functional 

group has a distinctive peak at ca. 350 nm. Potential aggregation in DMF could 
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be instead verified by Dynamic Light Scattering. This point was not addressed 

at this stage, but it is part of ongoing research within our group. 

 

Figure 3.10: 1H NMR spectrum of IND10-b-HEA95 in d6-DMSO. Mn,NMR was determined by 
comparing  the integrals of indole aromatic protons between 6.8 and 7.3 ppm, with those of 
NH and OH groups of the pHEA at 7.5-7.8 and 4.6-5.2 ppm, respectively and those of the 
polymer backbone between 1 and 2 ppm.  

 

Characterisation of final copolymers is shown in Tables 3.1 and 3.2. As for the 

oligomeric CTA RAFT agents, The discrepancy between Mn,SEC and the expected 

ones may be ascribed to differences between the hydrodynamic volumes of the 

oligomeric CTAs and those of the narrow PMMA standards used to calibrate the 

SEC. however, they all showed a narrow molar mass distribution, with Ð < 1.2 

for all copolymers (See Fig S.3.44 and S3.45 for SEC traces). 
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Table 3.5: Composition, Mn, and dispersity of 40 HEA-DP copolymers prepared in this study.  

NAME 
Hydrophobic 

monomer 

Hydrophobic 

monomer units, 

m 

Hydrophilic HEA 

monomer units, 

n 

Mn,THEO
a

 

(kDa) 

Mn,NMR 

(kDa) 

Mn,SEC
e

 

(kDa) Ð 

IND1-b-HEA37 IND 1 37 5.5 5.0b 8.7 1.07 

PHEN1-b-HEA37 PHEN 1 37 5.1 4.8c 9 1.07 

MTB1-b-HEA37 MTB 1 37 5.9 4.8d 10.4 1.05 

IND3-b-HEA53 IND 2.52 53 5.4 6.7b 11.7 1.09 

PHEN3-b-HEA45 PHEN 3 45 5.4 6.2c 9.6 1.07 

MTB3-b-HEA42 MTB 3 42 6.4 7.3d 10.9 1.05 

IND10-b-HEA40 IND 10 40 6.1 7.7b 10.5 1.15 

PHEN10-b-HEA38 PHEN 10 38 6.8 7.0c 10.7 1.08 

MTB10- b-HEA43 MTB 10 43 6.7 7.2d 10 1.07 

HEA36 - 0 36 4.5  8.5 1.04 

aCalculated from initial [HEA]0:[CTA]0  and final monomer conversion.b-dNumber of repeating 
unit of NHEA monomers, were calculated by 1H NMR by comparing the integral of bindole 
aromatic proton peak, cmethylene protons at 4 ppm and dmethylbutyril CH3 peak with the 
hydroxyl peak of HEA repeating units. eObtained from SEC analysis in DMF + 0.1% LiBr (PMMA 
standards). 

 

Table 3.6: Composition, Mn, and dispersity of 100 HEA-DP copolymers prepared in this study. 

NAME 
Hydrophobic 

Monomer 

Hydrophobic 

monomer units, 

m  

Hydrophilic 

monomer HEA units, 

n 

Mn,THEO
a

  

(kDa) 

Mn,NMR 

(kDa) 

Mn,SEC
e 

(kDa) 
Ð 

IND1-b-HEA100 IND 1 100 9 8.7b 13 1.08 

PHEN1-b-HEA100 PHEN 1 100 12 12.2c 18.6 1.08 

MTB1-b-HEA111 MTB 1 111 13.1 13.2d 19.8 1.09 

IND3-b-HEA98 IND 2.52 98 11.5 12 b 17 1.11 

PHEN3-b-HEA99 PHEN 3 99 11.7 12.5c 17.5 1.06 

MTB3-b-HEA82 MTB 3 82 10.2 10.5d 16.8 1.07 

IND10-b-HEA95 IND 10 95 10.7 14.1b 18.4 1.11 

PHEN10-b-HEA88 PHEN 10 88 12.6 12.9c 17.4 1.07 

MTB10-b-HEA105 MTB 10 105 12.5 15d 18.7 1.07 

HEA100 - 0 100 13  12.1 1.14 

aCalculated from initial [HEA]0:[CTA]0  and final monomer conversion. b-dNumber of repeating 
unit of NHEA monomers, were calculated by 1H NMR by comparing the integral of aindole 
aromatic proton peak, bmethylene CH2 protons at 4 ppm and cmethylbutyril CH3 with the 
hydroxyl peak of HEA repeating units. eObtained from SEC analysis in DMF + 0.1% LiBr (PMMA 
standards). 
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3.3.4. Prevention of lysozyme aggregation 

The polymers were tested on hen egg lysozyme to evaluate their potential as 

anti-aggregation agents. The experiments were carried out under the same 

conditions used in Chapter 2. Briefly, the copolymers and the protein were 

mixed at 1:1 molar ratio in 100 mM phosphate buffer pH 12.33, and left under 

shaking for 24 h. Lysozyme aggregation was estimated by turbidimetry (Figs 

3.11 and 3.12). 

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4
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T im e  (h )

O
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L y s o z y m e

H E A 3 6 :L Y S  1 :1

IN D 1 - b -H E A 3 7 :L Y S  1 :1

P H E N 1 - b -H E A 3 7 :L Y S  1 :1

M TB 1 - b -H E A 3 7 :L Y S  1 :1

IN D 3 - b -H E A 5 3 :L Y S  1 :1

P H E N 3 - b -H E A 4 5 :L Y S  1 :1

M TB 3 - b -H E A 4 2 :L Y S  1 :1

IN D 1 0 - b -H E A 4 0 :L Y S  1 :1

P H E N 1 0 - b -H E A 3 8 :L Y S  1 :1

M TB 1 0 - b -H E A 4 3 :L Y S  1 :1

 

Figure 3.11:  aggregation assay of Lysozyme and a mixture between 40 HEA-DP copolymers and 
lysozyme at 1:1 copolymers:lysozyme molar ratio. [Lysozyme]= 10 mg/mL in 100 mM pH 12.3 
phosphate buffer. Lysozyme aggregation was assessed by turbidimetry, recording Abs λ=500 
nm every 30 min for 24.  

 

Interestingly, the copolymers did not delay the onset of lysozyme aggregation, 

and from the final turbidity values it can be observed that when the copolymers 

are mixed with the protein, the final amount of aggregated lysozyme is higher 

than the one resulting from the control sample with lysozyme alone. In the 

presence of the block copolymers, the aggregation rate in the first few hours 

was also found to be faster, suggesting that all copolymers induced lysozyme 
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aggregation. The negative control HEA36 also accelerated protein aggregation, 

as already observed in the experiments described in the previous chapter, even 

though its overall turbidity at the end of the experiment is similar to that of the 

lysozyme alone control sample.  
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M TB 1 - b -H E A 1 1 1 :L Y S  1 :1

IN D 3 - b -H E A 9 8 :L Y S  1 :1

P H E N 3 - b -H E A 9 9 :L Y S  1 :1

M TB 3 - b -H E A 8 2 :L Y S  1 :1

IN D 1 0 - b -H E A 9 5 :L Y S  1 :1

P H E N 1 0 - b -H E A 8 8 :L Y S  1 :1

M TB 1 0 - b -H E A 1 0 5 :L Y S  1 :1

 

Figure 3.12: aggregation assay of Lysozyme and a mixture between 100 HEA-DP copolymers 
and lysozyme at 1:1 copolymers:lysozyme molar ratio. [Lysozyme]= 10 mg/mL in 100 mM pH 
12.3 phosphate buffer. Lysozyme aggregation was assessed by turbidimetry, recording Abs at 
500 nm every 30 min for 24.  

 

The second sub-family of copolymers, with a HEA82-111, were also found to 

induce aggregation and to increase the final amount of aggregated lysozyme. 

Again, the extent of protein aggregation was found to be independent from the 

composition and length of copolymers’ hydrophobic blocks. The negative 

control polymer HEA100 induces protein aggregation, while its final turbidity 

levels are lower than the ones observed with copolymers. 

As mentioned in this chapter’s introduction, a similar experiment was 

performed by Tudor Arvinte’s group, where lysozyme aggregation was induced 

in the presence of different polymers, and PEG-tryptophan showed a 

moderate, one hour-delay of lysozyme aggregation onset7. A similar behaviour 
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could be expected from our IND-terminating copolymers, in particular IND1-b-

HEA37 and IND1-b-HEA70 which present only one indole and therefore resemble 

more closely the structure of the original PEG-trp. The main differences lie in 

the nature of the hydrophilic chain, which in our case consists of repeating 

hydroxyacrylamide units, whereas in Arvinte’s work is a PEG chain. The 

polymers size is also different, as it spans between 5 and 14 kDa between the 

two copolymers sub-families, compared to the 2.0 kDa PEG used by Arvinte’s 

group, who also found that longer PEG 5.0 induced lysozyme aggregation.  

In Arvinte’s work a tryptophan moiety was conjugated to the PEG chain through 

a carbamate bond, while in our case indole side groups are connected to the 

copolymer backbone through an ester bond, which may be less hydrolytically 

stable at the basic pH buffer employed for the experiment. The hydrolysis of 

the indole group would convert the copolymers into a simple polyacrylamide 

with carboxylic side chains, which has already shown in this experiment and 

also in the previous chapter to be able to induce lysozyme aggregation. 

Moreover, the hydrolysis would release the original hydrophobic molecules 

that were used to synthesise the hydrophobic monomers: indole 3-acetic acid, 

phenylacetic acid and methylbutyric acid. These molecules suspended in the 

polymer/protein mixture could further increase the final overall turbidity, thus 

explaining the very high optical density levels observed at the end of the 

experiments.  

The aggregation-prone effect that we experience with polyacrylamide could be 

related to the macromolecular crowding induced by the simultaneous presence 



Chapter 3 

178 

 

in solution of two macromolecules, the protein and the polymer, at relatively 

high concentration (10 mg/mL lysozyme, 9 mg/mL HEA100). The polymer 

occupies a specific volume, which becomes unavailable to the protein, and is 

for this reason called “excluded volume”. The consequence of this 

phenomenon is a general decrease of the entropy solution, because the volume 

occupied by one macromolecule is unavailable to the other one.  Hence, 

different protein properties are affected: for example, as the protein is forced 

to occupy a reduced volume in solution, its concentration will locally increase, 

with reduced solubility and higher chances of precipitation27, 28. Interestingly, 

different proteins have shown an accelerated aggregation in the presence of a 

crowding agent: K-synuclein fibrillation in vitro was dramatically accelerated by 

the addition of different macromolecules, such as proteins, polysaccharides 

and polyethylene glycols29.  Influence of Dextran 70 and different PEGs on β-

lactoglobulin fibrillisation was investigated, highlighting shorter lag time and 

faster growth of fibrils 29, 30.    

To verify whether under these conditions hydrolysis of the polymer ester bonds 

could occur, IND10-b-HEA95 was incubated for 24 h in the same, highly basic 

buffer used for lysozyme aggregation experiment. The polymer was re-

precipitated in THF and analysed by 1H NMR. The spectrum showed the 

completely disappearance of indole aromatic protons peaks, confirming the 

complete hydrolysis of indole 3-acetic acid from the polymer backbone (Fig. 

3.13). 
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Figure 3.13: 1H NMR spectra of IND10-b-HEA95 (a) before and (b) after 24 h treatment in 100 mM 
pH 12 phosphate buffer. The two peaks belonging to acrylamide NH and OH are visible in both 
spectra, while indole aromatic peaks in the 7.0-7.5 ppm region have completely disappeared, 
thus confirming the complete hydrolysis of indole 3-acetic acid from the polymer backbone. 

 

3.3.5. Binding of copolymers to insulin: solubility studies 

The second model protein was bovine pancreatic insulin, a 51-amino acids, 

5733 Da protein. The protein consists of one α-chain and one β-chain, 

connected together by two disulphide bridges. Another intrachain disulphide 

bridge is present on the α-chain31. Insulin was chosen for its pH-dependent 

solubility profile. It is only slightly soluble at physiological pH, and it is usually 

dissolved at acidic pH, where it is fully soluble. Solubility drastically decreases 

as the pH is brought to its isoelectric point at 5.3. At this pH the protein forms 

large and visible aggregates that precipitate over time32. Our copolymers where 
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therefore mixed with the protein at this pH to investigate any stabilising effect, 

able to prevent protein aggregation and precipitation (Fig. 3.15). 

Several approaches have been undertaken to improve insulin solubility in the 

5-7.5 pH range. Intranasal absorption of porcine insulin was increased by 

improving its solubility with a mixture of bile salts. The protein and the salts 

were mixed together at acidic pH, which was then raised to physiological 

values, generating micelles that were applied on the nasal mucosa33. The 

solubility at pH 4-7 of human and many other commercial insulins was greatly 

improved by the addition of protamine, an arginine-rich nuclear protein, 

resulting in long-term stable formulations at mildly acidic pH34.  

In another work, linkers bearing 1-2 aminic basic groups were attached to 

insulin through diazo modification of insulin carboxyl groups, generating a 

photocleavable bond. The modification resulted in a shift of insulin isoelectric 

point, from 5.3 to 7.2: the protein was fully soluble in mildly acidic pH, while 

underwent aggregation at physiological levels. The photocleavable bond was 

broken by irradiation, releasing native and fully insulin. This approach was 

proposed  for the development of photoactivated depot materials35.   

In this chapter, the ability of our amphiphilic block copolymers to develop 

hydrophobic non-covalent interactions with insulin was assessed by solubility 

studies. Accordingly, the protein was dissolved at a concentration of 4 mg/mL 

in 10 mM pH 2.0 phosphate buffer and mixed with 5 and 10 molar excess of 

polymers in the same buffer for a final insulin concentration of 2 mg/mL. When 

the pH was raised to 5.3, the mixtures were left stirring for 2h and then 
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centrifuged to precipitate the aggregated insulin. The precipitate was then re-

dissolved in acidic buffer and analysed by RP-HPLC. The concentration of 

precipitated insulin was calculated integrating the area under insulin peak in 

the HPLC chromatogram for every insulin:copolymer blend, referring to a 

calibration curve previously prepared analysing different dilutions of insulin in 

the 0.1-2 mg/mL range (see Supporting Information Fig S3.38).  

The concentration of residual insulin in solution was then calculated by 

difference between starting insulin concentration and concentration of 

precipitated insulin. 

 

Figure 3.14: Schematic description of insulin solubility assay. Bovine pancreatic insulin 
possesses a pH-dependent solubility profile32. In particular, it is almost unsoluble in the 4-6 pH 
range, and slightly more soluble at pH 7. It can be solubilised at pH 2, but if the pH is raised at 
a value close to its isoelectric point 5.3, it will aggregate and precipitate. Here polymers were 
added to an insulin solution at pH 2.0, and following the increase of pH to 5.3, potential 
suppression of protein precipitation was assessed.  
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The polymers were again split in 2 groups, where 40 HEA-DP copolymers were 

analysed first (Fig. 3.15).  

I n
s

u
l i
n

 

I N
D

1
-b

- H
E

A
3

7
 I

 5
: 1

I N
D

1
-b

- H
E

A
3

7
 I

 1
0

: 1

P
H

E
N

1
-b

- H
E

A
3

7
 I

 5
: 1

P
H

E
N

1
-b

- H
E

A
3

7
 I

 1
0

: 1

M
T

B 1
-b

- H
E

A
3

7
 I

 5
: 1

M
T

B 1
-b

- H
E

A
3

7
 I

 1
0

: 1

I N
D

3
-b

- H
E

A
5

3
 I

 5
: 1

I N
D

3
-b

- H
E

A
5

3
 I

 1
0

: 1

P
H

E
N

3
-b

- H
E

A
4

5
I  

5
: 1

P
H

E
N

3
-b

- H
E

A
4

5
I  

1
0

: 1

M
T

B 3
-b

- H
E

A
4

2
 I

 5
: 1

M
T

B 3
-b

- H
E

A
4

2
 I

 1
0

: 1

I N
D

1
0
-b

- H
E

A
4

6
I  

5
: 1

I N
D

1
0
-b

- H
E

A
4

0
I  

1
0

: 1

P
H

E
N

1
0
-b

- H
E

A
3

8
I  

5
: 1

P
H

E
N

1
0
-b

- H
E

A
3

8
I  

1
0

: 1

M
T

B 1
0
-b

- H
E

A
4

3
I  

5
: 1

M
T

B 1
0
-b

- H
E

A
4

3
I  

1
0

: 1

H
E

A
3

6
:  

I  
5

: 1

H
E

A
3

6
:  

I  
1

0
: 1

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

I
n

s
u

li
n

 
(

m
g

/
m

L
)

 

Figure 3.15: Insulin solubility studies. The concentration of soluble insulin at pH 5.3 is reported 
for native insulin and insulin mixed with 40-HEA DP copolymers. Samples were prepared in 10 
mM phosphate buffer pH 2 at a final insulin concentration of 2 mg/mL and copolymers:insulin 
molar ratios of 5:1 and 10:1. After the pH was raised to 5.3, precipitated insulin was isolated by 
centrifugation and re-dissolved in 1 mL of 10 mM phosphate buffer pH 2. The concentration of 
precipitated insulin, expressed in mg/mL, was calculated by C18 RP-HPLC. HPLC measurements 
were performed with a linear gradient of 20−90% MeCN in water containing 0.1% TFA over 18 
min at a flow rate of 1 mL/ min. Absorbance was recorded at λ=280 nm. For each sample, the 
precipitated insulin was quantified via integration of the peak area of insulin in the HPLC 
chromatograms, referring to a calibration curve previously prepared analysing different 
dilutions of insulin in the 0.1-2 mg/mL range (Fig. S3.46). Concentration of solubilised insulin 
was calculated by subtracting the concentration of the precipitated insulin from the starting 
concentration.   

 

In the absence of block copolymers, following incubation at pH 5.3 only a small 

amount, around 0.3 mg/mL, of insulin remained in solution. Most of the 

copolymers had only a marginal impact on protein solubility, with values 

ranging from 0.3 to 0.5 mg/mL. 
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By contrast, IND3-b-HEA53 and IND10-b-HEA40 copolymers increased insulin 

solubility of around three times, suggesting an association between the 

polymers and insulin. The effect was also concentration dependent, as at 10:1 

[polymer]:[insulin] molar ratio the copolymers were more effective, keeping 

almost 100% of the protein fully solubilised. Interestingly, IND1-b-HEA37, 

possessing only one indole at its chain-end, had only a weak impact on protein 

solubility.  

Similar results were obtained with 100 HEA-DP copolymers (Figure 3.16). Again, 

copolymers possessing 3 and 10 indole repeating units IND3-b-HEA98 and IND10-

b-HEA95 were found to be the most effective in increasing insulin solubility. In 

particular, IND3-b-HEA98 displayed a concentration-dependent solubilising 

effect, with 30% to almost 100% protein kept in solution, for 5:1 and 10:1 

polymer:protein molar ratios, respectively. IND10-b-HEA95 was more effective, 

as almost 100% of the protein was kept in solution already at 5:1 

polymer:protein molar ratio. Results confirmed the efficacy of the indole as 

complexing agent, but also that one indole are completely ineffective in 

solubilising insulin at pH 5.3. Among the other polymers, PHEN-containing 

copolymers showed the best results, with PHEN10-b-HEA88 which is able to 

stabilise between 35% and 50% of insulin. 
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Figure 3.16: Insulin solubility studies. The concentration of soluble insulin at pH 5.3 is reported 
for native insulin and insulin mixed with 100-HEA DP copolymers. Samples were prepared in 10 
mM phosphate buffer pH 2 at a final insulin concentration of 2 mg/mL and copolymers:insulin 
molar ratios of 5:1 and 10:1. After the pH was raised to 5.3, precipitated insulin was isolated by 
centrifugation and re-dissolved in 1 mL of 10 mM phosphate buffer pH 2. The concentration of 
precipitated insulin, expressed in mg/mL, was calculated by C18 RP-HPLC. HPLC measurements 
were performed with a linear gradient of 20−90% MeCN in water containing 0.1% TFA over 18 
min at a flow rate of 1 mL/ min. Absorbance was recorded at λ=280 nm. For each sample, the 
precipitated insulin was quantified via integration of the peak area of insulin in the HPLC 
chromatograms, referring to a calibration curve previously prepared analysing different 
dilutions of insulin in the 0.1-2 mg/mL range (Fig. S3.45). Concentration of solubilised insulin 
was calculated by subtracting the concentration of the precipitated insulin from the starting 
concentration.   

 

The low solubility that insulin displays at pHs between 5 and 7 can be explained 

from its amino acidic composition36 (Fig. 3.17).   
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Figure 3.17: Insulin primary and secondary structure.36.  

There are 6 basic residues on the protein primary structure: two N-terminal 

amino groups (pKa 7-9), two histidine (pKa ~ 6), one lysine (pKa ~ 11) and one 

arginine(pKa ~ 12.5). There are then 6 acidic ones: two C-terminal 

carboxylates (pKa ~ 3.8) and four glutamates (pKa ~ 4.2)37, 38. At pH values 

between 5 and 6.5 the charges of the basic residues are counterbalanced by 

that of the acidic ones, so that the final net charge is zero37. Most of the other 

residues are either aliphatic hydrophobic (leucines, glycines, valines and 

alanines) or aromatic (3 phenylalanines and 4 tyrosines). These residues, 

which are responsible for the hydrophobic nature of the protein when its net 

charge is close to zero, may be involved in the interactions established with 

the amphiphilic copolymers utilised in this work. In particular, the aromatic 

amino acids may be involved in π-π interactions with the indole and phenyl 

moieties on the hydrophobic blocks of the copolymers. 

3.3.6. Binding of copolymers to insulin: circular dichroism studies 

The interaction between the polymers and insulin was further investigated by 

circular dichroism analysis, to assess the potential effects of this interaction on 
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insulin secondary structure, and to understand if any of these alterations would 

be permanent or not. 

Circular dichroism (CD) is a useful tool which can be employed to characterise 

protein folding and secondary structure. The technique is based on the unequal 

absorption of right- and left- handed circularly polarized lights Er and El by chiral, 

asymmetric molecules such as proteins. As a result, the light which passes 

through a solution of the chiral species becomes elliptically polarized, and the 

instrument can record the degree of ellipticity [θ], which is defined as the 

tangent of the ratio of the minor to major elliptical axis39. The degree of 

ellipticity [θ], will change according to the difference between Er and El 

absorption, which will be then related to the specific conformation that the 

protein takes in solution. α-helix, β-sheet or random coil give characteristic [θ] 

vs. wavelength CD profiles, which makes this technique particularly suited to 

investigate protein secondary structure (Fig. 3.18)39. 

 

Figure 3.18: examples of circular dichroism profiles of different proteins39. 
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One of the drawbacks of CD is potential poor signal-to noise ratio when highly 

UV-active excipients are present in protein formulations. Even though these 

molecules are not chiral, their high absorptivity can ultimately compromise the 

signal, making impossible to discern the protein secondary structure. 

For our CD study, we utilised IND10-b-HEA95, as this was one of the most 

effective in preventing insulin aggregation at pH 5.3. Accordingly, the 

copolymer was mixed with insulin at 5:1 and 10:1 ratio in 10 mM pH 2 

phosphate buffer. The pH was then raised to 5.3 and the solutions centrifuged 

to separate any traces of precipitated protein. The supernatant was then 

analysed by CD spectrophotometry, but unfortunately the signal quality was 

found to be too poor due to the high absorptivity of the polymers. Thus, to 

allow a meaningful measurement, it was decided to separate the two 

macromolecules and measure the protein CD profile after separation. Whilst 

this experiment cannot provide any information on the secondary structure 

alterations that occur when insulin is complexed with IND10-b-HEA95, it can still 

give important insight on the reversibility of the interaction and whether 

polymer complexation can induce irreversible changes of the protein secondary 

structure. The polymer-protein blends at pH 5.3 were then purified using a 

semi-prep HPLC column, using a 30-90% acetonitrile gradient in water. Insulin 

peak was collected and the protein lyophilised, re-dissolved in 10 mM pH 2 

phosphate buffer, the pH shifted to 7.4 and the samples finally analysed (Fig. 

3.19).  
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Figure 3.19: CD profiles of insulin, insulin after RP-HPLC elution (control sample used to assess 

whether HPLC purification can affect insulin secondary structure) and insulin:IND10-b-HEA95 

mixtures at 5:1 and 10:1 polymer:insulin molar ratio, purified by RP HPLC. RP HPLC runs were 

performed with a linear gradient from 30−90% MeCN in water containing 0.1% TFA over 18 min 

at a flow rate of 5 mL/ min. After purification the protein samples were freeze dried and re-

dissolved in 10 mM pH 2.0 phosphate buffer, at a concentration of 0.2 mg/mL.  For each sample, 

pH was raised to 7.4 prior to analysis.  

 

The profile obtained from the protein before HPLC purification shows two 

negative peaks, one at 208 nm and the other at 222 nm, which have been 

previously described for bovine insulin, and are typical of a α-helix secondary 

structure40. A very similar profile was obtained from the control sample used 

to assess whether HPLC purification can affect insulin secondary structure. The 

two samples pre-treated with IND10-b-HEA95 at 10:1 and 5:1 polymer:insulin 

molar ratios also showed [θ] vs. wavelength CD profiles very similar to that of 

native insulin. The 5:1 polymer:protein sample appeared to have a slightly 

weaker intensity signal,  but that could be due to a slightly lower concentration 

in solution of recovered insulin. From this part of the study it can be concluded 

that neither the formation of a complex with the copolymer, nor the 

subsequent RP HPLC purification process have caused any major and 

permanent alteration of insulin secondary structure. 
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3.3.7. Binding of copolymers to peptide IDR 1018: solubility   

   studies 

Host defence peptides are a class of short and cationic amphiphilic peptides, 

which display a wide variety of direct antimicrobial41 and immunomodulatory42 

activity. The direct antimicrobial activity is correlated with their amphiphilic 

nature. The presence of hydrophobic residues allows them to interact with 

bacterial membranes leading to their disfunction with subsequent bacterial 

death, or their translocation into the cytoplasm where they may act at different 

cytosolic targets43.  

Among these peptides, synthetic peptide IDR 1018 was identified for its dual 

antimicrobial and immunomodulatory activity.  Its moderate direct bactericidal 

properties were tested in vitro on different bacterial strains, including P. 

aeruginosa (MIC 19 µg/mL) and S. aureus (MIC 4 µg/mL)44. The peptide is able 

to disrupt and prevent the formation of biofilms and can decrease bacterial 

infections on orthopaedic implants45. Studies have highlighted that the peptide 

does not significantly perturb model membranes, suggesting an intracellular 

target, that has yet to be fully understood46, 47. As an immunomodulatory agent, 

the peptide can stimulate differentiation of macrophages and neutrophils 48.  

Unfortunately, like other antimicrobial immunomodulatory peptides, IDR 1018 

has shown to aggregate in aqueous solution, under different conditions, from 

several buffers to tissue culture media. Various buffers have been tested to 

evaluate the influence of different salts on its aggregation. Sodium salt buffers 

caused significant peptide aggregation, dependent on peptide and salt 

concentration. Aggregation seems to be favoured by the presence of numerous 
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hydrophobic amino acids on the peptide backbone. In particular, the 5 

consecutive hydrophobic residues between Leu-3 and Val-7 are believed to 

form an aggregation-prone hydrophobic patch (Fig. 3.20). Modifications of this 

sequence in peptides derivatives of IDR 1018 significantly reduced the 

likelihood of aggregation49. Interestingly, one tryptophan residue is also 

present in IDR 1018 sequence. 

Aggregation unavoidably reduces peptide efficacy, altering the amount which 

is effectively delivered to the site of infection. Moreover, the 

immunomodulatory activity of the peptide was also altered as consequence of 

aggregates formation47. 

 

Figure 3.20: Amino acids sequence and chemical structure of peptide IDR 1018. 

 

The potential interaction between amphiphilic INDm-b-HEAn, PHENm-b-HEAn, 

and MTBm-b-HEAn block co-polymers and IDR 1018 peptide was investigated in 

concentrated phosphate buffer, simulating conditions in which the peptide 

aggregates, to evaluate if polymer-peptide nanocomplexes are able to prevent 

peptide aggregation. The addition of salts to a biomacromolecule aqueous 

solution can have opposite effect according to the specific salt employed. The 

precipitation of peptides/proteins and other biomacromolecules in high ionic 
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strength solutions is called “salting out” and it is also employed, for example, 

to purify newly expressed protein therapeutics by selectively precipitating 

them50. In aqueous solutions of low ionic strength, hydrophobic residues of 

proteins are usually buried within the protein core, while charged and polar 

residues on the protein surface interact with water molecules through H-bonds. 

These interactions form a water solvation layer around the protein which 

improves protein stability and solubility51. The addition of salts into the solution 

is followed by the dissociation of the salt molecules into ionic species, which 

interact with water molecules. As more salt is added, less water molecules are 

available to interact with charged residues on the protein surface. The protein 

starts unfolding and the solvent exposure of protein hydrophobic residues 

finally leads to protein aggregation and precipitation51, 52. A variety of cations 

and anions are known to induce macromolecules salting out,  where the most 

effective, called kosmotropes, display strong association with water 

molecules49. Both cations and anions have been ranked for their ability in 

inducing protein aggregation and precipitation, with anions order being CO3 2− 

> SO4 2− > S2O3 2− > H2PO4 − > F− > Cl− > Br− ≈ NO3 − > I− > ClO4 − > SCN    and cations 

order being (CH3)4N+ > Cs+ > Rb+ > NH4 
+ > K+ > Na+ > Li+ > Mg2+ > Ca2+ from the 

most to the least precipitating, respectively53. A similar behaviour could be 

expected from IDR 1018. At high ionic strength, its hydrophobic amino acid 

residues could drive its self-interaction and final aggregation. At the same time, 

these residues may potentially establish hydrophobic interactions with our 

amphiphilic copolymers. 
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Firstly, each copolymer was first solubilised in 100 mM pH 7.2 phosphate 

buffer. A solution of IDR 1018 peptide in water was then added to the 

copolymer solutions, to give a final peptide concentration of 0.10 mM, and a 

1:1 copolymer:peptide molar ratio. The resulting peptide aggregates were 

removed by centrifugation and the supernatant was analysed via HPLC to 

quantify the amount of residual IDR 1018 (Fig. 3.21). Concentration of IDR 1018 

in solution was calculated referring to a calibration curve previously prepared 

analysing different dilutions of IDR 1018 in the 0.0005-0.2 mM range (see 

Supporting Information Fig. S3.39).  
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Figure 3.21: Peptide IDR 1018 solubility study. The concentration of soluble IDR 1018 in 100 
mM pH 7.2 phosphate buffer is reported for native peptide and peptide mixed with (a) 40-HEA 
and (b) 100-HEA DP copolymers. A 1 mM IDR 1018 stock solution in deionised water was 
prepared. The copolymers were separately dissolved in 450 µL of 100 mM phosphate buffer pH 
7.2. To these solutions, 50 µL of IDR 1018 stock solution were added, for a final IDR 1018 
concentration of 0.1 mM and a 1:1 copolymers: IDR 1018 molar ratio. After 5h stirring, the 
solutions were centrifuged, and the supernatant analysed by C18 RP-HPLC. HPLC 
measurements were performed using a 25−90% MeCN gradient in water containing 0.1% TFA 
over 18 min at a flow rate of 1 mL/ min. Absorbance was recorded at λ=280 nm. For each 
sample, the concentration of residual IDR 1018, expressed in mM, was quantified via 
integration of the peak area of IDR 1018 in the HPLC chromatograms.  
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As shown in Fig. 3.21, in the absence of amphiphilic copolymers the 

concentration of residual unprecipitated IDR 1018 peptide was quantified by 

RP-HPLC to be around 0.025 mM, and, similarly to what observed with insulin, 

most of the copolymers did not induce a significant prevention of aggregation. 

Again, IND3- and IND10-copolymers, regardless of the length of the HEA 

hydrophilic block, decreased significantly peptide aggregation, resulting in the 

highest peptide concentrations left in solution. In particular, IND3-b-HEA53, 

IND10-b-HEA40, IND3-b-HEA98 and IND10-b-HEA95 kept almost 100% of the 

peptide in solution. Similar effects were obtained with PHEN10-copolymers, in 

particular PHEN10-b-HEA88, whose effects are comparable to indole containing 

copolymers.  

Results obtained with peptide IDR 1018 confirm that indole-terminating 

copolymers have the ability to complex and solubilise different proteins and 

peptides. Again, this study also confirmed that one indole is not enough to 

establish a successful interaction.  

3.3.8. Potential self-association of copolymers  

The results obtained thus far indicated that only copolymers containing a 

sufficient number of indole repeating units (three or ten in this case), and in 

part those with with ten phenylalanine residues, were able to interact with 

insulin and IDR 1018 peptide, and minimise their aggregation in solution.  

It could be that a minimum number of indoles is necessary to establish 

interactions with proteins hydrophobic regions. However, it is also possible that 

the hydrophobic block, above a sufficient length, can trigger polymers self-
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assembling, and the resulting nanoparticles can complex the proteins. Proteins-

copolymers interactions that we have experienced so far, could be due proteins 

complexation more than a single chain-protein interaction.   

Since the amphiphilic INDm-b-HEAn, PHENm-b-HEAn, and MTBm-b-HEAn block 

copolymers consist of one hydrophobic and one hydrophilic block, thus under 

aqueous conditions it is reasonable to hypothesise that they could self-

assemble into supramolecular aggregates, where contact between water and 

the hydrophobic block is minimised. Block copolymers can potentially self-

assemble into a range of different supramolecular aggregates in aqueous 

environment. Among them, we can remember micelles, worm-like micelles and 

polymersomes54. The nature of the aggregate depends on the chemical 

structure of both the hydrophilic and the hydrophobic blocks, and on the ratio 

between the two. For example, there is experimental evidence that for PEG-

based block copolymers, micelles are the most likely form of supramolecular 

aggregate when PEG volume fraction (f) is above 50%55. In case of our block 

copolymers, the ratio between the hydrophilic and the hydrophobic blocks  

span from 4:1 of IND10-b-HEA40 to 111:1 of MTB1-b-HEA111. With such a high 

hydrophilic/hydrophobic ratio, micelles are the most likely type of 

supramolecular aggregates that the copolymers may be forming in aqueous 

solutions, even if further experiments, such as for example TEM or comparative 

incorporation of hydrophilic and hydrophobic probes, would be required to 

confirm the exact nature of these nanoparticles. Micelles are nanoparticles of 

spherical shape and size generally between 10 and 100 nm, where the 

hydrophobic blocks are inside the sphere and the hydrophilic, polar ones, are 
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facing water, forming the outside surface of the micelle. Micelles are always in 

a dynamic equilibrium with their unimeric form  (Fig. 3.22)56.  

 

Figure 3.22: Illustration of the equilibrium between micelles and unimeric polymer chains in 
aqueous enviroment. The hydrophobic block is coloured in red. 

 

Polymeric micelles are widely used in drug delivery as valid excipients for the 

encapsulation of poorly water-soluble drugs57. The nature and stability of a 

micelle is highly dependent on the length and properties of the hydrophobic 

and hydrophilic blocks58. In our case, the hydrophobic block on IND1-

terminating copolymers may be too short to induce micellization, thus 

explaining their lack of activity.   

The potential self-assembly of the copolymers was then analysed by Dynamic 

Light Scattering (DLS). DLS is used to evaluate size and size distribution of 

macromolecules and small particles, like protein, polymers, and 

supramolecular complexes with size between 1 and 1000 nm. 

The co-polymers were dissolved in water at a concentration of 1.0 mg/mL. The 

copolymers hydrodynamic diameter, calculated by volume distribution, is 

reported in the table below.  The volume distribution is displayed in Figure 3.23.   
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Table 3.7: Copolymers hydrodynamic diameter, calculated in volume by Dynamic Light 
Scattering. Copolymers were analysed in water at 1 mg/mL. 

POLYMER 
IND1-b-

HEA37 

PHEN1-b-

HEA37 

MTB1-b-

HEA37 

IND3-b-

HEA53 

PHEN3-b-

HEA45 

MTB3-b-

HEA42 

IND10-

HEA40 

PHEN10-b-

HEA38 

MTB10-b-

HEA43 

SIZE (nm) 2.93 2.99 3.23 5.23 3.19 3.69 9.72 9.7 6.54 

PDI 0.15 0.56 0.08 0.18 0.05 0.1 0.16 0.19 0.2 

POLYMER 
IND1-b-

HEA100 

PHEN1-b-

HEA100 

MTB1-b-

HEA111 

IND3-b-

HEA98 

PHEN3-b-

HEA99 

MTB3-b-

HEA82 

IND10-b-

HEA95 

PHEN10-b-

HEA88 

MTB10-b-

HEA105 

SIZE (nm) 5.97 5.4 6.02 5.21 5.13 4.64 14.28 12 5.38 

PDI 0.13 0.15 0.06 0.27 0.1 0.25 0.15 0.16 0.33 

 

Figure 3. 23: Copolymers size volume distribution, calculated in volume by DLS. Copolymers 
were analysed in water at 1 mg/mL. 

Most of the copolymers display size between 3 and 6 nm. Such small values 

suggest that there is no self-assembly taking place, and the only species 

detected are individual polymeric chains. For example, similar hydrodynamic 

diameters have been assessed for DLS and small angle neutron scattering 

analyses of PEG 200059. By contrast, higher values, between 10 and 15 nm, were 

observed for IND10 and PHEN10 containing copolymers. These values suggest 

that these polymers could self-assemble under aqueous solutions and support 

the idea that insulin and IDR 1018 peptide were surrounded by polymer chains 

in a micellar interaction.  

However, IND3-terminating copolymers IND3-b-HEA53 and IND3-b-HEA98 display 

a smaller size, of around 5 nm, which indicates that these polymers may not be 
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self-assembling. Hence, their stabilising and solubilising effects may be more 

likely due to a single protein-single polymer chain stabilizing interaction, 

accomplished through the short indole block at the end of the chain. 

Further studies were performed on the two copolymers IND3-b-HEA98 and 

IND10-b-HEA95. The two copolymers were chosen as they both displayed 

stabilising interactions with insulin and the antimicrobial peptide IDR 1018, yet 

from DLS analysis it appears that only IND10-b-HEA95 may be self-assembling. 

The potential self-assembling characteristics of these materials was 

investigated by assessing their potential Critical Micelle Concentration. The 

CMC is the concentration of surfactants above which micelles form. Below this 

concentration, surfactant exists in solution as un-associated monomers. The 

identification of the CMC can be achieved using a range of different techniques. 

In this study, the CMC of IND3-b-HEA98 and IND10-b-HEA95 was estimated by 

water surface tension measurements at different polymer concentrations. 

Changes on water’s surface tension upon addition of a surfactant are due to 

the surfactant ability to partition at the interface between water and air, with 

its hydrophilic block that remains in water and the hydrophobic one in contact 

with air, emerging from the water surface60. The presence of the surfactant at 

the interface will reduce the surface free energy (surface tension) of water, 

with a direct correlation between the surfactant concentration and the surface 

tension: as the first increases, the latter decreases. Above the CMC the 

surfactant molecules start to self-assemble into micelles, and any further 

surfactant added in solution will form more micelles.  As a result, there will be 
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no additional surfactant molecules at the interface, and as a result the surface 

tension will stabilise as well. The CMC can then be identified as the 

concentration above which increasing amounts of surfactant have no more 

significant influence on water surface tension61. 

Firstly, IND3-b-HEA98 and IND10-b-HEA95 were dissolved in water at various 

concentrations, and the surface tension of the resulting solutions was 

measured with the “pendant drop” method62. The calculated surface tensions 

of the various polymer solutions were plotted against polymers concentration 

(Fig. 3.23). 
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Figure 3.24: CMC measurement for copolymers IND10-b-HEA95 and IND3-b-HEA98, assessed by 
Surface Tension analysis.  

IND10-b-HEA95 induced a surface tension decrease from 72 mN/m to 59 mN/m. 

However, the surface tension declined steeply in the 0.01-2 mg/mL 

concentration range, but much less at higher concentrations.  The graph can be 

therefore divided into two different sections, and the intersection of the fitting 

lines interpolating data points in these two regions, at a concentration of 1.5 

mg/mL, defines the CMC of IND10-b-HEA95. 

In case of IND3-b-HEA98, the surface tension appears to decrease more 

gradually, from 71 to 66 mN/m, as the copolymer concentration increased, with 
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no clear discontinuity in the surface tension vs. polymer concentration plot, 

suggesting that IND3-b-HEA98 may not form micelles in this range of 

concentrations. The result would be in good agreement with DLS values that 

highlighted the absence of self-assembled nanoparticles for IND3-b-HEA98. The 

main difference between the two copolymers lies in the length of the 

hydrophobic block, which is shorter in IND3-b-HEA98, with an average of 2.52 

indoles per polymer chain.  A very low ratio between the hydrophobic and the 

hydrophilic part generally results in increased CMC values and reduced micelle 

stability, since the self-assembly is driven by the attraction between the 

hydrophobic segments58. As both IND3-b-HEA98 and IND10-b-HEA95 could 

prevent insulin and IDR 1018 peptide aggregation this study may suggest that 

the interaction established by the polymer with insulin and IDR 1018 are not 

necessarily or not completely of micellar type. The insulin solubility experiment 

was performed at IND3-b-HEA98 concentrations between 20 and 40 mg/mL. 

These concentrations are higher than the range explored for CMC 

determination. However, in IDR 1018 peptide solubility study the polymer 

concentration was much lower, ca. 1.5 mg/mL, in a range that was covered by 

the DLS and Surface Tension measurements and where IND3-b-HEA98 did not 

show any significant self-assembly. Another possible explanation is that the 

presence of insulin and IDR 1018 peptide may promote a guest molecule-

induced self-assembly. 
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3.4. Final considerations 

In this chapter, we wanted to develop a family of copolymers of different 

composition and length that could act as protein stabilisers. These copolymers 

incorporated a variable number of hydrophobic amino acid-like functional 

group, to interact with different proteins through non-covalent hydrophobic 

interactions, preventing their aggregation/precipitation.  The copolymers were 

then characterised by short hydrophobic blocks of DP 1, 3 and 10, and a 

hydrophilic poly(N-hydroxyethyl acrylamide) block of variable length. Synthesis 

was accomplished through RAFT polymerization, which ensured narrow 

molecular weight dispersity and Mn close to the expected theoretical ones. The 

ability of these materials to modulate protein aggregation was investigated on 

three different model proteins and peptides, hen egg lysozyme, bovine 

pancreatic insulin and the antimicrobial peptide IDR 1018. Turbidity tests were 

performed to evaluate the aggregation of hen egg lysozyme. Results showed 

that none of the copolymers was able to delay the aggregation onset. On the 

contrary, the aggregation rate was accelerated. An investigation on the stability 

of the copolymers used in these experiments showed significant hydrolysis of 

the hydrophobic side chains, thus providing an explanation for the unexpected 

results obtained in the lysozyme stabilisation experiments.  

Tests on a different protein, bovine pancreatic insulin, showed that amphiphilic 

copolymers containing IND3- and IND10-blocks greatly decrease protein 

precipitation. However, copolymers bearing only one indole at the polymer 

chain-end were completely ineffective, suggesting that one indole is not 
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enough to establish a sufficiently strong interaction between the polymer and 

the protein backbone. PHEN10-containing copolymers induced partial insulin 

solubilisation. 

A similar experiment was performed on antimicrobial peptide IDR1018, which 

is known to aggregate and precipitate in a wide range of buffers and media. 

Again, IND3- and IND10-containing copolymers were able to significantly reduce 

the aggregation and prevent the precipitation of the peptide. By contrast, the 

other copolymers failed to improve peptide solubility, with the relevant 

exception of PHEN10- containing copolymers, which again partially prevented 

peptide aggregation. 

Experiments on these last two proteins highlight the efficacy of indole-, and 

partially phenyl-bearing polymers, compared to the completely aliphatic 

monomer MTB, which proved to be completely ineffective. They suggest that 

tryptophan and phenylalanine aromatic side chains can be used to interact with 

hydrophobic residues and pockets on the protein backbone. Furthermore, 

copolymers efficacy was found to be independent on the size of the hydrophilic 

poly(N-hydroxyethyl acrylamide) block, within the range of poly(HEA) 

investigated, HEA~50 and HEA~100. As it was hypothesised in Chapter 2, also in 

this case the HEA-hydrophilic chain may contribute to proteins stabilisation by 

surrounding and shielding the proteins molecules, protecting them from self-

interactions that lead to aggregation.  

In these experiments, polymers containing one indole moiety were found to be 

ineffective in preventing protein aggregation/precipitation. Thus, we 
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hypothesised that longer hydrophobic blocks could induce copolymers self-

assembly and that the interaction we observed was more similar to that of a 

micelle encapsulating a hydrophobic guest molecule.  

Thus, self-assembly of copolymers was investigated by Dynamic Light 

Scattering. The presence of particles was detected only for IND10-containing 

copolymers, while IND3-copolymers had ≤5 nm size, which suggested that only 

indiviual polymer chains existed in solution. Potential self-association into 

micelles was further investigated by surface tension measurements on 

copolymers IND10-b-HEA95 and IND3-b-HEA98. A CMC could be identified only for 

the IND10-b-HEA95 copolymer, suggesting that IND3-b-HEA98, due to its short 

poly(IND) block, may form unstable micelles, or its CMC may be at higher 

copolymer concentrations than those investigated here. It is also possible that 

copolymers can improve protein/peptide stability in both ways, by surrounding 

the protein in a micelle-like fashion but also establishing specific interactions 

on the protein sequence through their indole block. 

Micelles formation and/or stabilisation could also be induced by interactions 

between the aggregating/precipitating protein/peptide and the copolymer. 

More insights on this mechanism of interaction could be obtained by analysing 

copolymer-proteins mixtures, for example by DLS or a microscopy technique 

such as TEM, to detect and characterise particles potentially resulting from 

protein-polymer complexation.   
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Supporting Information Chapter 3 

1H and 13C NMR spectra were recorded on a Bruker DPX400 UltraShield™ 

Spectrometer and processed with MestReNova 12.0© 2017 Mestrelab 

Research S.L. All chemical shifts are reported in ppm (δ) relative to 

tetramethylsilane or referenced to the chemical shifts of residual solvent 

resonances.  

ESI TOF Mass spectrometry analyses were conducted on a Bruker microTOF II.  

FT-IR spectra were recorded using an Agilent Cary630.  

Purification of INDm, PHENm and MTBm oligomers (from m=2 to m=6) was 

performed on an Agilent 971-FP Flash Purification System using a BIOTAGE KP-

C18-HS 12 g column. 

Polymer SEC analyses were performed on a Polymer Laboratories GPC 50 

system equipped with a refractive index detector, using a system made of two 

PLgel Mixed-D (5 μm bead, 7.8 × 300 mm) columns and a matching guard (7.8 

× 50 mm). Analyses were performed in DMF at a flow rate of 1 mg/mL with 

0.1% w/v LiBR. Narrow PMMA standards were used for calibration.  

HPLC experiments were performed on a Shimadzu HPLC (LC-20AD pump) 

equipped with a SPD-M20A UV detector and SIL-20A autosampler. Reverse 

phase analyses were completed using a C18 Zorbax Eclipse Plus C18 column 

(3.5 μm, 95 Å, 4.6 × 12.5 mm). 

Dynamic light scattering was performed using a Nano-Zs from Malvern 

Instruments, UK. The size was measured at 25 ˚C. Analyses were repeated 3 
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times for each sample, and a minimum of 10 measurements was performed 

for each analysis. 

Surface Tension Measurements were performed on a Kruss DSA 100 using the 

“pendant drop” method. 

 

 

Figure S3.1: 13C NMR spectrum of monomer IND in CDCl3. 
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Figure S3. 2: 1H NMR spectrum of monomer PHEN in CDCl3. 

 

 

Figure S3.3: 13C NMR spectrum of monomer PHEN in CDCl3. 
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Figure S3. 4: 1H NMR spectrum of monomer MTB in CDCl3. 

 

Figure S3.5: 13C NMR spectrum of monomer MTB in CDCl3. 
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Figure S3. 6:13C NMR spectrum of oligomer IND1 in d6-DMSO. 

 

 

 

 

Figure S3.7: 1H NMR spectrum of oligomer PHEN1 in CDCl3. 
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Figure S3.8: 13C NMR spectrum of oligomer PHEN1 in CDCl3. 

 

 

Figure S3.9: 1H NMR spectrum of oligomer PHEN3 in CDCl3. 
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Figure S3.10: 1H NMR spectrum of oligomer PHEN10 in CDCl3. 

 

 

Figure S3.11: 1H NMR spectrum of oligomer MTB1 in CDCl3. 
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Figure S3.12: 13C NMR spectrum of oligomer MTB1 in CDCl3. 

 

 

 

 

Figure S3.13: 1H NMR spectrum of oligomer MTB3 in CDCl3. 
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Figure S3.14: 1H NMR spectrum of oligomer MTB10 in CDCl3. 

 

 

 

 

Figure S3.15: 1H NMR spectrum of copolymer IND1-b-HEA37 in d6-DMSO. 
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Figure S3.16: 1H NMR spectrum of copolymer PHEN1-b-HEA37 in d6-DMSO. 

 

 

Figure S3.17: 1H NMR spectrum of copolymer MTB1-b-HEA37 in d6-DMSO. 
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Figure S3.18: 1H NMR spectrum of copolymer IND3-b-HEA53 in d6-DMSO. 

 

 

Figure S3.19: 1H NMR spectrum of copolymer PHEN3-b-HEA45 in d6-DMSO. 
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Figure S3.20: 1H NMR spectrum of copolymer MTB3-b-HEA42 in d6-DMSO. 

 

Figure S3.21: 1H NMR spectrum of copolymer IND10-b-HEA40 in d6-DMSO. 
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Figure S3.22: 1H NMR spectrum of copolymer PHEN10-b-HEA38 in d6-DMSO. 

 

     

 

Figure S3.23: 1H NMR spectrum of copolymer MTB10-b-HEA43 in d6-DMSO. 
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Figure S3.24: 1H NMR spectrum of copolymer IND1-b-HEA100 in d6-DMSO. 

 

 

Figure S3.25: 1H NMR spectrum of copolymer PHEN1-b-HEA109 in d6-DMSO. 
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Figure S3.26: 1H NMR spectrum of copolymer MTB1-b-HEA111 in d6-DMSO. 

 

 

Figure S3.27: 1H NMR spectrum of copolymer IND3-b-HEA98 in d6-DMSO. 
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Figure S3.28: 1H NMR spectrum of copolymer PHEN3-b-HEA99 in d6-DMSO. 

 

 

Figure S3.29: 1H NMR spectrum of copolymer MTB3-b-HEA82 in d6-DMSO. 
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Figure S3.30: 1H NMR spectrum of copolymer IND10-b-HEA95 in d6-DMSO. 

  

 

Figure S3.31: 1H NMR spectrum of copolymer PHEN10-b-HEA88 in d6-DMSO. 
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Figure S3.32: 1H NMR spectrum of copolymer MTB3-b-HEA105 in d6-DMSO. 

 

Figure S3.33: 1H NMR spectrum of polymer HEA36 in d6-DMSO. 
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Figure S3.34: 1H NMR spectrum of polymer HEA100 in d6-DMSO. 
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Figure S3.35: normalised SEC traces of IND10, PHEN10 and MTB10. SEC analyses were performed 
in THF (PMMA standards). 

 



Chapter 3 

226 

 

 

1 0 0 0 1 0 0 0 0 1 0 0 0 0 0

0

5 0

1 0 0

M W

d
w

/d
lo

g
M

P H E N 1 0 - b - H E A 3 8

I N D 1 0 - b - H E A 4 0

M T B 3 - b - H E A 4 2

P H E N 3 - b - H E A 4 5

I N D 3 - b - H E A 5 3

M T B 1 - b - H E A 3 7

P H E N 1 - b - H E A 3 7

I N D 1 - b - H E A 3 7

M T B 1 0 - b - H E A 4 3

1 0 0 0 1 0 0 0 0 1 0 0 0 0 0

0

5 0

1 0 0

M W

d
w

/d
lo

g
M

P H E N 1 0 - b - H E A 8 8

I N D 1 0 - b - H E A 9 5

M T B 3 - b - H E A 8 2

P H E N 3 - b - H E A 9 9

I N D 3 - b - H E A 9 8

P H E N 1 - b - H E A 1 0 0

I N D 1 - b - H E A 1 0 0

M T B 1 - b - H E A 1 1 1

M T B 1 0 - b - H E A 1 0 5

( a )

( b )

 

Figure S3.36: normalised SEC traces of (a) HEA 40 DP and (b) HEA 100 DP INDm-b-HEAn 
copolymers. SEC analyses were performed in DMF + 0.1 % LiBr (PMMA standards). 
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Figure S3.37: normalised SEC traces of control polymers HEA36 and HEA100. SEC analyses were 
performed in DMF + 0.1 % LiBr (PMMA standards). 
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Figure S3.38: insulin calibration curve. Insulin was dissolved in 10 mM pH2 phosphate buffer at 
different concentrations in the 0.1-2 mg/mL range. The samples were analysed in triplicates by 
RP-HPLC, using a 20-80% MeCN gradient in Milli-q water + 0.1 % TFA. Absorbance was recorded 
at 280 nm. The area under insulin peak was calculated for each concentration. 

0 . 0 0 0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 0

0

5 0 0 0 0 0

1 0 0 0 0 0 0

1 5 0 0 0 0 0

2 0 0 0 0 0 0

2 5 0 0 0 0 0

I D R  1 0 1 8  c o n c  ( m M )

A
b

s
 (

2
8

0
 n

m
)

Y  =  1 0 8 1 2 4 3 4 * X  -  5 9 1 5

R
2

 =  0 . 9 9 9

 

Figure S3.39: IDR 1018 calibration curve. IDR 1018 was dissolved in deionised water at different 
concentrations in the 0.0005-0.2 mM range. The samples were analysed in triplicates by RP-
HPLC, using a 25-80% MeCN gradient in Milli-q water + 0.1 % TFA. Absorbance was recorded at 
280 nm. The area under IDR 1018 peak was calculated for each concentration. 
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4.1. Introduction 

Antimicrobial resistance has become an increasingly concerning threat. The 

diffusion of new resistance mechanisms (e.g. chemical modification of the 

antibiotic molecule by bacterial enzymes, decreased antibiotic penetration and 

increased efflux, changes in the target sites1) may eventually hamper the 

efficacy of current treatments for common infectious diseases, leading to 

longer recovery times, increased number of deaths and higher healthcare 

costs2. A recent review commissioned by the UK government estimates the 

number of deaths caused by antimicrobial resistance to increase worldwide 

from approximately 700,000 to 10 million per year by 20503.  

Considerable efforts have been made to identify new potential therapies that 

could overcome antimicrobial resistance. Among these, antimicrobial peptides 

(AMPs) have emerged as a potential alternative to treat various infections. 

AMPs often combine antibacterial activity with anti-inflammatory and 

immunomodulatory properties4. In Nature, AMPs can be found in both 

prokaryotes and eukaryotes: in evolved organisms they actively protect the 

host against infections; in bacteria, they are produced to kill other bacteria 

competing for the same ecological niche5. AMPs are characterised by a wide 

range of potential therapeutic applications, as they can display antimicrobial 

activity on both Gram-positive and Gram-negative bacteria, together with 

immunostimulant properties5.  

These peptides are usually characterised by less than 50 amino acid residues 

with an overall positive charge, due to multiple lysine and arginine residues, 
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and a proportion of hydrophobic residues that confer AMPs an amphipathic 

character.  Based on their secondary structure, they are generally divided on 

four classes: β-sheet, α-helical, loop, and extended peptides6. They can also be 

classified based on their mechanism of action: most of antimicrobial peptides 

exert their activity through membrane permeabilization, which induce 

membrane rupture and cell death. Bacterial membranes of both Gram-positive 

and Gram-negative bacteria are rich in phosphatidylglycerol, cardiolipin, and 

phosphatidylserine phospholipids, whose negatively charged head groups can 

attract the positive residues on peptides sequence. Once the peptide is in 

contact with the membrane, its hydrophobic residues allow peptide insertion 

in the membrane, causing leakage of ions and nutrients, and eventually 

membrane depolarization and disruption5.  

Recently, there has been increased evidence on the existence also of 

intracellular targeting AMPs. These peptides can cross bacterial cytoplasmic 

membrane through endocytosis, and act as inhibitors at specific targets on 

bacterial cytoplasm. For example, they can hamper nucleic acid or protein 

biosynthesis, protein folding, protease activity, and cell wall or cell membrane 

biosynthesis7. A number of AMPs can act at more than one intracellular target, 

and even combine intracellular activity with membrane disruption.  As 

mentioned above, often bactericidal activity is accompanied by 

immunomodulatory properties (e.g. modulation of immune cell differentiation 

and initiation of adaptive immunity, suppression of proinflammatory cytokines 

and anti-endotoxin activity5), so it is no surprise that these molecules can act 
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over a range of different bacteria, and the insurgence of mechanisms of 

bacterial resistance is more unlikely5. 

4.1.1. Nanoparticles as delivery systems for antimicrobial   

   peptides 

However, different challenges can be identified which significantly hamper the 

development of antimicrobial peptides for clinical applications. Antimicrobial 

Peptides can be degraded by both human and bacterial proteases, which are 

often present in high concentrations in infected tissues. Rapid degradation is 

therefore to be expected after peptide local or systemic administration. 

Moreover, peptides are likely to undergo a very fast renal clearance due to their 

small size8. In some infections, like for example tuberculosis, bacteria are 

usually localised inside macrophages, requiring suitable targeted delivery 

systems which can increase the specific internalisation of antimicrobial 

peptides in this cell line9. 

Controlled-release of AMPs has been achieved using different inorganic 

nanoparticles. Antimicrobial peptide LL-37 was successfully incorporated into 

anionic mesoporous silica nanoparticles, through electrostatic interactions. 

Nanoparticles were found to protect in vitro the incorporated peptide from 

infection-related proteases 10. Cyclic peptide N-halamine was immobilised on 

polystyrene-coated silica nanoparticles, which then displayed 2–8 times higher 

antimicrobial activity against S. aureus and E. coli than the corresponding 

unloaded nanoparticles11.  
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Polymeric nanoparticles have also been explored as carriers for antimicrobial 

peptides: the peptide colistin was loaded into chitosan-decorated PLGA 

nanoparticles. Loaded particles showed prolonged eradication efficacy, 

compared to free colistin, against P. aeruginosa biofilm, ascribed to particles 

penetration inside the biofilm12. Antibacterial peptide nisin was encapsulated 

into chitosan-decorated polyglutamic nanoparticles, and loaded nanoparticles 

were more effective than nisin alone in inhibiting the growth of E.coli13.  

4.1.2. Antimicrobial peptides ion pairing and the role of ion pairs  
   in drug delivery 

In a recent study, Prud’homme and co-workers presented an innovative 

approach where cationic AMPs were electrostatically ion paired to form 

hydrophobic complexes of sub-micron size.14 In this work, two peptides, 

gentamicin and polymyxin B, were mixed in water together with a wide range 

of amphiphilic molecules, such as fatty acids and surfactant. Basic residues on 

the peptides sequence established an electrostatic interaction with acidic, 

negatively charged functional groups on these amphiphilic molecules. As a 

result of these ionic interactions, charges on both molecules were neutralised, 

and the hydrophobic residues on the peptides and the surfactants caused the 

precipitation in water of both the peptides and their ionic counterparts. The 

addition of polymeric PEG-b-PCL stabilisers allowed to control the precipitation 

process and generate colloidally stable, neutral ion pair nanoparticles14. 

Ion pairing is defined as the association of oppositely charged ions in electrolyte 

solutions to form distinct chemical species called ion pairs15. Ion pairing is a 

convenient technique to increase lipophilicity of water soluble drugs, to 
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enhance their encapsulation in nanoparticles systems16. For example, 

minocycline, an antibiotic with anti-inflammatory and neuroprotective 

properties, was ion paired with sodium bis(2-ethylhexyl) sulfosuccinate 

surfactant, wich allowed to enhance its encapsulation in PLGA nanoparticles 

from 1 % to over 40 %17. Insulin encapsulation into Solid Lipid Nanoparticles 

(SLN) was accomplished by ion-pairing the protein with SDS in an aqueous pH 

2.5 HCl solution. Ion pair incorporation resulted in 89% insulin encapsulation.18.  

4.1.3. Aims and objectives 

In the previous chapter, we synthesised the hydrophobic oligomer IND10 as a 

macro-CTA RAFT agent to mediate the copolymerisation of monomer N-

Hydroxyethylacrylamide. In preliminary experiments, we observed that in 

water IND10 forms homogenous milky-like mixtures, suggestive of the 

formation of sub-micron nanoparticles (Fig. 4.1). 

In this part of our work, we decided to induce the controlled self-assembly of 

IND10 into nicely shaped and narrowly disperse nanoparticles with a 

nanoprecipitation method, to investigate the loading of antimicrobial peptide 

IDR 1018 into these nanoparticles. 
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Figure 4.1: self-assembly of IND-oligomers was investigated in this chapter. Nanoparticles 
formation was induced by nanoprecipitation, by addition of water to solutions of oligomers in 
DMSO. 

 

As discussed in the previous chapter, IDR 1018 is a synthetic peptide known for 

its dual antimicrobial and immunomodulatory activity.  Its moderate direct 

bactericidal properties were tested in vitro on different bacterial strains, 

including P. aeruginosa (MIC 19 µg/mL) and S. aureus (MIC 4 µg/mL)19. Like 

many AMPs, this amphipathic peptide structure comprises basic and 

hydrophobic residues (Fig. 4.2). Although its mechanism of action has not been 

completely elucidated, its lack of interaction with bacterial membranes 

suggests an intracellular target19. 

 

Figure 4.2: chemical structure of peptide IDR 1018. 
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Previous research within our group by Dr Vincenzo Taresco, focussed on lichen 

metabolite usnic acid20(Fig. 4.3). Usnic acid possesses weak antimicrobial 

properties with a MIC of 32 μg/ml against S. aureus and 256 μg/ml for P. 

aeruginosa. Again, its mechanism of action has not been completely elucidated, 

but experimental evidence suggests intracellular targets, with inhibition of RNA 

transcription21. Relevant with our work, in a recent study by Taresco et Al, 

manganese iron oxide magnetic nanoparticles were coated with a hydrophilic 

cationic poly-dibutylaminoethylacrylamide, whose tertiary amino groups were 

employed to electrostatically entrap usnic acid through its acidic hydroxyl 

groups. The specific ionic interaction ensured high loading (0.48 ± 0.05 mg 

UA/mg NPs), and nanoparticles displayed good antimicrobial activity on 

Staphylococcus epidermidis (MIC = 0.1 mg/mL)22. 

 

Figure 4.3: chemical structure of usnic acid. 

 

Due to its antimicrobial activity and its ability to form electrostatic interactions 

with basic groups, we decided to use usnic acid as potential IDR 1018 counter 

ion for ion pairing. We anticipated that the electrostatic complex would have 

increased hydrophobic character compared to uncomplexed, positively 

charged IDR 1018, enhancing IDR 1018 incorporation into nanoparticles and 

allowing the co-delivery of two antimicrobial drugs, IDR 1018 and usnic acid. 
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Hence, in this chapter we aimed at developing a family of different IND-based 

nanoparticles, characterised by narrow polydispersity, to be used for the 

controlled release of two different antimicrobial drugs, encapsulated as a 

hydrophobic complex, and evaluate potential for antimicrobial synergistic 

effect (Fig. 4.4). 

 

Figure 4.4: Assembly of ion-paired INDm-based-nanoparticles: general strategy. Aqueous 
solutions of IDR 1018 peptide and usnic acid sodium salt were mixed together, to generate 
hydrophobic, water-insoluble ion paired complexes through electrostatic interactions. These 
were then incorporated within INDm-based-nanoparticles by nanoprecipitation.  

 

A suitable method for IND-oligomers self-assembly into nanoparticles was 

therefore developed. Complexes resulting from different ratios of IDR 1018 and 

usnic acid were evaluated to find the best conditions for IDR 1018-usnic acid 

complex encapsulation. Loading and encapsulation were evaluated by RP-

HPLC, while the size and shape of free and loaded nanoparticles were evaluated 

by DLS and TEM. 
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Finally, antimicrobial activity of complex-loaded nanoparticles was evaluated 

on salmonella-infected macrophages in a preliminary study (Fig. 4.5).  

 

Figure 4.5: experimental plan for this chapter: (A) Synthesis of hydrophobic INDm oligomers 
(IND10 and IND20), to be self-assembled into nanoparticles. (B) Ion pairing between usnic acid 
and peptide IDR 1018 for IDR 1018-usnic acid complex precipitation. (C) Formulation of 
unloaded, and complex-loaded nanoparticles. (D) Quantification of complex loading capacity 
and encapsulation efficiency for each nanoparticle formulation. (E) Investigations on 
antimicrobial activity of complex-loaded nanoparticles. 
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4.2. Materials and methods 
4.2.1. Materials 

Peptide IDR 1018 was a kind gift from MedImmune LTD (Cambridge, United 

Kingdom). Methanol, acetonitrile, diethyl ether, tetrahydrofuran, N,N-

dimethylformamide (DMF) and acetone were purchased from Fisher Scientific 

(Bishop Meadow Rd, Loughborough, UK). N-hydroxyethylacrylamide (97%), 

indole 3-acetic acid (≥98%), sodium hydroxide, usnic acid (98%) and VA-501 

(≥98%),were obtained from Sigma-Aldrich (St. Louis, Missouri, United States). 

Azobisisobutyronitrile (AIBN) was purchased from FUJIFILM Wako Pure 

Chemical, Ltd.  

4.2.2. Synthesis of homo-oligomer IND20 

 

Scheme 4.1: synthesis of oligomer IND20. 

 

The synthesis of the hydrophobic homo-oligomer IND20 was achieved through 

RAFT polymerization, using CTA (10) as RAFT agent (synthesised in Chapter 2) 

in combination with monomer IND (synthesised in Chapter 3). CTA (10) (1 eq., 

0.050 g, 0.19 mmol) and monomer IND (25 eq., 1.29 g, 4.75 mmol) were mixed 

together in 2 mL of DMF. The solution was transferred into a small Schlenk tube 

equipped with a magnetic stirrer, which was put on ice. Initiator AIBN (0.1 eq., 
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5 mg, 0.02 mmol), previously dissolved in DMF (50 µL), was added to the tube. 

The mixture was degassed for 30 min under argon at 0˚C, and finally put on a 

paraffin oil bath at 80˚C. The reaction was monitored by 1H NMR, checking the 

disappearance of acrylamide monomer peaks into the 5-6.5 ppm region, until 

~ 80% conversion was reached. The solution was then diluted with acetone and 

purified by multiple precipitations in Et2O. The final precipitate was dried under 

reduced pressure. IND20 was characterised by 1H NMR and SEC, using DMF with 

0.1 % LiBr as the mobile phase. 

IND20 Yield: 67%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 10.89 (s, 20H, indole 

NH), 7.45 (m, 20H, CH, CH aromatic), 7.32 (m, 20H, CH, CH aromatic, 7.20 (m, 

20H, CH, CH aromatic), 7.03 (m, 20H, CH, CH aromatic), 6.93 (m, 20H, CH, CH 

aromatic), 4.03 (m, 40H, CH2CH2NH), 3.69 (m, 40H, CH2CO), 2.4-1.9 (m, 20H 

CH2CH), 1.9-1 (m, 40H CH2CH) (Fig. S4.1). Mn,THEO: 5.70 kDa. Mn,SEC(DMF) 8.40 kDa, 

Đ=1.13 (Fig. S4.9). 

 

IND10 characterisation is reported in Chapter 3. 

 

4.2.3. Synthesis of IND10-b-HEA268, IND20-b-HEA74 and IND20-b-  
   HEA240 copolymers 

 

Scheme 4.2: synthesis of copolymers IND10-b-HEA268, IND20-b-HEA74, IND20-b-HEA240. 

 

Copolymers were prepared by polymerization of commercial monomer N-

hydroxyethylacrylamide (HEA), using the oligomers IND10 (synthesised in the 
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previous chapter) and IND20 as macro RAFT agents. Typically, the oligomers (1 

eq.; 0.10 g, 0.033 mmol of IND10; or 0.20 g, 0.035 mmol of IND20), were 

dissolved in DMF along with HEA (250 eq., 0.980 g, 8.25 mmol for IND10-b-

HEA268, 100 eq., 0.421 g, 3.50 mmol for IND20-b-HEA74, 250 eq., 1.02 g, 8,75 

mmol for IND20-b-HEA240) in DMF (2 mL for IND10-b-HEA230 and IND20-b-HEA240, 

1 mL for IND20-b-HEA74). The mixtures were transferred into small schlenk tubes 

equipped with a magnetic stirrer, which were put in ice. Initiator V 501 (0.1 eq.), 

previously dissolved in DMF, was added to each tube. The mixtures were 

degassed for 30 min by Argon bubbling at 0˚C, and finally put on a paraffin oil 

bath at 70˚C. The reactions were monitored by 1H NMR, checking the 

disappearance of acrylamide monomer peaks into the 5-6.5 ppm region, until 

~ 80 % conversion was reached.  

See Table below for reaction times and conversions. 

Table 4. 1: Reaction times and conversions of copolymers. 

POLYMER REACTION TIME (h) CONVERSION (%) 

IND10-b-HEA268 2 55 

IND20-b-HEA74 3 69 

IND20-b-HEA240 3 77 

 

The copolymers were then precipitated in a 8:2 v/v THF:Et2O mixture, dried 

under reduced pressure and finally characterised by 1H NMR and SEC in DMF 

using DMF with 0.1 % LiBr as the mobile phase. 

IND10-b-HEA268 Yield: 47%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.85-7.30 (m, 

268H, polyacrylamide NH), 7.32 (m, 10H, CH, CH aromatic), 7.19 (m, 10H, CH, 

CH aromatic), 7.04 (m, 10H, CH, CH aromatic), 6.95 (m, 10H, CH, CH aromatic), 

5.21-4.70 (m, 268H, polyacrylamide OH), 4.03 (m, 20H, CH2), 2.25-1.70 (m, 

268H, polyacrylamide CHCH2) 1.70-0.90 (m, 536H, polyacrylamide CHCH2). 

Mn,NMR: 34.4 kDa (Fig. S4.2). Mn,SEC(DMF) 32.2 kDa, Đ=1.19.  
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IND20-b-HEA74 Yield: 32%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 7.95-7.20 (m, 

74H, polyacrylamide NH), 7.32 (m, 20H, CH, CH aromatic), 7.20 (m, 20H, CH, CH 

aromatic), 7.03 (m, 20H, CH, CH aromatic), 6.94 (m, 20H, CH, CH aromatic), 

5.20-4.60 (m, 74H, polyacrylamide OH), 4.03 (m, 40H, CH2), 2.25-1.75 (m, 74H, 

polyacrylamide CHCH2) 1.75-0.90 (m, 148H, polyacrylamide CHCH2). Mn,NMR: 

14.3 kDa (Fig S4.3). Mn,SEC(DMF) 12.3 kDa, Đ=1.17.  

IND20-b-HEA240 Yield: 61%. 1H NMR (400 MHz, d6-DMSO, δ, ppm), 8.00-7.20 (m, 

240H, polyacrylamide NH), 7.31 (d, 20H, CH, CH aromatic), 7.18 (m, 20H, CH, 

CH aromatic), 7.03 (t, 20H, CH, CH aromatic), 6.93 (t, 20H, CH, CH aromatic), 

5.20-4.70 (m, 240H, polyacrylamide OH), 4.03 (m, 40H, CH2), 2.20-1.70 (m, 

240H, polyacrylamide CHCH2) 1.70-0.80 (m, 480H, polyacrylamide CHCH2) (Fig 

S4.4). Mn,NMR: 33.8 kDa. Mn,SEC(DMF) 27.1 kDa, Đ=1.23.  

SEC traces reported in Figure S4.10. 

4.2.4. Preparation of Sodium Usnate 

Usnic acid (1 eq., 0.050 g, 0.15 mmol) was suspended in 2 mL of deionised 

water. 300 µL of a 1M NaOH solution (0.30 mmol) were added to the 

suspension, for a final 1:2 usnic acid:NaOH molar ratio. The mixture was let 

under stirring for 2 h. Non-solubilised usnic acid was then removed by filtration 

using a 0.22 µm PVDF filter. The filtered solution was lyophilised, and the 

resulting light yellow powder used without any further purification step. 

4.2.5. Assembly of IDR 1018-sodium usnate complexes 

IDR 1018 peptide and sodium usnate were mixed at different molar ratios, to 

determine the amount of sodium usnate that could induce complete IDR 1018 

precipitation. A 0.50 mM solution of IDR 1018 in water was prepared, and 

mixed with varying amounts of a 4.0 mM sodium usnate water solution, to 

reach a final volume of 500 µL and sodium usnate:IDR 1018 molar ratios of 4:1, 

2:1, 1:1 and 0.5:1.  The solutions were let stirring for 2 h. The precipitated 

complex was then removed by centrifugation and the supernatant analysed by 

RP-HPLC to determine the amount of residual IDR 1018 in solution. RP-HPLC 
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analyses were performed using a Zorbax Eclipse Plus C18 column (3.5 μm, 95 Å, 

4.6 × 12.5 mm), with a linear gradient of 25-90% acetonitrile in milli-Q water + 

0.1% TFA. 

A 4:1 sodium usnate:IDR 1018 was found to induce complete IDR 1018 

precipitation. Based on these results, IDR 1018 (1 eq., 15 mg, 0.01 mmol) and 

sodium usnate (4 eq., 15 mg, 0.04 mmol) were separately dissolved in 2 mL of 

water and finally mixed together. The suspension was centrifuged at 5000 rpm 

for 5 minutes. The precipitated IDR 1018-sodium usnate complex was 

resuspended and recentrifuged in water for three times, to remove any residual 

soluble IDR1018 or sodium usnate.   

4.2.6. Preparation of non-loaded INDm-based nanoparticles. 

Nanoparticles were prepared from INDm and their corresponding INDm-b-HEAn 

block copolymers, mixed at different molar ratios. More specifically, mixtures 

were prepared from oligomer IND10 and its corresponding copolymers IND10-b-

HEA95 and IND10-b-HEA268, and from oligomer IND20 and its corresponding 

copolymers IND20-b-HEA74 and, IND20-b-HEA240 (Tables 4.1-4.4). Separate 

oligomer and copolymer solutions were prepared in DMSO, each at a 

concentration of 11.1 mg/mL. These solutions were mixed to obtain the desired 

different molar ratios between each oligomer and its copolymers, and the final 

volume was adjusted to 500 μL.  
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Table 4.2: IND10 (OLI) and IND10-b-HEA95 (COP) blends used in this work. 

 
Table 4.3: IND10 (OLI) and IND10-b-HEA268 (COP) blends used in this work. 

 
Table 4.4: IND20 (OLI) and IND20-b-HEA74 (COP) blends used in this work. 

Table 4.5: IND20 (OLI) and IND20-b-HEA240 (COP) blends used in this work. 

 

Nanoparticles formation was induced by nanoprecipitation, by diluting each 

polymer mixture with 500 µL of water slowly added with a syringe driven by a 

Cole-Palmer 789210C syringe pump, at a flow rate of 0.50 mL/min, under 

vigorous stirring. To remove the DMSO, the nanoparticles suspensions were 

11.1 mg/mL 

in DMSO 

OLI 

100% 

OLI:COP 

8:2 

OLI:COP 

6:4 

OLI:COP 

4:6 

OLI:COP 

2:8 

COP 

100% 

IND10 (µL) 450 207 112.5 54 23 0 

IND10-b-

HEA95 (µL) 
0 243 337.5 396 427 450 

11.1 mg/mL 

in DMSO 

OLI 

100% 

OLI:COP 

8:2 

OLI:COP 

6:4 

OLI:COP 

4:6 

OLI:COP 

2:8 

COP 

100% 

IND10 (µL) 450 111 61 28 11 0 

IND10-b-

HEA268 (µL) 
0 339 389         422 439 450 

11.1 mg/mL 

in DMSO 

OLI 

100% 

OLI:COP 

8:2 

OLI:COP 

6:4 

OLI:COP 

4:6 

OLI:COP 

2:8 

COP 

100% 

IND20 (µL) 450 212 112.5 54 45 0 

IND20-b-

HEA74 (µL) 
0 238 337.5 396 405 450 

11.1 mg/mL 

in DMSO 

OLI 

100% 

OLI:COP 

8:2 

OLI:COP 

6:4 

OLI:COP 

4:6 

OLI:COP 

2:8 

COP 

100% 

IND20 (µL) 450 194 100 51 20 0 

IND20-b-

HEA240 (µL) 
0 256 350 399 430 450 
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transferred into a dialysis bag (1 kDa MWCO) and dialyzed against 5 L of de-

ionised water for 24 hours at room temperature with at least 3 solvent 

exchanges.  

4.2.7 Preparation of IDR 1018-sodium usnate complexes -loaded   
           INDm-based nanoparticles  

IDR 1018-sodium usnate complex-loaded nanoparticles were prepared using 

the same procedure described above for the preparation of empty 

nanoparticles. After INDm:INDm-b-HEAn blends preparation, 50 µL of a 10 

mg/mL IDR 1018-sodium usnate complexes solution in DMSO were added to 

each 450 µL blend, to a final volume of 500 µL, for final INDm:INDm-b-HEAn blend 

concentration of 10 mg/mL and final IDR 1018-sodium usnate complexes 

concentration of 1 mg/mL (10% w/w complexes/polymers). After 

nanoprecipitation, excess of DMSO was removed by dialysis, as it was done for 

unloaded blank nanoparticles. To remove potentially unencapsulated IDR 

1018-sodium usnate complexes, after dialysis the nanoparticle suspensions 

were purified through a Sephadex G-25 PD-10 Desalting Column. The ion-pair 

loaded nanoparticles were collected from the first 3.5 mL eluted from the 

column and analysed by DLS and TEM.  

4.2.8. Nanoparticle size analysis 

Empty and complexes-loaded nanoparticle suspensions were diluted with de-

ionised water to a polymer concentration of 1.0 mg/mL and then analysed by 

Dynamic Light Scattering (DLS) using a Zetasizer Nano spectrometer (Malvern 

Instruments Ltd) equipped with a 633 nm laser at a fixed angle of 173°. 
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4.2.9. Nanoparticles TEM analysis 

Transmission Electron Microscopy (TEM) was conductd on a FEI TecnaiTM 12 

Biotwin transmission electron microscope. 10 µL of 0.5 mg/mL nanoparticles 

suspension in water were placed on a  Formvar® coated 3 mm 75 mesh copper 

grid. After 5 minutes the excess of volume was removed with filter paper, the 

samples were negatively stained with 3% uranyl acetate in deionised water and 

analysed. 

4.2.10. Quantification of IDR 1018-sodium usnate complexes   

             loading and encapsulation 

Complexes loaded-nanoparticles were lyophilised after PD-10 column 

purification. The samples were re-dissolved in DMSO at a concentration of 1 

mg/mL. The amount of IDR 1018 and usnic acid loaded into each nanoparticle 

sample was calculated by RP-HPLC, using a C18 column (Zorbax, 5 μm, 12.5 x 

46 mm, Agilent), with a linear gradient of 25-90% acetonitrile in milli-Q water + 

0.1% TFA. Absorbance was recorded at λ=280 nm. The amount of loaded IDR 

1018 and sodium usnate were separately calculated referring to calibration 

curves previously prepared analysing different dilutions of both IDR 1018 and 

sodium usnate in the 0.0005-0.2 mM range (see Supporting Information).  

Loading Capacity (LC) and Encapsulation Efficiency (EE) were calculated as: 

LC =
Loaded IDR 1018/ Sodium usnate   (mg) ∗ 100

Amount of polymer + ion pair (mg)
 

                               EE =
Loaded IDR 1018/ Sodium usnate (mg) ∗ 100

Initial amount of ion pair (mg)
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4.2.11. Complexes release studies  

3 samples of ion complexes-loaded freeze-dried IND20:IND20-b-HEA240 8:2 

nanoparticles were suspended at a concentration of 4 mg/mL in PBS, 15.4 mM 

NaCl, and 100 mM NaAc buffer pH 4.0. 0.50 mL from each suspension were 

placed in a dialysis device (Slide-A-Lyzer mini dialysis device, 3.5 KDa MWCO, 

Thermo Scientific). The suspensions were dialyzed against 1.5 mL of the same 

buffer employed to suspend the nanoparticles, under agitation, at 37 °C. 

Release buffer was taken at appropriate time points and replaced with 1.5 mL 

of fresh buffer. From each time point, IDR 1018 and usnic acid release was 

quantified by RP-HPLC using a C18 column (Zorbax, 5 μm, 12.5 x 46 mm, 

Agilent), with a linear gradient of 25-90% acetonitrile in milli-Q water + 0.1% 

TFA. Absorbance was recorded at λ=280 nm. 

4.2.12.  RAW 264.7 Cell cultures 

Dulbecco's Modified Eagle's medium (DMEM) for sub-culturing was 

supplemented with FBS, HEPES and Amphotericin B/penicillin/streptomycin 

solution at final concentrations of 10% v/v, 2.4% v/v and 1% v/v respectively. 

RAW 264.7 cells were cultured in 58 cm2 dishes at 5% CO2, 95% relative 

humidity and 37°C until near-confluence (approximately 70% coverage of the 

dish surface by cells). Cell growth was monitored by optical microscopy. Once 

near-confluent, cells were passaged following ATCC recommendations. Cell 

culture medium was replaced every two - three days by aspirating all but 5 mL 

of culture medium from the dishes. Cells were dislodged from the dish with a 

cell scraper, aspirated and appropriate aliquots of the cell suspension was 

added into new culture vessel in ratio of 1:3 or 1:6 by the addition of 12-15 mL 
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of pre-warmed to 37°C fresh medium. For seeding density, cells were counted 

using a haemocytometer (Laboratory Supplies).  

4.2.13. Bacterial cultures 

This protocol is taken from Rosa Catania’s PhD dissertation. Salmonella enterica 

subsp. enterica serovar Typhimurium DsRed2 (SL1344 transformed with a 

DsRed2 expression plasmid) was kindly made available by Dr Alan Huett (School 

of Life Sciences, Nottingham). Bacteria were preserved at -80°C in glycerol at a 

final concentration of 20% (v/v) until use. For bacterial seeding, a small amount 

of bacteria was scraped off the glycerol stock. The loop was wiped at the top 

end of a fresh agarose agar plate moving in a zig-zag horizontal pattern until 

1/3 of the plate was covered. The plate was rotated about 60 degrees and the 

bacteria were spread from the end of the first streak into a second area. This 

procedure was repeated to spread the bacteria in a third area of the plate. The 

plate was incubated in incubator overnight at 37°C. 

4.2.14. Salmonella killing study in RAW 264.7 cells 

This protocol is taken from Rosa Catania’s PhD dissertation. The day before the 

experiment, RAW 264.7 cells were seeded in a 48 well plate with a density of 2 

x 104 cells/mL per well and the plate was incubated overnight at 37°C. In 

parallel, two - three colonies of SL1344 DsRed2 were scraped off the agar plate 

of a culture using a disposable sterile loop. The colonies were suspended in 4 

mL of Luria-Bertani (LB) broth supplemented with 100 μg/mL ampicillin. The 

culture was incubated overnight in a shaking incubator (250 rpm) at 37°C. After 

16 hours, bacteria were collected by centrifugation (1500 x g for 15 min) and 
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resuspended in 4 mL of PBS. Bacteria were diluted in Gentamicin Free Medium 

(GFM) with a final OD600nm of 0.025. Cultured RAWs 264.7 were infected by the 

addition of 0.2 mL per well of SL1344 DsRed2 in GFM. The plate was centrifuged 

(700 x g for 10 min) and incubated for 20 min at 37°C. Then, medium was 

aspirated, each well was rinsed and then incubated with 0.2 mL of High 

Gentamicin Medium (100 μg/mL) for 30 min in order to kill extracellular 

bacteria. After the incubation with HGM, each well was washed 3 times with 

0.2 mL of PBS.  

Formulations were prepared by suspending freeze dried, empty and IDR 1018-

sodium usnate complexes -loaded IND20:IND20-b-HEA240 8:2 nanoparticles in a 

0.01% acetic acid solution containing 0.2% BSA at a final concentration of 2 

mg/mL. RP-HPLC analysis on a small aliquot of the complexes-loaded 

nanoparticles suspension allowed to estimate a concentration of 54.8 µg/mL of 

IDR 1018 and of 61 µg/mL of usnic acid. Control IDR 1018 solution was prepared 

by dissolving IDR 1018 in 0.01% acetic acid/0.2% BSA at IDR 1018 concentration 

of 54.8 µg/mL. Control usnic acid was prepared by pre-dissolving usnic acid in 

acetone at 2.0 mg/mL concentration and then diluting it in 0.01% acetic 

acid/0.2% BSA for a final concentration of 61 µg/mL. IDR 1018-sodium usnate 

complexes solution was prepared by pre-dissolving the complex in DMSO at a 

concentration corresponding to 5.8 mg/mL of IDR 1018. The solution was then 

diluted in 0.01% acetic acid/0.2% BSA for a final IDR 1018 concentration of 54.8 

µg/mL.   
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These solutions were diluted in Gentamicin Free Medium for final formulations 

with concentrations reported in Table 4.5. 0.2 mL of each formulation was 

applied, and cells incubated with Normal Gentamicin Medium (20 μg/mL) were 

used as a control. The cells were incubated for 4 hours at 37 °C. Then, cells were 

rinsed with PBS and incubated for 6 additional hours with Normal Gentamicin 

Medium (NGM). After this time, the cells were washed three times with PBS, 

and the surviving intracellular bacteria were harvested by lysis of the cells with 

1 % Triton X-100 in PBS. The supernatants were immediately serially diluted 

with PBS and spread onto LB agar plates. After incubation for 16 h at 37°C, the 

numbers of bacterial colonies for each sample were counted and expressed as 

colony-forming units (CFU) per mL. Data were normalised to 103 cells.  

NB: N=1, n=3 with N = numbers of replicates (experiment performed in 

different days, same conditions) and n = numbers of repetition (different 

measurements during the same experiment). 

Table 4.6: final concentrations of usnic acid and peptide IDR 1018 on formulations that were 
applied on RAW 264.7 cells. 

 
Amount of IDR 1018 

(μg/mL) 

Amount of Usnic 

Acid (μg/mL) 

Amount of NPs 

(μg/mL) 

Unloaded NPs - - 200 

Loaded NPs 5 5.5 200 

IDR-1018 5 - - 

Usnic Acid - 5.5 - 

IDR 1018-sodium 

usnate complex 4 5 - 
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4.3. Results and discussion 

As discussed in Chapter 3, the synthesis of IND10-based block copolymers was 

complicated by the partial lack of reactivity of IND10 oligomer, as a RAFT agent. 

Results suggested that part of the oligomeric macro-CTA RAFT agent was 

unable to mediate the copolymerization of N-hydroxyethylacrylamide. As a 

result, for IND10-b-HEAn copolymers the final HEAn chain length was found to 

be approximately 25% longer than expected from theoretical values, as 

assessed by 1H NMR.  

Interestingly, removal of the unreacted IND10 macro transfer agent from the 

final IND10-b-HEAn copolymerisation mixtures, proved to be difficult. When, 

after the copolymerization, the copolymers were for the first time dissolved in 

an aqueous solution, a milky, yet homogeneous suspension was observed. SEC 

analysis revealed that some of the initial IND10 oligomer was still present and 

suggested that IND10 was responsible for the milky suspension observed in 

water. We hypothesised that it was potentially self-assembling and that the 

resulting nanoparticles could be of potential use for drug encapsulation and 

release.  

IND10 self-assembling in water was investigated, together with that of a longer 

IND-oligomer, IND20, to understand if and how the length of the hydrophobic 

indole chain could influence the final size of nanoparticles and their dispersity. 

Oligomer IND20 was synthesised from monomer IND (also prepared in Chapter 

3) through RAFT polymerization following the same conditions used for IND10, 

except for a higher [monomer]:[CTA] ratio (Scheme 4.3). As it was observed for 
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IND10, also for the synthesis IND20, polymerisation rate was very slow, requiring 

3-4 further additions of AIBN initiator over 48 h to reach 80% conversion. As it 

was hypothesised for IND10, it is possible that partial indole-driven aggregation 

of the growing chain in DMF could have been responsible for this behaviour. 

Chemical identity and molar mass distribution of IND20 were assessed by 1H 

NMR and SEC. (Table 4.6). 

 

Scheme 4.3: Synthesis of IND20 oligomer. Reagents and conditions: AIBN, CTA (10), DMF, 80°C.  

 

Table 4.7: Composition, Mn, and dispersity of the hydrophobic-oligomers prepared in this 
study. 

Name 

Hydrophobic 

monomer units, 

m 

Hydrophilic 

monomer 

units, n 

Mn,THEO
a

 

(KDa) 

Mn,NMR 

(KDa) 

MnSEC 

(KDa) 
Ð 

IND10 10 0 3.00 b 1.56c 1.12 

IND20 20 0 5.70 b 8.40d 1.13 

aCalculated from initial [HEA]0:[CTA]0  and final monomer conversion. bNumber of repeating 
units of IND monomers could not be calculated as there were not visible peaks from CTA (10) 
to be compared with the NH of IND repeating units. cObtained from SEC analysis in THF (PS 
standards). dObtained from SEC analysis in DMF + 0.1% LiBr (PMMA standards).  

 

4.3.1. Nanoparticles preparation 

The simplest method for the preparation of polymeric nanoparticles is the 

solvent displacement method, also known as nanoprecipitation method. This 

method was introduced by Fessi et al. in 1989, and it is based on polymer self-
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assembling following the addition of a non-solvent to a polymer solution23, 24. 

Among other approaches for the assembly of nanoparticles, nanoprecipitation 

stands out for its simplicity, generally narrow size distribution of the resulting 

particles, and because no additives are required25, 26. This technique was 

successfully employed for the preparation of procaine-loaded PLGA-based 

nanoparticles of sub-micron size (≤210 nm) and low polydispersity27. 

Doxorubicin-loaded PLGA nanoparticles were also prepared by 

nanoprecipitation, resulting in spherical particles of 230 nm size and 5% wt 

doxorubicin loading28. Recently, polymersomes assembly by nanoprecipitation 

was accomplished by our group, by dissolving PEG acrylate-2-

(acryloyloxy)ethyl-3-chloro-4-hydroxybenzoate (ACH) or 2-(3-chloro-4-

hydroxybenzamido)ethyl acrylate (CHB) di-block copolymers in DMSO, diluting 

the solution by dropwise addition of water and final dialysis in water for 24 h. 

The resulting vesicles possessed hydrodynamic radii in the 70 - 170 nm range, 

depending on the polymer employed29.   

A similar method was followed here for nanoprecipitation of IND10 and IND20. 

The oligomers were first dissolved in DMSO at a concentration of 10 mg/mL. 

Water was then added dropwise, under vigorous stirring, using a syringe pump, 

at a flow rate of 0.5 ml/min (Fig. 4.6).   The addition of water induced immediate 

aggregation of the oligomers. The resulting milky suspension was dialysed 

against water for 24 h, and the resulting nanoparticles suspension was finally 

analysed by DLS (Fig. 4.7).   
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Figure 4.6: Schematic representation of the nanoprecipitation method employed in this 
chapter. Through a syringe pump, 500 µL of water were added dropwise, at flow rate of 0.5 
mL/min, to a 500 µL of a 10 mg/mL polymer solution in DMSO, under vigorous stirring. The 
addition of water resulted in immediate polymer self-assembly. DMSO was subsequently 
removed by dialysis. 
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Figure 4.7: IND10 and IND20 nanoparticles size peak distribution in water, displayed by intensity, 
volume and number. The oligomers were analysed after dialysis at a concentration of 1 mg/mL 
in water. 

 

DLS confirmed the presence of a single population of nanoparticles, with size 

of around 400 nm for IND10 and 300 nm for IND20, and polydispersity ≤0.15 for 

both formulations. Encouraged by the narrow size distribution, encapsulation 
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of IDR 1018-sodium usnate complexes into IND10 and IND20 nanoparticles using 

the nanoprecipitation method was attempted.  

4.3.2. Preparation of IDR 1018-sodium usnate complexes 

A method for the complexation and co-precipitation of IDR 1018 and sodium 

usnate was developed. In Prud’homme et al.’s work14, a range of amphiphilic 

molecules, bearing acid functionalities were screened as counter ions to 

evaluate their ability to form ion-pairs with basic functionalities present in 

antimicrobial, macrocyclic peptide polymyxin B. Water-soluble salt of the acids, 

and the hydrophilic polymyxin B peptide, were separately dissolved in water. 

The two solutions were mixed to achieve a 1:1 acid:peptide charge ratio, and 

the formation of a precipitate from the resulting mixtures was visually verified. 

Generally, amphiphilic molecules with high hydrophobicity (LogP ≥2) and 

strong acidity (pKa ≤1) were the most efficient in inducing peptide 

precipitation. Very hydrophobic molecules, such as sodium oleate with a 

LogP=7.58, still led to efficient precipitation of the peptide, despite a high 

pKa=5.014. 

In this chapter, a similar method was followed to verify the formation of ion 

pairs between usnic acid and IDR 1018. Usnic acid has three acidic hydroxyl 

groups, with pKas of 4.4, 8.8 and 10.7 (Fig. 4.8)30, and its experimental LogP in 

octanol-water is 2.8831. Comparing these values with those of molecules used 

by Prud’homme et al.14,  the hydroxyl with the lowest pKa appeared the most 

likely to electrostatically interact with IDR 1018. As IDR 1018 has five basic 

amino groups on its backbone (4 arginine and 1 N-Ter), it was reasonable to 
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hypothesise that an excess of usnic acid would be necessary to induce IDR 1018 

precipitation. 

 

Figure 4.8: Chemical structure of usnic acid, and pKas of its three hydroxyl groups.  

 

4.3.2.1. Sodium usnate preparation 

Due to its hydrophobicity, usnic acid is poorly soluble in water (3 µg/mL)32, 33. 

Its low solubility would make ion pairing with IDR 1018 peptide in water quite 

problematic. Thus, a water suspension of usnic acid was first treated with 2 

equivalents of NaOH. The resulting sodium salt, sodium usnate readily 

dissolved in water, and was separated from the residual insoluble usnic acid by 

filtration. Sodium usnate was then lyophilised, and the resulting fully water-

soluble yellow dry powder used for subsequent ion pairing experiments. 

 

4.3.2.2. Optimization of precipitation of IDR 1018-sodium usnate   

                          complexes 

Stock solutions of peptide and sodium usnate were mixed together at 

appropriate molar ratios. The immediate formation of insoluble aggregates 

confirmed that the two molecules were electrostatically interacting. To identify 

the optimal sodium usnate:IDR 1018 molar ratio for complete IDR 1018 

precipitation, sodium usnate was dissolved in water at different 
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concentrations, and mixed with a 1 mM IDR 1018 solution in water, to obtain 

mixtures with a final IDR 1018 concentration of 0.05 mM and 1:1, 2:2 and 4:1 

usnate:IDR 1018 molar ratios. The precipitated complexes were removed by 

centrifugation and the supernatant was analysed by RP-HPLC, to detect the 

amount of IDR 1018 left in solution (Fig. 4.9). 

 

Figure 4.9: C18 RP-HPLC analyses of different sodium usnate:IDR 1018 mixtures. IDR 1018 was 
dissolved in water a 0.05 mM concentration. Sodium usnate was mixed with IDR 1018 at 1:1, 
2:1 and 4:1 usnate:IDR 1018 molar ratio. Samples were eluted using a 25-90% acetonitrile 
gradient in water with 0.1% of TFA. Complexation between the two species and subsequent 
complex precipitation was monitored by observing the disappearance of IDR 1018 peak (UV 
detection, λ=280 nm) at increasing usnate concentrations.  

 

The disappearance of free IDR 1018, as the usnate:peptide molar ratio 

increased, was monitored by RP-HPLC analysis of the supernatant, using UV 

detection (λ= 280 nm). A 4:1 usnate: IDR 1018 molar ratio was found to be 

sufficient to induce full peptide precipitation and was therefore utilised for all 

subsequent preparations of IDR 1018-sodium usnate complexes. The insoluble 

complexes were washed multiple times with water to remove the excess of 

uncomplexed sodium usnate and IDR 1018, and finally lyophilised and stored 

at 4°C. To identify the best solvent method for IDR 1018-sodium usnate 

complex encapsulation into IND-oligomers nanoparticles, the solubility of 
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complexes in a range of different solvents: THF, CHCl3, DCM, MeOH and DMSO, 

was assessed. MeOH proved to be able to at least partially dissolve the IDR 

1018-sodium usnate complex but was discarded as it could not solubilise the 

hydrophobic IND-based oligomers. Thus, DMSO was chosen, due to its ability 

to dissolve both the complexes and the polymers. A 10 mg/mL stock solution 

of complex in DMSO was therefore prepared, to be used for the encapsulation 

experiments.  

4.3.3. IDR 1018-Sodium Usnate Loading and encapsulation into   

   IND10- and IND20-based nanoparticles 

To incorporate IDR 1018-sodium usnate complexes in INDm-based 

nanoparticles, complexes were dissolved in DMSO, and added to the INDm 

solution in the same solvent, for a final 1 mg/mL complexes concentration, and 

a 10% w/w ratio between the complex and the INDm oligomer. Nanoparticles 

formation was induced again by nanoprecipitation, but this time after dialysis 

the presence of large, visible aggregates was observed, suggestive of loss of 

nanoparticles stability upon incorporation of IDR 1018-sodium usnate 

complexes. A stabiliser was needed to prevent nanoparticles flocculation. 

Aggregation is one of the potential drawbacks of nanoparticles formulation. 

Nanoparticles move in solution by Brownian motion, and there is a high chance 

that they will collide with each other34. According to the DLVO theory, 

aggregation is regulated by the sum of attractive and repulsive forces. Van der 

Waals interactions are considered the main attractive force, and are weak 

interactions that can be established between molecules of two nanoparticles 

that are at short distance (few nm) one from each other34.  Conversely, the 
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repulsion generated by the electrostatic double layer is considered the main 

repulsive one34. This layer is usually generated by presence of ionisable 

functional groups or by ions adsorption on nanoparticles surface. The ionised 

nanoparticles surface attracts counter ions, that will form a first, inner layer 

(Stern Layer), where ions are tightly bound, and an outer one (Diffuse Layer), 

where ions and counterions are less tightly associated. When the double layers 

of two nanoparticles overlap, alterations in the Stern layer will cause the two 

nanoparticles to repel each other. The double layer on each nanoparticle 

prevents them to come close enough for van der Waals interactions to cause 

aggregation35, 36. Hydrophobic interactions may also lead to NPs aggregation in 

aqueous media37. To overcome the attractive forces that lead to aggregation, 

hydrophilic polymers can be chemically grafted on nanoparticles surface. These 

polymers can form a hydrated shell surrounding the nanoparticles core, 

creating a steric-osmotic repulsive layer that will prevent their aggregation38. 

Grafting will not only improve particles stability, but it will also reduce their 

interaction with endogenous proteins and reduce their renal clearance38. For 

example, PEG is typically grafted on gold nanoparticles to improve their stability 

and biocompatibility39. The first FDA approval of a PEGylated nanoparticle (NP) 

product was a PEGylated liposomes system for the delivery of Doxorubicin, 

Doxil®, in 199540.  

The addition of amphiphilic surfactants, like block copolymers such as 

Poloxamers (Pluronic®) and poloxamines (Tetronic®), is a valid alternative to 

covalent grafting. These surfactants can adsorb on the surface of hydrophobic 
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nanoparticles, such as PLGA, through the hydrophobic block, leaving the 

hydrophilic arm(s) floating above the surface, forming a protective shell 

similarly to grafted polymers41, 42.  

In this thesis project, we synthesised IND10-b-HEAn and IND20-b-HEAn block 

copolymers, where the hydrophobic block had the same composition and 

length of the IND10 and IND20 oligomers forming the core of the nanoparticles, 

as potential particle stabilisers. Through their hydrophobic block, these 

copolymers were expected to interact with IND10 and IND20 during the 

nanoprecipitation process, anchoring on the surface of final nanoparticles, an 

leaving the hydrophilic polyHEA block free to move on the NPs surface with 

stabilising effects (Fig. 4.10). 

 

Figure 4.10: (a) IND10 and IND20 nanoprecipitation in the presence of the IDR 1018-sodium 
usnate complex resulted in nanoparticles aggregation. (b) IND10-b-HEAn and IND20-b-HEAn 

copolymers were mixed with their corresponding IND10 and IND20 oligomers in DMSO. The 
hydrophobic block of these copolymers was supposed to anchor on nanoparticles, while the 
hydrophilic HEA chain was meant to surround and stabilise the nanoparticles surface. 

INDm oligomer and ion paired complex  in DMSO

NANOPRECIPITATION
+

INDm oligomer with its corresponding INDm-b-HEAn and ion paired complex  in DMSO

++ NANOPRECIPITATION

AGGREGATION
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4.3.3.1. IND10-b-HEA95 IND10-b-HEA268, IND20-b-HEA74 and IND20-b-HEA240   
             synthesis and characterisation 

Copolymer IND10-b-HEA95 was prepared in Chapter 3. Copolymers IND10-b-

HEA268, IND20-b-HEA74 and IND20-b-HEA240 were prepared following the same 

protocol, using the hydrophobic oligomers IND10 and IND20 as macro-CTA 

agents to mediate the RAFT copolymerization of N-hydroxyethylacrylamide 

monomer. Two different chain lengths, with DP 90 and 250, were targeted, to 

investigate the influence of the size of the polyHEA block on nanoparticle 

stabilisation (Scheme 4.4). 

 

Scheme 4.4: synthesis of copolymers IND10-b-HEA95, IND10-b-HEA268, IND20-b-HEA74 and IND20-
b-HEA240. Reagents and conditions: N-hydroxyethylacrylamide, V501, DMF at 70 ˚C. 

 

As it in case of IND10-based copolymers described in chapter 3, also for these 

copolymers the final chain length was found to be ~ 25-30% longer than the 

expected theoretical DP, as assessed by 1H NMR, by comparing the integrals of 

indole aromatic protons between 6.8 and 7.3 ppm, with those of NH and OH 

groups of the pHEA at 7.5-7.8 and 4.6-5.2 ppm, respectively and those of the 

polymer backbone between 1 and 2 ppm (see Supporting Information).  
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As discussed before, the difference may be due to partial aggregation of the 

hydrophobic block, which may have prevented some of it from reacting during 

the polymerization. Also, partial removal of the trithiocarbonate moiety from 

the INDm oligomers chain end, caused by multiple additions of AIBN radical 

initiator during the oligomerisation, would explain why a proportion of the 

chains did not act as macro chain-transfer agent. However, SEC analysis showed 

again a narrow molar mass distribution, with Ð < 1.25 for all copolymers (Table 

4.7, see Fig S4.9 and S4.10 for SEC traces).  

Table 4.8: Composition, Mn, and dispersity of copolymers IND10-b-HEA95, IND10-b-HEA268, 
IND20-b-HEA74 and IND20-b-HEA240 utilised in this study. 

NAME 
Hydrophobi

c monomer 

Hydrophobic 

monomer 

units, m 

Hydrophilic 

monomer 

units, n 

MnTHEO
a

 

(KDa) 

MnNMR
b

 

(KDa) 

MnSEC
c
 

(KDa) 
Ðc 

IND10-b-HEA95 IND 10 95 10.5 14.1d 10.4 1.05 

IND10-b-HEA268 IND 10 268 21.3 34.4b 32.2 1.19 

IND20-b-HEA74 IND 20 74 11.5 14.3c 12.1 1.17 

IND20-b-HEA240 IND 20 240 24.4 33.8d 27.1 1.23 

aCalculated from initial [HEA]0:[CTA]0  and final monomer conversion. bNumber of repeating 
unit of HEA monomers were calculated by 1H NMR by comparing the integral of indole aromatic 
proton peak with the hydroxyl peak of HEA repeating units. cObtained from SEC analysis in DMF 
+ 0.1% LiBr (PMMA standards). 

 

4.3.3.2. Preparation of INDm:INDm-b-HEAn blends  

The synthesised amphiphilic INDm-b-HEAn block copolymers were tested as 

potential stabilisers for IND10- and IND20-nanoparticles. In Chapter 3, we had 

already investigated the self-assembly behaviour of IND10-b-HEAn copolymers 

by DLS, which revealed the presence of particles with size between 10 and 20 

nm. An analogous behaviour could be expected from IND10-b-HEAn and IND20-

b-HEAn copolymers synthesised in this chapter. 
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Self-assembly of INDm-b-HEAn copolymers, together with mixtures of 

INDm:INDm-b-HEAn at different molar ratios, were investigated.  Non-loaded 

and (IDR 1018-sodium usnate complex)-loaded 100% INDm-based nanoparticles 

have already been tested, and their characterisation is reported here again for 

clarity. 

Accordingly, mixtures of IND10 and IND20 oligomers with their corresponding 

IND10-b-HEAn and IND20-b-HEAn copolymers were prepared in the presence and 

in the absence of IDR 1018-sodium usnate complexes, and the resulting 

nanoparticles were characterised. A range of INDm:INDm-b-HEAn molar ratios, 

10:0, 8:2, 6:4, 4:6 and 2:8, were investigated by Dynamic Light Scattering, with 

a constant 10 mg/mL final mixture concentration in DMSO, and a 10% w/w (IDR 

1018-sodium usnate complex)/(oligomer+copolymer) ratio (thus IDR 1018-

sodium usnate complex concentration of 0.1 mg/mL). 

4.3.3.3. PD-10 column purification of IDR1018-Sodium usnate complex  

                          loaded-nanoparticles  

To remove any trace of unencapsulated complexes from (IDR 1018-sodium 

usnate complex)-loaded nanoparticles, a further purification step was 

undertaken, eluting the nanoparticles through a desalting PD-10 column. PD-

10 columns are small columns pre-filled with Sephadex G-25 resin, usually used 

for buffer exchange, desalting and small contaminant removal43. With an Mr 

exclusion limit of 5000 Da, they have been previously used to separate drug-

loaded nanoparticles, eluted with the first 3.5 mL of mobile phase, from 

unencapsulated drugs, which are eluted later or blocked at the top of the 

column due to poor solubility in the mobile phase44, 45.   
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To validate the efficiency of this size-exclusion chromatography step, 8:2 

IND20:IND20-b-HEA240 blend-IDR 1018-sodium usnate complex-loaded-

nanoparticles were analysed by RP-HPLC, after PD-10 column purification. The 

nanoparticles, suspended in water, were eluted through the PD-10 column and 

re-collected from the first 3.5 mL. They were then lyophilised and re-dissolved 

in DMSO at 1 mg/mL before the analysis. In parallel, a negative control was 

prepared: a 0.1 mg/mL IDR 1018-sodium usnate complex DMSO solution was 

nanoprecipitated in water in the absence of nanoparticle-forming polymers. 

The resulting suspension was eluted through PD-10 column and the first 3.5 mL 

eluted were collected and directly analysed by RP-HPLC (Fig. 4.11). RP-HPLC 

from the complex-loaded nanoparticles sample showed the presence of two 

peaks, the first at 7 min, and the second at 16 min, corresponding to IDR 1018 

and usnic acid, respectively. By contrast, the first 3.5 mL of mobile phase 

collected from the control, nanoprecipitated IDR 1018-sodium usnate complex 

did not show any detectable peak, confirming that neither IDR 1018 nor usnic 

acid were present. The experiment suggested that the IDR 1018-sodium usnate 

complex had been loaded into nanoparticles and that PD-10 column elution 

may be good strategy to remove unencapsulated complex. 
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Figure 4.11: C18 RP-HPLC chromatograms of [IND20]:[IND20-b-HEA240] 8:2 - IDR 1018-sodium 
usnate complex loaded-nanoparticles and nanoprecipitated IDR 1018-sodium usnate complex. 
Absorbance was recorded at 280 nm. Nanoparticles were lyophilised and re-dissolved in DMSO 
at 1 mg/mL concentration before RP-HPLC analysis.  IDR 1018-sodium usnate complex eluted 
from PD-10 column was analysed directly.  

 

4.3.3.4. Nanoparticles size characterisation  

Experiments discussed above showed that IDR 1018-sodium usnate complex-

loaded 100% IND10- and 100% IND20-based nanoparticles formed large and 

visible aggregates after nanoprecipitation. Small aggregates, which could be 

observed upon dialysis, were obtained from complex-loaded 100% INDm-b-

HEAn-based nanoparticles. DLS analysis highlighted the presence of very 

disperse particles and confirmed the bad quality of data collected. These 

preliminary experiments confirmed that both 100% INDm oligomers and INDm-

b-HEAn copolymers are not able to generate sub-micron and narrowly 

distributed nanoparticles in the presence of the IDR 1018-sodium usnate 

complexes. 
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By contrast, nanoparticles formed from blends of INDm oligomers and INDm-b-

HEAn copolymers appeared visually monodisperse, without any large 

aggregates. 

In Figure 4.12 size distribution by intensity, volume and number is displayed for 

non-loaded and IDR 1018-sodium usnate complex-loaded IND20:IND20-b-HEA240 

nanoparticles at different IND20:IND20-b-HEA240 molar ratios. These specific 

formulations were used here as a representative example, complete DLS 

analysis of all formulations is shown in the Supporting Information (Fig. S4.5, 

S4.6 and S4.7). From non-loaded nanoparticles, increasing proportion of IND20-

b-HEA240 caused a reduction in size of resulting nanoparticles. 100% IND20-

based nanoparticles had average hydrodynamic diameter of 300-350 nm, 

which was reduced to ~ 230 nm in IND20:IND20-b-HEA240 8:2 blend-nanoparticles 

and 210 nm in IND20:IND20-b-HEA240 6:4 blend-nanoparticles. At IND20:IND20-b-

HEA240 2:8 molar ratio, an aditional distribution centred at ~  50 nm was 

observed. The latter was of analogous size of the major distribution observed 

for 100% IND20-b-HEA240 based-nanoparticles, and could therefore originate 

from the self-assembly of IND20-b-HEA240. 

These results indicate that although IND20 and IND20-b-HEA240 form 

nanoparticles of different size, in mixture of the two polymers at high 

IND20:IND20-b-HEA240 ratios, homogeneous and relatively monodiperse 

nanoparticles were formed. On the other hand, when IND20-b-HEA240 is present 

in large excess, a second particle distribution, with lower hydrodynamic 
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diameter, similar to what formed when IND20-b-HEA240 alone was used, started 

to appear. 

IDR 1018-sodium usnate-loaded nanoparticles showed a similar behaviour, 

with relatively larger particle size, and narrow size distributions. In particular, 

IND20:IND20-b-HEA240 8:2 blend- and IND20:IND20-b-HEA240 6:4 blend-

nanoparticles showed single populations of size around 260 nm and 215 nm, 

respectively. Again, lower IND20:IND20-b-HEA240 ratios resulted in the 

appearance of new peaks between 10 and 100 nm, as seen for the non-loaded 

nanoparticles 

The analyses confirmed the stabilising effects of IND20-b-HEA240 on IND20.The 

two polymers together displayed a cooperative behaviour that allowed the 

incorporation of the IDR 1018-sodium usnate complex.  
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Figure 4.12. size distribution of empty and IDR 1018-sodium usnate complex-loaded 
IND20:IND20-b-HEA240 blends based-nanoparticles, as assessed by DLS.  Sizes are reported as 
intensity, volume and number % distributions. Nanoparticles were generated from the self-
assembly of (a) 100% IND20, (b) IND20:IND20-b-HEA240 8:2 blend, (c) IND20:IND20-b-HEA240 6:4 
blend, (d) IND20:IND20-b-HEA240 4:6 blend, (e) IND20:IND20-b-HEA240 2:8 blend and (f) 100 % 
IND20-b-HEA240 at a nanoparticle concentration of 1 mg/mL, in water. 
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Size peaks by volume % for IND20:IND20-b-HEA240 and the other three 

INDm:INDm-b-HEAn blends nanoparticles are displayed in Figure 4.13 (complete 

size distributions by intensity, volume and number can be found in the 

Supporting Information). In general, DLS analysis confirmed the results 

obtained from IND20:IND20-b-HEA240 blends. The addition of INDm-b-HEAn 

copolymers caused a general decrease of nanoparticle size, in a copolymer-

concentration dependent manner. 100% IND10-based -free nanoparticles had a 

size peak at around 450 nm, which decreased gradually to 200 nm as increasing 

amounts of IND10-b-HEA95 were added. A similar effect was observed for IND10-

b-HEA268, with the difference that in this case the copolymer appeared more 

effective in controlling the nanoparticles size, as an IND10:IND10-b-HEA268 ratio 

of 8:2 was already sufficient to reduce the size of the nanoparticles down to 

350 nm. 

Loaded IDR 1018-sodium usnate complex-nanoparticles followed a similar 

profile, with a slight general increase in size. Both IND10:IND10-b-HEA95 and 

IND10:IND10-b-HEA268 blends behaved similarly to those prepared without 

incorporation of IDR 1018-sodium usnate complex. Size decreased with 

increasing proportions of IND10-b-HEAn copolymers, from ca. 400 nm of the 

IND10:IND10-b-HEAn  8:2 molar ratio blend, to around 200 nm of IND10:IND10-b-

HEAn  2:8 molar ratio ones.  

Blends between IND20 and IND20-HEA74, possessing a comparatively longer 

hydrophobic block and shorter hydrophilic segment, displayed a clear size 

increase upon complex loading. The extent of this increase was dependent on 
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the IND20:IND20-HEA74 molar ratio. At IND20:IND20-b-HEA74 8:2 molar ratio, size 

increased from around 300 nm of empty nanoparticles to almost 500 nm of IDR 

1018-sodium usnate complex-loaded ones, whilst at 6:4 molar ratio the 

difference was reduced, as loaded nanoparticles had a size of ca. 400 nm. No 

difference between unloaded and loaded nanoparticles was observed at lower 

IND20:IND20-b-HEA74 molar ratios.  

For all the blends analysed, 100% INDm-b-HEAn-based nanoparticles displayed 

a main size peak between 20 and 30 nm, similarly to the values registered for 

IND10-b-HEAn copolymers in Chapter 3. However, all of them underwent 

aggregation upon IDR 1018-sodium usnate complex encapsulation.  
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Figure 4.13: Particle size, as assessed by DLS by volume distribution, of free and IDR 1018-
sodium usnate complex loaded into (a) IND10:IND10-b-HEA95 blends-nanoparticles, (b) 
IND10:IND10-b-HEA268 blends-nanoparticles, (c) IND20:IND20-b-HEA74 blends-nanoparticles and 
(d) IND20:IND20-b-HEA240 blends-nanoparticles. Nanoparticles were generated from the self-
assembly of : 100% INDm,  INDm:INDm-b-HEAn 8:2 blend, INDm:INDm-b-HEAn 6:4 blend, (d) 
INDm:INDm-b-HEAn 4:6 blend,  INDm:INDm-b-HEAn 2:8 blend and 100 % INDm-b-HEAn at a 
nanoparticle concentration of 1 mg/mL, in water. 

 

These results indicated that INDm oligomers and their corresponding INDm-b-

HEAn copolymers displayed a cooperative behaviour when mixed together. 

Addition of appropriate proportion of INDm-b-HEAn allowed to control the size 

of nanoparticles, avoiding aggregation upon encapsulation of IDR 1018-sodium 

usnate. In IND20:IND20-b-HEAn formulations, copolymers with longer polyHEA 

blocks were more efficient in modulating nanoparticles size. It is reasonable to 
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hypothesise that a longer hydrophilic block can more efficiently shield the 

nanoparticles, limiting aggregation, and favouring the formation of 

homogenous nanoparticle populations.  

4.3.4. Quantification of IDR 1018-Sodium Usnate complex   

    Loading capacity and Encapsulation efficiency  

Quantification of peptide complex encapsulation was carried out by RP-HPLC 

analysis (UV detection, λ=280 nm) of samples purified as described previously. 

Concentration for both IDR 1018 and sodium usnate were calculated from 

calibration curves previously prepared, and their Loading Capacity and 

Encapsulation Efficiency quantified separately (Fig. 4.14).  

Results indicates that the highest final Loading Capacity and Encapsulation 

Efficiency values were obtained at INDm:INDm-b-HEAn 8:2 molar ratio, with 

Loading Capacity between 2 and 2.5% and Encapsulation Efficiency between 40 

and 50% for both IDR 1018 and sodium usnate. A partial expception was 

IND10:IND10-b-HEA95 8:2 blend, which presented a higher sodium usnate loading 

capacity, around 3,5%, and subsequent Encapsulation Efficiency, ca. 60%. The 

best IDR 1018 incorporation was observed for IND20:IND20-b-HEA240 8:2 blend, 

with loading capacity of 2.5% and Encapsulation Eifficiency of 50%. As the INDm 

proportion in the blends decreased, both IDR 1018 and sodium usnate 

incorporation was less efficient, with the lowest loading and encapsulation 

values observed for INDm:INDm-b-HEAn 2:8 blends. In particular, in case of 

IND10:IND10-b-HEAn blends, IDR 1018 Loading Capacity decreased from around 

2% of the IND10:IND10-b-HEAn 8:2 blends to 0% of IND10:IND10-b-HEAn 2:8 

blends. Sodium usnate displayed a similar behaviour, but higher final values, 
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with Loading capacity decreasing from initial 2-3% of the 8:2 blends, to 0-0.5% 

of the blends with the lowest proportion of IND10. A similar behaviour was 

observed with IND20:IND20-b-HEAn blends, but in this case the decrease of IDR 

1018 and sodium usnate incorporation observed at low IND20:IND20-b-HEAn 

ratios was less evident: for IND20:IND20-b-HEA74 2:8 blend, loading of IDR 1018 

was quantified to be around 1.5%, while that of sodium usnate was calculated 

to be ca. 2%. In case of IND20:IND20-b-HEA268 the reduction of IDR 1018 

incorporation was more evident, with final Loading of 0.4% at IND20:IND20-b-

HEA268 2:8 ratio.  

In general, it was noticed that the decrease of Loading Capacity observed at low 

INDm:INDm-b-HEAn molar ratios was more evident for IND10:IND10-b-HEAn 

blends, and that this decrease affected more IDR 1018 than sodium usnate. 

High proportions of INDm oligomers appear to be necessary for best peptide 

complex loading capacity and encapsulation efficiency values. INDm-based 

nanoparticles are therefore more efficient for the incorporation of IDR 1018-

sodium usnate complex. However, INDm:INDm-b-HEAn blends are still required 

to avoid flocculation. Moreover, these studies are to be considered preliminar 

and will be repeated to confirm the Loading Capacity and Encapsulation 

Efficiency of each INDm:INDm-b-HEAn blend. 
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Figure 4.14: Loading capacity and encapsulation efficiency measured for IDR 1018-sodium 
usnate complex-loaded (a) IND10:IND10-b-HEA95, (b) IND20:IND20-b-HEA74, (c) IND10:IND10-b-
HEA268, and (d) IND20:IND20-b-HEA240 blends nanoparticles. Loading capacity and encapsulation 
efficiency were calculated by C18 RP-HPLC analyses of 1 mg/mL DMSO solutions of IDR 1018-
sodium usnate complex -loaded nanoparticles blends, using a 25-90% acetonitrile gradient in 
water + 0.1% TFA. Absorbance was recorded at 280 nm. For each blend, IDR 1018 and usnic 
acid were quantified via integration of the peak area of IDR 1018 and usnic acid peaks in the 
HPLC chromatograms. 
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4.3.5. TEM analysis 

TEM imaging was performed to further verify size data obtained from DLS and 

get more information on nanoparticles shape. Free and IDR 1018-sodium 

usnate complex loaded IND20:IND20-b-HEA240 8:2 blends-based nanoparticles 

were selected for this part of the study, due to the high IDR 1018 Loading 

Capacity obtained for this specific blend. Nanoparticles were stained with 3% 

uranyl acetate (Fig. 4.15). 

 

Figure 4.15: TEM images of free and IDR 1018-sodium usnate complex-loaded IND20:IND20-b-
HEA240 8:2 blends-based nanoparticles. size-exclusion chromatography on PD-10 columns 
before TEM. Samples concentration was diluted to 1 mg/mL in water. 

 

The analyses confirmed the presence of nanoparticles of size mostly between 

200 and 300 nm, in good agreement with values calculated by DLS.  

4.3.6. Drug release studies 

IDR 1018-sodium usnate complex release study was carried out on IND20:IND20-

HEA210 8:2 molar ratios-based nanoparticles. The investigation aimed at 

evaluating the release of both usnic acid and IDR 1018. The study was 

500 nm

2000 nm

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

E M P T Y  I N D 2 0 : I N D 2 0 - b - H E A 2 4 0 8 : 2 N P s

S iz e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

Z - A v e r a g e :  2 2 6 . 8  n m

P D I :  0 . 0 8 6

I n t e n s i t y

V o l u m e

N u m b e r

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

L O A D E D - I N D 2 0 : I N D 2 0 - b - H E A 2 4 0 8 : 2 N P s

S iz e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

) I n t e n s i t y

V o l u m e

N u m b e rZ - A v e r a g e :  2 5 7 . 4  n m

P D I :  0 . 1 4 4

2000 nm

500 nm2000 nm



Chapter 4 

278 

 

performed at 37°C using a micro- dialysis device, with MWCO of 3.5 kDa to 

ensure the passage of both the IDR 1018-sodium usnate complex components, 

IDR 1018 (molecular weight 1.5 kDa) and usnic acid (molecular weight 0.34 kDa) 

from the inner to the outer compartment of the dialysis device (Fig. 4.16). 

 

Figure 4.16: The dialysis device employed for the release study. The IDR 1018-sodium usnate 
complex-loaded-nanoparticles sospension is added to the device, which can be easily fitted into 
a 2 mL eppendorf. The two released components of the complex, IDR 1018 and sodium usnate, 
migrate from the dialysis device to the eppendorf through the dialysis membrane located at 
the bottom of the device. 

 

Potential IDR 1018 aggregation, already discussed in Chapter 3, was a serious 

experimental limitation. This peptide can self-assemble in a range of buffers 

and tissue culture media46, forming large aggregates of increased 

hydrodynamic size compared to normal, un-aggregated IDR 1018, which could 

hamper its passage through the dialysis membrane. 

Thus, preliminary experiments to evaluate the potential aggregation of IDR 

1018 in different media - 10 mM pH 7.2 phosphate buffer, PBS, and two saline 

solutions of different NaCl concentrations (15.4 and 154 mM NaCl) – were 
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carried out. The concentration of IDR 1018 in these experiments was 0.20 mM.  

In 10 mM pH 7.2 phosphate buffer the almost immediate formation of visible 

aggregates was observed. The aggregation, as explained in Chapter 3, is due to 

the high amount of salt in solution, whose dissociation releases charged ions 

that interact with water molecules. Less water molecules are available to 

interact with charged residues on the peptide backbone with stabilising effects, 

and subsequently its hydrophobic residues start self-interactions that lead to 

peptide aggregation and precipitation47.  The other three solutions, in which no 

aggregates could be visually observed, were further tested on the mini-dialysis 

device, to quantify the re-equilibration of the peptide between the two dialysis 

compartments. 500 µL of starting IDR 1018 solution were added to the inner 

compartment of the dialysis device, 1500 µL of the same buffer were put in the 

outer compartment. The peptide was allowed to re-equilibrate between the 

two compartments over 20 h. IDR 1018 starting concentration in the inner 

compartment and its concentration in the outer compartment after 20 h were 

then quantified by RP-HPLC (Fig. 4.17). At complete equilibration, the peptide 

released from the inner compartment was expected to be 75% of the starting 

amount.  



Chapter 4 

280 

 

P
B

S

N
a
C

l 
1
5
4
 m

M

N
a
C

l 
1
5
.4

 m
M

0

2 0

4 0

6 0

P
e

p
ti

d
e

 r
e

le
a

s
e

 a
ft

e
r 

2
0

 h
 (

%
)

 

Figure 4.17: amount of IDR 1018 peptide released from the dialysis device shown in Figure 16, 
after 20 h incubation. Release is expressed as % of the total IDR 1018 present at time 0 in the 
inner compartment. Peptide quantification were made by C18 RP-HPLC via integration of the 
AUC of IDR 1018 peak in the HPLC chromatograms, using a 25-90% acetonitrile gradient in 
water + 0.1% TFA. Absorbance was recorded at 280 nm.   

 

Analyses showed that less then 10% of IDR 1018 crossed the dialysis membrane 

in PBS, suggesting that under these conditions IDR 1018 may self-assemble to 

form larger aggregates that cannot easily cross the dialysis membrane. 

Similarly, release of around 15% IDR 1018 was obtained in 154 mM NaCl. 

Interestingly, in the diluted 15.4 mM NaCl solution a much higher release of the 

peptide, was observed. Under these conditions, after 20 h almost 60% of the 

peptide crossed the dialysis membrane, close to the 75% which would indicate 

full re-equilibration. Faster release may be ascribed to the fact that the amount 

of salt in solution has been reduced to 10% compared to 154 mM NaCl, hence 

also peptide aggregation is minimised. 

IDR 1018-sodium usnate complex release from INDm:INDm-b-HEAn polymeric 

nanoparticles was therefore evaluated in 15.4 mM NaCl. PBS was tested as well. 

Even if IDR 1018 showed to aggregate in this buffer, we wanted to evaluate the 
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potential release of usnic acid.  Release studies in 100 mM pH 4 acetate buffer 

were also carried out to evaluate the potential release of the two components 

of the complexes, IDR 1018 and usnic acid, at acidic pH (Fig. 4.18). 
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Figure 4.18: Cumulative release of IDR 1018 and usnic acid from (IDR 1018-usnate complex)-
loaded nanoparticles, measured in PBS, 15.4 mM NaCl and 100 mM pH 4.0 acetate buffer. The 
amount of peptide and usnic acid released was calculated from the concentrations quantified 
in the outer compartment of the release device (Fig. 16) by C18 RP-HPLC at different time 
points, using a 25-90% acetonitrile gradient in water + 0.1% TFA. Absorbance was recorded at 
280 nm. For each buffer, IDR 1018 and usnic acid were quantified via integration of the AUC of 
IDR 1018 and usnic acid peaks in the HPLC chromatograms. 

 

Results suggested a slow and limited release of peptide IDR 1018 from the 

nanoparticles, not only in PBS, but also in 15.4 mM NaCl, with around 20 % of 

IDR 1018 released after 72 h in either medium, and only a small amount 

released after that. Release in acidic acetate buffer was faster as it reached 40 

% after 48 h, and it stabilized at ~ 60% after 144 h.  
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Compared to IDR 1018, release of usnic acid was faster. In 15.4 mM NaCl 70% 

release was achieved within 48 h, while in PBS 50% release was achieved 

between 48 and 72 h. In acidic buffer 45% release was observed in 12 h, but 

values then reached a maximum of ~ 50% for the subsequent time points. 

Overall, a very slow release profile of peptide IDR 1018 was thus observed not 

only in PBS, where it could be explained by peptide aggregation and slow 

passage through the dialysis membrane, but also in 15.4 mM NaCl. It is possible 

that if IDR 1018 were tightly packed inside the nanoparticles, in physiological 

conditions its release would be limited. As discussed in the previous chapter, 

this peptide comprises five aminoacids with basic groups (four Arg and one N-

terminal amine), together with an aggregation-prone, sequence of five 

aminoacids possessing aliphatic hydrophobic side chains, and one 

tryptophan46. When IDR 1018 is encapsulated inside the nanoparticles, its basic 

groups may be interacting with usnic acid and then its basic groups would be 

ion paired and neutralised. Hence, its hydrophobic residues may potentially 

interact with indolic side chains of IND10 and IND20 oligomers through 

hydrophobic interactions, resulting in tighter non-covalent complexation of IDR 

1018 in the nanoparticle matrix.  

The faster release observed at acidic pH may be ascribed to the protonation of 

the acidic hydroxyl of usnic acid. With a pKa of 4.4, we could expect ~70% of 

this hydroxyl to be protonated. Its protonation would disrupt the ion pairing 

interaction between usnic acid and IDR 1018. Due to the basic arginine on its 

backbone, free IDR 1018 would be positively charged, and these positive 
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charges may disrupt the hydrophobic interactions that the peptide has 

potentially established with INDm oligomers within the nanoparticles matrix. 

By contrast, release of usnic acid appeared much faster in both PBS and 15.4 

mM NaCl. Interestingly, acidic buffer 100 mM pH 4.0 acetate buffer induced a 

significant decrease of its release. After a burst release in the first 12 h, 

cumulative release stabilised at around 50%. Since at this pH the hydroxyl group 

of usnic acid is mostly protonated, we can expect a decrease of its water 

solubility. Even though solubility of usnic acid and sodium usnate at different 

pHs was not experimentally investigated due to time constraint, precipitation 

of usnic acid over time in the dialysis inner compartment may be hypothesised 

as the reason for its slow and limited release. Such a precipitate could not be 

visually observed, as the nanoparticles suspension was already very cloudy.  

4.2.7. Antimicrobial activity on Salmonella enterica infected   

   macrophages 

Salmonella enterica is a family of Gram-negative enteropathogenic bacteria 

which can infect a wide range of animal hosts including humans48. These 

bacteria are amongst the most common causes of foodborne illness worldwide, 

and are estimated to cause about 1.2 million illnesses, 23,000 hospitalizations, 

and 450 deaths in the United States every year. 49 Food contamination accounts 

for about 1 million of these illnesses50. Among the clinical manifestations 

induced by salmonella infections, the most important are enteric fever and 

gastroenteritis51. 
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The initial site of infection lies within the distal small intestine. From there, can 

bacteria penetrate the intestinal epithelium and reach the liver and spleen. 

Interestingly, they can induce internalisation by host cells. Through a group of 

bacterial effectors molecules injected into the host cytoplasm, they can trigger 

radical changes in the host cytoskeleton, which will result in bacteria 

micropinocytosis52. In particular, it has been shown that these bacteria have a 

preference for infecting host hemophagocytic macrophages, where they can 

survive after the acute phase of the infection for months or longer, making the 

macrophage a survival niche for salmonella during persistent, chronic 

infections53.  

Antimicrobial agents such as ampicillin, chloramphenicol and trimethoprim are 

often used to treat salmonella’s infections51. Unfortunately, resistance to a 

range of these antibiotics is becoming increasingly prevalent. A recent study 

has analysed the development of new antimicrobial resistant strains in the US, 

1189 blood isolates of salmonella collected between 2003 and 2013 were 

tested for susceptibility to more than a dozen commonly prescribed antibiotics. 

868 were found to be susceptible to all antibiotic agents tested, while 321 were 

resistant to at least one agent, of which 237 were resistant to first-line 

treatments54, indicating that new treatments for salmonella infections are 

urgently needed.  

Within our group, a library of liposomes decorated with mannosylated ligands 

were designed and tested by Dr Rosa Catania, a former PhD student now 

Research Fellow, as potential antimicrobial delivery systems for the treatment 
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of salmonella-infected macrophages. Liposomes uptake was mediated by the 

mannose receptor (MR) expressed on macrophages cell membrane. 

However, non-targeted nanoparticles uptake by macrophages has also been 

described in previous studies, with nanoparticles of different types, shapes and 

size55. Nanoparticle internalization by macrophages is usually regulated by 

phagocytosis. Firstly, specific plasma proteins adsorb on nanoparticles surface 

(opsonization). The protein “shell” can then interact with specific membrane 

receptors on macrophages, leading to internalisation into phagosomes, which 

will then fuse with lysosomes56. In the lysosome nanoparticles are subjected to 

degradation, due to acidic pH and hydrolytic enzymes. In drug delivery, 

internalisation by macrophages limits nanoparticles circulation and targeting, 

and it is thus normally considered a loss of nanoparticles and encapsulated 

drug56. Hence, usually different strategies are employed to avoid nanoparticles 

phagocytosis: for example, PEG grafting provides the nanoparticles with a 

hydrating layer that will prevent the formation of a proteins-shell, avoiding 

recognition from macrophages 57.  

On the contrary, the internalization of nanoparticles by macrophages can be 

used to enhance drug internalisation if macrophages are the drug target. This 

is for example the case of infections of Mycobacterium tuberculosis, which, like 

salmonella, resides mainly in macrophages58. In a recent study by Kalluru et al., 

50-400 nm antimicrobial drug rifampicin-loaded PLGA nanoparticles were 

applied on infected primary macrophages and found to be significantly more 

effective in Mycobacterium tuberculosis killing than the free rifampicin drug. 
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The nanoparticles were also loaded with coumarin-6 dye, and the resulting 

fluorescent particles were tracked by fluorescent microscopy to elucidate their 

fate after internalisation. The study revealed that nanoparticles remained in 

the phagolysosome after phagocytosis, where they were slowly degraded over 

12 days by acidic pH and hydrolytic enzymes, allowing the free drug to be 

released in the cytoplasm59.  

In this chapter, salmonella-infected macrophages were tested, in collaboration 

with Dr Rosa Catania, in a preliminary study to assess the uptake and the 

antimicrobial activity of IDR 1018-sodium usnate complex-loaded 

nanoparticles. Our previous drug release experiments showed a very slow and 

overall incomplete release of peptide IDR 1018 from nanoparticles. However, 

release may be much faster if the nanoparticles are internalised by 

macrophages, as a result of nanoparticle degradation after internalisation. 

Lysosome contain hydrolytic enzymes, e.g. esterases, lipases, phosphatases in 

relatively high concentration60. Indole moieties, responsible for the 

hydrophobic and self-assemblying nature of IND10 and IND20, are connected to 

the polyacrylamide backbone through ester bonds. backbone. Hydrolysis of 

these ester groups would likely result in nanoparticle disassembly, and release 

of the encapsulated IDR 1018-sodium usnate complex.  

Complex loaded-IND20:IND20-b-HEA240 8:2 blend-nanoparticles were chosen for 

these experiments. Controls of usnic acid, IDR 1018 and corresponding 

complexes were prepared at the same IDR 1018 and usnic acid concentration 



Chapter 4 

287 

 

loaded in the nanoparticles. A negative control of non-loaded nanoparticles 

was also prepared to be applied on macrophages.  

The experiment was performed on murine macrophages RAW 264.7 cell line 

and consisted of several sequential steps. On a 48 well-plate, macrophages 

were infected using a salmonella suspension which was applied to each well. 

After bacterial internalisation, the wells were washed with gentamicine for 30 

min to kill any residual extracellular bacteria. Infected macrophages were 

finally treated with our samples (concentrations reported in Table 4.1) for 4 h 

at 37°C. After treatment, the samples-containing medium was replaced with 

fresh one, and the macrophages left in incubation for 24 h at 37°C. 

Macrophages were finally lysed, and bacteria recovered from the lysates were 

seeded on an agar plate. Number of bacteria colonies after 16 h of incubation 

were visually counted to estimate the antimicrobial efficacy of each sample – 

that is, the fewer the colonies, the higher the antimicrobial activity. Full 

description of the experimental procedure is provided in the Figure below. 
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Figure 4.19: schematic representation of the antimicrobial experiment performed on 
salmonella-infected macrophages. The representation was taken from Dr Rosa Catania’s PhD 
dissertation. (a) Macrophages are seeded on a 48 well-plate, at a density of 2 x 104 cells/mL per 
well. (b) After overnight incubation, macrophages are infected by addition of 0.2 mL of bacterial 
suspension in Gentamicin Free Medium (GFM). (c) Bacteria are allowed to insert into 
macrophages via 10 minutes centrifugation + 20 min incubation at 37°C. Macrophages are then 
treated with 0.2 mL of High Gentamicin Medium (100 μg/mL) for 30 min in order to kill 
extracellular bacteria. (d) Macrophages are finally treated with our samples, dissolved in 
Gentamicin free Medium, for 4h at 37°C. After treatment, macrophages are lysed with 1 % 
Triton X-100 in PBS. (e) The lysate is centrifuged and the supernatant is diluted several times 
and then (g) spread into agar well plates. (h) After 16h at 37°C, the numbers of bacterial 
colonies for each sample are visually counted and expressed as colony-forming units (CFU)/mL. 

The number of bacterial colonies was normalised per 103 of macrophages 

counted in each well before lysis. Results are reported in Fig. 4.20, expressed 

as colony-forming units (CFU)/mL.  
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Figure 4.20: bacterial colonies quantified from untreated macrophages, and macrophages 
treated with our formulations.  Colonies were visually quantified and the number of bacterial 
colonies was normalised per 103 of macrophages counted in each well before lysis. 

 

After infection with Salmonella, two different negative controls were tested: 

the first where macrophages were lysed before the beginning of the treatment 

(Untreated T0 in Fig. 20), and the second where they were lysed at the end of it 

(Untreated T1), to verify that during the 4 h treatment bacterial infection did 

not cause any significant macrophages death, which would cause a reduction 

of final counted bacterial colonies. The number of bacterial colonies was found 

to be very similar between untreated macrophages and macrophages treated 

with the peptide or the empty nanoparticles(~  7*104 CFU). The lack of efficacy 

of peptide IDR 1018 under these conditions may be due to poor internalization 

into macrophages. This was unexpected, as amphipathic peptides like IDR 1018 

and other cell-penetrating peptides, containing basic groups like arginine and 

more hydrophobic amino acids like tryptophan, are believed to be internalised 
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through the interaction of basic residues on peptides with negatively charged 

polar heads of phospholipids on cellular membrane, while hydrophobic amino 

acids can establish hydrophobic interactions with the non-polar part of the 

membrane61. The lack of activity in our assay may be due to peptide 

aggregation. Although IDR 1018 aggregation was not verified in the gentamicin-

free cell medium which was used for the experiment, due to time constraint, it 

is known (as our previous experiments also showed) that IDR 1018 can 

aggregate in different buffers and tissue culture media.  

A partial reduction of counted colonies was observed with usnic acid and IDR 

1018-usnate complexes, with Colony Forming Units (CFU) ~ 6*104, suggesting 

partial internalization of the formulations. Usnic acid has previously shown 

antimicrobial activity against Salmonella. In a recent study by Stan et al.  a thin 

film made of usnic acid-loaded ZnO nanoparticles was prepared. The film was 

used to coat the wells of a 6-well plate, where a suspension of Salmonella 

enterica was added. The experiment monitored the growth of Salmonella 

biofilm after 24, 48 and 72h in the absence and the presence of the usnic acid-

loaded ZnO nanoparticles film. Results showed that after 24h both empty and 

loaded nanoparticles inhibited by half the biofilm growth. The result was 

ascribed to ZnO nanoparticles intrinsic antimicrobial activity. However, after 

48h only usnic acid-loaded nanoparticles could significantly limit the biofilm 

growth, suggesting a controlled-release of usnic acid over time62.   

The best results were obtained with 8:2 IDR20:IDR20-b-HEA240 nanoparticles 

incorporating IDR 1018-usnate complexes. Counted colonies were reduced by 

https://www.sciencedirect.com/science/article/pii/S0169433215030688#!
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50 % compared to the unloaded IDR 1018-sodium usnate complex, with CFU of 

around 3*104. Although relatively large high experimental standard deviations 

suggest that definite conclusions should be drawn with caution, these initial 

results suggest that indeed nanoparticles may be able to enhance IDR 1018-

sodium usnate complex internalisation, followed by release of complexes the 

phagolysosomal compartment and killing of infecting Salmonella bacteria.  The 

experiment will be repeated, possibly increasing the amount of complexes 

applied to macrophages, or the exposure time of macrophages to the 

formulations. 
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4.3. Final considerations 
 

In this chapter, the self-assembly behavious of two hydrophobic indole-

containing short polyacrylamides, IND10 and IND20, was investigated. We aimed 

at assembling nanoparticles in the sub-micron range, with a narrow size 

distribution, to be used as an antimicrobial controlled-delivery system for the 

simultaneous delivery of two antimicrobial drugs, peptide IDR 1018 and usnic 

acids, complexed together through electrostatic interactions. 

Initial self-assembly of IND10 and IND20 was achieved by nanoprecipitation, 

which resulted in nanoparticles with size in the 300-500 nm range with narrow 

size distribution. Attempts to encapsulate a complex formed with two 

antimicrobial drugs of opposite charge, usnic acid and IDR 1018 peptide, caused 

nanoparticles destabilisation and aggregation. Hence, new INDm-b-HEAn block 

copolymers were synthesised. These copolymers were able to self-assemble 

into small nanoparticles of around 30-40 nm size but aggregated upon IDR 

1018-sodium usnate complex incorporation. However, INDm-b-HEAn were 

found to stabilise IND10 and IND20 nanoparticles, most likely by anchoring on 

their surface and provide steric stabilisation due to a hydrophilic corona formed 

by their polyHEA blocks . Different blends between the hydrophobic INDm 

oligomers and their corresponding INDm-b-HEAn copolymers generated stable 

200-400 nm nanoparticles, which were able to load up to 7.5% of IDR 1018-

sodium usnate complex. 

Drug release study showed that only a limited amount of peptide IDR 1018 was 

released even after days of incubation, suggesting a tight binding of the peptide 
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IDR 1018 to the nanoparticles INDm matrix. In drug delivery, such a slow and 

partial release can be a disadvantage if the encapsulated drug is supposed to 

act systemically. However, it can be an advantage if there is a specific 

therapeutic target, as the drug release is minimised before the target is 

reached.  

For this reason, the nanoparticles were evaluated as antimicrobial delivery 

system on Salmonella enterica-infected macrophages. Nanoparticles were 

expected to be internalised through phagocytosis. We expected the delivering 

the IDR 1018-sodium usnate complex inside the macrophages, where the 

nanoparticles could degrade upon the action of lysosomal enzymes, thus 

releasing the IDR 1018-sodium usnate complex. Pleasingly, IDR 1018-usnate 

complex -loaded nanoparticles showed enhanced reduction of the number of 

bacterial colonies compared by free IDR 1018-usnate complex free IDR 1018 

and free usnic acid.  

This antimicrobial test will need to be repeated, but these preliminary results 

are very encouraging and suggest the potential use of these nanoparticles as a 

co-delivery system of two antimicrobial drugs for bacteria-infected 

macrophages. 
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Supporting Information Chapter 4 

1H and 13C NMR spectra were recorded on a Bruker DPX400 UltraShield™ 

Spectrometer and processed with MestReNova 12.0© 2017 Mestrelab 

Research S.L. All chemical shifts are reported in ppm (δ) relative to 

tetramethylsilane or referenced to the chemical shifts of residual solvent 

resonances.  

ESI TOF Mass spectrometry analyses were conducted on a Bruker microTOF II.  

FT-IR spectra were recorded using an Agilent Cary630.  

Polymer SEC analyses were performed on a Polymer Laboratories GPC 50 

system equipped with a refractive index detector, using a system made of two 

PLgel Mixed-D (5 μm bead, 7.8 × 300 mm) columns and a matching guard (7.8 

× 50 mm). Analyses were performed in DMF at a flow rate of 1 mg/mL with 

0.1% w/v LiBR. Narrow PMMA standards were used for calibration.  

HPLC experiments were performed on a Shimadzu HPLC (LC-20AD pump) 

equipped with a SPD-M20A UV detector and SIL-20A autosampler. Reverse 

phase analyses were completed using a C18 Zorbax Eclipse Plus C18 column 

(3.5 μm, 95 Å, 4.6 × 12.5 mm). 

Dynamic light scattering was performed using a Nano-Zs from Malvern 

Instruments, UK, equipped with a 633 nm laser at a fixed angle of 173°. The size 

was measured at 25 ˚C. Analyses were repeated 3 times for each sample, and a 

minimum of 10 measurements was performed for each analysis. 
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Transmission Electron Microscopy (TEM) analyses were conducted on a FEI 

TecnaiTM 12 Biotwin transmission electron microscope.  

 

 

 

 

FIgure S4.1: 1H NMR spectrum of oligomer IND20 in d6-DMSO. 
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Figure S4.2: 1H NMR spectrum of copolymer IND20-b-HEA74 in d6-DMSO. 

 

Figure S4.3: 1H NMR spectrum of copolymer IND20-b-HEA240 in d6-DMSO. 



Chapter 4 

301 

 

 

Figure S4.4: 1H NMR spectrum of copolymer IND10-b-HEA268 in d6-DMSO. 
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Figure S4.5: DLS size distribution of empty and IDR 1018-sodium usnate complex-loaded 
IND20:IND20-b-HEA74 blends based-nanoparticles.  Sizes are reported as intensity, volume and 
number % distributions. Nanoparticles were generated from the self-assembly of (a) 100% 
IND20, (b) IND20:IND20-b-HEA74 8:2 blend, (c) IND20:IND20-b-HEA74 6:4 blend, (d) IND20:IND20-b-
HEA74 4:6 blend, (e) IND20:IND20-b-HEA74 2:8 blend and (f) 100 % IND20-b-HEA74 at a nanoparticle 
concentration of 1 mg/mL, in water. 
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Figure S4. 6: DLS size distribution of empty and IDR 1018-sodium usnate complex-loaded 
IND10:IND10-b-HEA95 blends based-nanoparticles.  Sizes are reported as intensity, volume and 
number % distributions. Nanoparticles were generated from the self-assembly of (a) 100% 
IND20, (b) IND10:IND10-b-HEA95 8:2 blend, (c) IND10:IND10-b-HEA95 6:4 blend, (d) IND10:IND10-b-
HEA95 4:6 blend, (e) IND10:IND10-b-HEA95 2:8 blend and (f) 100 % IND10-b-HEA95 at a nanoparticle 
concentration of 1 mg/mL, in water. 

 



Chapter 4 

304 

 

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

2 5

E M P T Y  I N D 1 0 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  4 1 0 . 3  n m

P D I :  0 . 0 4 3

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

E M P T Y  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 8 : 2 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  2 8 4 . 0  n m

P D I :  0 . 0 7 4

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

2 5

L O A D E D  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 8 : 2 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  3 1 7 . 8  n m

P D I :  0 . 0 7 0

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

E M P T Y  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 6 : 4 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  2 4 6 . 4  n m

P D I :  0 . 0 7 4

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

2 5

L O A D E D  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 6 : 4 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  2 4 8 . 3  n m

P D I :  0 . 0 3 0

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

E M P T Y  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 4 : 6 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  2 2 6 . 0  n m

P D I :  0 . 0 8 3

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

L O A D E D  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 4 : 6 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  2 1 0 . 2  n m

P D I :  0 . 0 7 6

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

E M P T Y  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 2 : 8 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  1 9 5 . 1  n m

P D I :  0 . 1 2 3

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

5

1 0

1 5

2 0

L O A D E D  I N D 1 0 : I N D 1 0 - b - H E A 2 6 8 2 : 8 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  1 8 3 . 2  n m

P D I :  0 . 1 9 0

0 . 1 1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

0

1 0

2 0

3 0

4 0

E M P T Y  I N D 1 0 - b - H E A 2 6 8 N P s

S i z e  ( n m )

D
if

fe
r
e

n
ti

a
l

R
e

s
p

o
n

s
e

 (
%

)

I n t e n s i t y

V o l u m e

N u m b e r

Z - A v e r a g e :  1 5 2 . 1  n m

P D I :  0 . 3 7 6

( a )

( b )

( c )

( d )

( e )

( f )

 

Figure S4.7: DLS size distribution of empty and IDR 1018-sodium usnate complex-loaded 
IND10:IND10-b-HEA268 blends based-nanoparticles.  Sizes are reported as intensity, volume and 
number % distributions. Nanoparticles were generated from the self-assembly of (a) 100% 
IND20, (b) IND10:IND10-b-HEA268 8:2 blend, (c) IND10:IND10-b-HEA268 6:4 blend, (d) IND10:IND10-b-
HEA268 4:6 blend, (e) IND10:IND10-b-HEA268 2:8 blend and (f) 100 % IND10-b-HEA268 at a 
nanoparticle concentration of 1 mg/mL, in water. 
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Figure S4.8: Sodium Usnate calibration curve. Sodium Usnate was dissolved in deionised water 
at different concentrations in the 0.001-0.5 mM range. The samples were analysed in triplicates 
by RP-HPLC, using a 75-90% MeCN gradient in Milli-q water + 0.1 % TFA. Absorbance was 
recorded at 280 nm. The area under Sodium Usnate peak was calculated for each 
concentration. 
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Figure S4.9: SEC trace of IND20. SEC analysis was performed in DMF + 0.1 % LiBr (PMMA 
standards). 
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Figure S4.10: normalised SEC traces of IND10-b-HEA268, IND20-b-HEA74 and IND20-b-HEA240. SEC 
analyses were performed in DMF + 0.1 % LiBr (PMMA standards). 
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5.1. Introduction 

Non-covalent protein-polymer complexation is emerging an attractive 

alternative to covalent conjugation, to improve solubility, stability and 

bioavailability of potential protein therapeutics. Drawbacks of covalent 

polymer conjugation to proteins include chemical modifications of key amino 

acids in protein binding sites or enzymatic pockets, or steric shielding of their 

active site, thus reducing their efficacy1. In chapter 2 and 3 we have improved 

protein stability and solubility through non-covalent, hydrophobic interactions 

between different proteins/peptides and polymers incorporating hydrophobic 

peptides or peptidomimetic functional groups. The water solubility of these 

hydrophobic groups was conveniently increased through their 

copolymerization with the commercial monomer N-hydroxyethylacrylamide. 

Encouraged by these positive results, we focused our attention to cholanic acid, 

a bile acid molecule, and its precursor cholesterol. 

Cholesterol and its analogues play a key role in digestion and processing of 

adsorbed fats, and are chemically characterised by a common steroid nucleus, 

made of a saturated tetracyclic hydrocarbon 

perhydrocyclopentanophenanthrene system2 (Fig. 5.1).  



 

311 

 

Chapter 5 

 

Figure 5.1: chemical structures of cholesterol and cholanic acid. 

 

Cholesterol is also an essential component of cellular membranes, where it 

enhances the membrane stability and prevents phospholipids hydrophobic 

chains from crystallizing. Cholesterol is an amphipathic molecule, with a small 

polar head containing its OH group, and four hydrophobic fused rings. In cell 

membranes the hydrophilic area locates close to the polar head of 

phospholipids, while the four rings partition among their hydrocarbon chains3. 

The hydrophobic section of cholesterol is generally divided into two different 

faces, named α and β (Fig. 5.2), where the planar α face can establish CH-π 

interactions with protein aromatic residues, while the methyl groups on the β 

face can interact with leucine and valine residues4. These features allow 

cholesterol to interact with different types of proteins, such as transmembrane 

proteins1 5, but also other water soluble proteins, such as Human and Bovine 

Serum Albumin and Cytochrome P4506, 7. 
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Figure 5.2: the α- and β-faces of cholesterol4. 

 

Thus, the hydrophobic part of bile acids could be conventiently used to 

establish non-covalent interactions with protein hydrophobic regions. In a 

previous work, the polysaccharide pullulan was derivatised with varying 

cholesterol units. This induced pullulan self-aggregation into hydrogel 

nanoparticles, which efficiently encapsulated both hydrophobic and water-

soluble proteins8. More recently, cholanic acid-modified glycol chitosan 

nanoparticles have been successfully used to incorporate  the peptide RGD, 

with potential antitumoral applications9.  

Cholanic acid interaction with proteins has been further investigated by the 

Salmaso and Caliceti group, for reversible non-covalent protein PEGylation. 

Accordingly, cholanic acid-terminated PEGs with different Mn (5, 10, and 20 

kDa) were synthesised and tested on two proteins, recombinant human growth 

hormone (rh-GH) and recombinant human granulocyte colony stimulating 

factor (rh‐G‐CSF). Both proteins were found to form nano-complexes with all 

cholanic-PEGs. The corresponding formulations were tested on rats, where 
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pharmacokinetic studies highlighted how the complex was able to ensure a 

slow release of the proteins from the site of injection. The maximal 

concentration was lower compared to the uncomplexed proteins, but the half-

life was significantly longer, with prolonged effects of the two hormones on rat 

growth 10, 11.  

PEG-cholanes were subsequently tested on amphotericin B, as relatively low 

molecular weight poorly soluble model drug. PEG-cholanes were able to 

efficiently self-assemble in 30 nm micelles incorporating amphotericin B, 

increasing its solubility by over three orders of magnitude12. 

In this part of our work, a family of cholanic- and cholesterol-terminating 

polyacrylamides was developed as potential macromolecular tools for non-

covalent protein conjugation. Here, we aimed at extending the initial work in 

the literature which utilised only commercially available PEGs to a range of 

different synthetic polymers. To this aim, a new family of six conjugating 

polymers were synthesised by RAFT polymerisation, using N-

hydroxyethylacrylamide as a model hydrophilic monomer, and cholanic acid 

and cholesterol-containing RAFT agents.  

The polymers ability to associate with proteins was investigated using Bovine 

Serum Albumin and Bovine Pancreatic Insulin as model proteins. The 

interaction was evaluated by Size Exclusion Chromatography, Isothermal 

Titration Calorimetry, Circular Dichroism, solubility studies and gel 

electrophoresis.  
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5.2. Materials and Methods 
 

5.2.1. Materials 

Isopropanol, methanol, dichloromethane (DCM), ethyl acetate, diethyl ether, 

chloroform, tetrahydrofuran, petroleum ether, N,N-dimethylformamide (DMF) 

and acetone were purchased from Fisher Scientific (Bishop Meadow Rd, 

Loughborough, UK). Bovine Serum Albumin (BSA) (≥99%), Bovine pancreatic 

Insulin, DPBS buffer, DIPEA (≥99%), 5β-cholanic acid (99%), TEA (≥99%), VA-501 

(≥98%), DMTMM (96%), ethylene-dioxy-bis-ethylamine (98%) and di-tert-butyl 

dicarbonate were obtained from Sigma-Aldrich (St. Louis, Missouri, United 

States). 

5.2.2. Synthesis of CTA agent (20) 

 

Scheme 5.1:  synthesis of CTA (20). 

 

Sodium 2-hydroxyethyl carbonotrithioate (18). NaH (60 wt % in mineral oil, 

2.82 g, 70.4 mmol, 1.1 eq.) was dispersed in 50 mL of diethyl ether and cooled 

to 5°C in an ice bath. Mercaptoethanol (4.5 mL, 64 mmol, 1 eq.) was added 

dropwise under stirring to the organic suspension and the mixture was stirred 

for 10 minutes, then CS2 (5.8 mL, 96 mmol, 1.5 eq.) was added dropwise to the 

suspension and the reaction was stirred at room temperature for 1 h. The 
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resulting suspension was filtered, and the precipitate washed with diethyl 

ether. After filtration and removal of the solvent under reduced pressure, 

trithiocarbonate salt (18) was isolated as a yellow solid. Yield: 91%. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 3.67 (t, J=7.2 Hz, 2H, HOCH2CH2S), 3.49 

(t, J=7.2 Hz, 2H, HOCH2CH2S) (Fig. S5.1). 

13C NMR (101 MHz, d6-DMSO, δ, ppm): 230.71 (CS3), 59.37 (HOCH2CH2S), 44.10 

(HOCH2CH2S) (Fig. S5.2). 

FT-IR: 3312 cm-1 (ʋO-H). 

Dithiobis-2-hydroxyethyl carbonotrithioate disulfide (19). Sodium 2-

hydroxyethyl carbonotrithioate (18) (7.0 g, 0.045 mol, 1 eq.) was dissolved in a 

solution of K3Fe (CN)6 (16 g, 0.048 mol, 1.1 eq.) in 100 mL of water. The resulting 

orange precipitate was extracted from the aqueous layer with diethyl ether (4 

X 500 mL). The organic fractions were combined and dried with MgSO4. After 

filtration, the solvent was removed under reduced pressure, affording 

dithiobis-2-hydroxyethyl carbonotrithioate disulfide (12) as an orange oily 

residue which was utilised for the following step without further purification. 

Yield: 86%. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 3.67 (t, J=6.1 Hz, 2H, HOCH2CH2S), 3.49 

(t, J=6.1 Hz, 2H, HOCH2CH2S) (Fig. S5.3).  

13C NMR (101 MHz, d6-DMSO, δ, ppm): 221.39 (C=S), 57.83 (HOCH2CH2S), 41.00 

(HOCH2CH2S) (Fig. S5.4).  

FT-IR: 3306.3 cm-1 (ʋO-H). 
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ESI-TOF mass spectrometry: expected m/z [ [M+Na]+ 328.9, found 328.9 

[M+Na]+.   

2-hydroxyethyl carbonotrithioate cyanovaleric acid (20). Dithiobis-2-

hydroxyethyl carbonotrithioate disulfide (19) (4 g, 0.01 mol, 1 eq.) and V501 

(5.4 g, 19 mmol, 1.4 eq.) were dissolved in ethyl acetate and methanol (40 mL 

each). The resulting solution was degassed for 30 min by argon bubbling, under 

stirring, then heated to reflux for 17 h. Organic solvent was then removed under 

reduced pressure and the resulting yellow oily residue was purified by silica gel 

flash chromatography, using Pet. Ether/Et2O 4:6 v/v as the eluent, affording 

(20) as a yellow solid Yield:55%. 

1H NMR (400 MHz, CDCl3, δ, ppm): 4.11 (t, J=6.0 Hz, 2H, HOCH2CH2S), 3.89 (t, 

J=5.9 Hz, 2H, HOCH2CH2S), 2.67 (m, 2H, CH2CH2COOH), 2.42-2.54 (m, 

CH2CH2COOH), 1.89 (s, CH3) (Fig. S5.5). 

13C NMR (101 MHz, d6-DMSO, δ, ppm): 218.01 (C=S), 172.22 (C=O), 118.91 (CN), 

57.91(HOCH2CH2S), 46.63(HOCH2CH2S), 32.90 (CH2CH2COOH), 28.95 

(CH2CH2COOH), 23.55 (CH3) (Fig. S5.6). 

FT-IR: 3186 cm-1 (ʋO-H), 2115 cm-1 (ʋCN), 1691 cm-1 (ʋC=O). 

ESI-TOF mass spectrometry: expected m/z [M+H]+ 280.01, found 280.01.  
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5.2.3. Synthesis of Boc-amine (21) 

Scheme 5.2: synthesis of Boc-amine (21). 

 

A solution of 2,2-(ethylenedioxy)bis(ethylamine) (23.4 mL, 160 mmol, 1 eq.) in 

DCM (400 mL) was added to Boc2O (5.2 g, 24 mmol, 0.15 eq.) at 0 °C, and the 

resulting mixture stirred at this temperature for 5 h and then left stirring for 18 

h at room temperature. The organic phase was washed twice with water (100 

mL), dried over MgSO4, filtered, and the solvent removed 

under reduced pressure to give the Boc-amine (21) as a colourless oil. Yield: 

67%. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 3.48-3.34 (m, 8H, CH2CH2O), 3.05 (q, 

J=6.0 Hz, 2H, NHCH2), 2.63 (t, J=5.8 Hz, 2H, CH2NH2), 1.37 (s, 9H, CH3) (Fig. S5.7).  

13C NMR (101 MHz, d6-DMSO, δ, ppm): 155.84 (CONH), 77.98 ((CH3)3C-O), 73.53 

(CH2CH2NH2), 69.87 (CH2CH2O), 41.66 (CH2CH2NH2), 28.64 (CH3) (Fig. S5.8).  

FT-IR: 3375 cm-1 (ʋN-H2), 2867 cm-1), 1701 cm-1 (ʋC=O), 1104 cm-1 (ʋCH2OCH2). 

ESI-TOF mass spectrometry: expected m/z [M+H]+ 249.17, found 249.18.   
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5.2.4. Synthesis of Cholanic-amine (22) 

 

Scheme 5.3: synthesis of cholanic-amine (22). 

 

To a stirred solution of cholanic acid (500 mg, 1.39 mmol, 1 eq.), Boc-amine (21) 

(379 mg, 1.53 mmol, 1.1 eq.) and N-methylmorpholine (383 µL, 3.48 mmol, 2.5 

eq.) in dry DCM (20 mL) under nitrogen was added N-(3-dimethylaminopropyl)-

N'-ethylcarbodiimide hydrochloride (EDC-HCI, 274 mg, 1.43 mmol, 1.03 eq.). 

The reaction mixture was stirred at room temperature overnight and then 

diluted with DCM (30 mL), washed twice with 2M HCl (50 mL) and once with 

brine (50 mL). The mixture was finally dried with MgSO4, filtered, and the 

volatiles evaporated under reduced pressure. 

The product was re-dissolved in a 1:1 v/v mixture of TFA and DCM (20 mL) at 

room temperature and the resulting solution stirred for 16 h. The volatiles were 

removed under reduced pressure, and the resulting residue purified by flash 

chromatography using Pet.Et/EtoAc 2:8 v/v as the eluent. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 3.54-3.38 (m, 8H, CH2OCH2CH2OCH2), 

3.17 (q, J=6.1 Hz, 2H, CH2NH), 2.97 (m, 2H, NH2CH2), 0.87 (s, 6H, CH3), 0.6 (s, 3H, 

CH3) (Fig. S5.9). 

13C NMR (101 MHz, d6-DMSO, δ, ppm): 173.17 (CONH), 42.74 (CH2NH2), 20.90 

(CH3), 18.78 (CH3), 12.36 (CH3) (Fig. S5.10).  
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FT-IR: 3280.9 cm-1 (ʋN-H2), 1675.4 cm-1 (ʋC=O), 1125.4 cm-1 (ʋCH2OCH2). 

ESI-TOF mass spectrometry: expected m/z [M+H]+ 491.41, found 491.42.   

5.2.5. Synthesis of RAFT agent (23)  

 

Scheme 5.4: synthesis of RAFT agent (23). 

 

CTA (20) (271 mg, 0.972 mmol, 1.2 eq.) was dissolved in methanol (50 mL), 

followed by DMTMM (448 mg, 1.62 mmol, 2 eq.). A solution of triethylamine 

(169 µL, 1.21 mmol, 1.5 eq.) in methanol (10 mL) was then added dropwise at 

0˚C under stirring. The reaction was left under stirring for 24 h at room 

temperature and monitored by TLC. The solvent was then removed under 

reduced pressure and the residue purified by silica gel flash chromatography, 

using EtOAc/MeOH 9/1 v:v as the eluent. Yield: 30%. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 6.32 (t, J=6.3 Hz, 1H, NH), 5.94 (t, J=6.0 

Hz, 1H, NH), 3.93 (t, J=5.9 Hz, 2H, OHCH2CH2S), 3.63-3.57 (m, 6H, OCH2CH2O and 

OHCH2CH2S), 3.48 (m, 4H, NHCH2 and CH2NH), 2.51 (m, 4H, CH2CH2CO), 0.93 (s, 

6H, CH3), 0.69 (s, 3H, CH3) (Fig.5.3). 

13C NMR (101 MHz, d6-DMSO, δ, ppm): 217.26 (C=S), 174.17 (CONH), 170.51 

(NHCO) 119.18 (CN), 20.85 (CH3), 18.44 (CH3), 12.11 (CH3) (Fig. S5.11).  

FT-IR: 3285.9 cm-1 (ʋN-H2), 1646.7cm-1 (ʋC=O), 1063.1 cm-1 (ʋCH2OCH2). 
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ESI-TOF mass spectrometry: expected m/z [M+H]+ 752.42 and [M+Na]+ 774.40, 

found 752.42 and 774.40. 

5.2.6. Cholanic- and cholesterol-polyacrylamides: typical    
   polymerisation conditions 

 

Scheme 5.5: synthesis of Cholanic-HEA49, Cholanic-HEA90, Cholanic-HEA175 and Cholesterol-
HEAs (25), (26) and (27). 

 

Typical procedure for RAFT polymerisation of HEA: RAFT agent (23) (1 

equivalent, 75 mg, 0.10 mmol, for cholanic-HEA49, 50 mg, 0.066 mmol, for 

cholanic-HEA90 and cholanic-HEA179), RAFT agent (24)  (1 equivalent, 150 mg, 

0.146 mmol, for cholesterol-HEA (25), 0.10g, 0.096 mmol, for cholesterol-HEA 

(26) and 50 mg, 0.048 mmol for cholesterol-HEA (27)) were dissolved in DMF 
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together with the monomer N-hydroxyethylacrylamide (575 mg, 5.00 mmol, 50 

eq., for cholanic-HEA49, 760 mg, 6.6 mmol, 100 eq., for cholanic HEA90, 1520 mg, 

13.2 mmol, 200 eq. for cholanic-HEA175, 840 mg, 7.3 mmol, 50 eq., for 

cholesterol-HEA (25), 1100 mg, 9.6 mmol, 100 eq., for cholesterol-HEA (26), 

1100 mg, 9.6 mmol, 200 eq., for cholesterol-HEA (27)) to reach a final 3.0 M 

monomer concentration.  The mixtures were transferred into small schlenk 

tubes equipped with a magnetic stirrer, which were put in ice. Initiator V 501 

(0.1 eq.), previously dissolved in DMF was added to each tube. The mixtures 

were degassed under Argon in ice for 30 min, and finally put on a paraffin oil 

bath at 70 ˚C. The reactions were monitored by 1H NMR, checking the 

disappearance of acrylamide monomer peaks into the 5-6.5 ppm region, until 

ca. 80% conversion was reached.  

See Table below for reaction times and conversions. 

Table 5. 1: Reaction times and conversions of cholanic- and cholesterol-polymers.  

POLYMER REACTION TIME (h) CONVERSION (%) 

cholanic-HEA49 3 86 

cholanic-HEA90 1 69 

cholanic-HEA179 2 77 

cholesterol-HEA (25) 3 76 

cholesterol-HEA (26) 1.5 54 

cholesterol-HEA (27) 3 80 

 

The polymers were then precipitated in THF, re-dissolved in water, dialysed 

against water for 48 h and finally freeze-dried. Polymers were analysed by 1H 

NMR and SEC in DMF with 0.1% LiBr. Mn,NMR was determined by comparing the 

integrals of cholanic/cholesterol methyl groups at 0.6 and 0.9 ppm, to those of 

NH and OH groups of the pHEA at 7.5-7.8 and 4.6-5.2 ppm, respectively. 
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Cholanic-HEA49 Yield: 77%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

49H, polyacrylamide NH), 5.10-4.80 (m, 49H, polyacrylamide OH), 2.10-1.70 (m, 

49H, polyacrylamide CHCH2) 1.60-1.20 (m, 98H, polyacrylamide CHCH2), 0.91 (s, 

6H, CH3), 0.62 (s, 3H, CH3) (Fig. 5.4). Mn,NMR: 6.4 kDa. Mn,SEC(DMF) 8.0 kDa, Đ=1.13.  

Cholanic-HEA90 Yield: 64%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 

90H, polyacrylamide NH), 5.10-4.80 (m, 90H, polyacrylamide OH), 2.10-1.70 (m, 

90H, polyacrylamide CHCH2) 1.60-1.20 (m, 180H, polyacrylamide CHCH2), 0.91 

(s, 6H, CH3), 0.62 (s, 3H, CH3) (Fig. S5.12). Mn,NMR: 11.9 kDa. Mn,SEC(DMF) 12 kDa, 

Đ=1.09.  

 

Cholanic-HEA175 Yield: 81%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 175H, polyacrylamide NH), 5.10-4.80 (m, 175H, polyacrylamide OH), 2.10-

1.70 (m, 175H, polyacrylamide CHCH2) 1.60-1.20 (m, 350H, polyacrylamide 

CHCH2), 0.91 (s, 6H, CH3), 0.62 (s, 3H, CH3) (Fig. S5.13). Mn,NMR: 21.4 kDa. 

Mn,SEC(DMF) 16.4 kDa, Đ=1.14.  

SEC traces are displayed in Fig. S5.26. 

Cholesterol-HEA (25) Yield: 75%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-

7.40 (m, 40H, polyacrylamide NH), 2.10-1.70 (m, 40H, polyacrylamide CHCH2) 

1.60-1.20 (m, 80H, polyacrylamide CHCH2), 0.62 (s, 3H, CH3). Mn,NMR: 5.8 kDa. 

Mn,SEC(DMF) 7.5 kDa, Đ=1.12. 

Cholesterol-HEA (26) Yield: 80%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-

7.40 (m, 82H, polyacrylamide NH), 2.10-1.70 (m, 82H, polyacrylamide CHCH2) 
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1.60-1.20 (m, 164H, polyacrylamide CHCH2), 0.62 (s, 3H, CH3). Mn,NMR: 10.4 kDa. 

Mn,SEC(DMF) 10.9 kDa, Đ=1.16. 

Cholesterol-HEA (27) Yield: 86%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-

7.40 (m, 180H, polyacrylamide NH), 2.10-1.70 (m, 180H, polyacrylamide CHCH2) 

1.60-1.20 (m, 360H, polyacrylamide CHCH2), 0.62 (s, 3H, CH3). Mn,NMR: 21.9 kDa. 

Mn,SEC(DMF) 18.5 kDa, Đ=1.28. 

5.2.7. RAFT removal from Cholesterol-pHEAs: synthesis of final  
    cholesterol-HEAs 

 

Scheme 5.6: synthesis of Cholesterol-HEA40, Cholesterol-HEA82 and Cholesterol-HEA180. 

 

The polymers (Cholesterol-HEA (25) 500 mg, 0.086 mmol, Cholesterol-HEA (26) 

700 mg, 0.067 mmol, Cholesterol-HEA (27) 700 mg, 0.03 mmol) were dissolved 

in methanol (5 mL), 80 equivalents of initiator AIBN (1128 mg, 6.88 mmol, for 

Cholesterol-HEA40, 879 mg, 5.36 mmol, for Cholesterol-HEA82 and 393.6 mg, 

2.40 mmol, for Cholesterol-HEA180) were added to the polymers solutions. The 

mixtures were degassed in ice for 30 min, and then put on an oil bath at 80 ˚C 

under reflux overnight. The polymers were then dissolved in methanol and 

reprecipitated in THF 3 times, and finally dissolved in water and freeze-dried. 

Efficiency of removal of the trithiocarbonate RAFT chain-end from the polymers 

was estimated by UV spectrophotometry on final isolated polymers, measuring 

the decrease of the band at λmax=310 nm, which is characteristic of the 
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trithiocarbonate group (Fig S5.30). Polymers were analysed by SEC in DMF with 

0.1% LiBr. Mn,NMR was determined by comparing the integrals of cholesterol 

methyl groups at 0.6 and 0.9 ppm, to those of NH and OH groups of the pHEA 

at 7.5-7.8 and 4.6-5.2 ppm, respectively. 

Cholesterol-HEA40 Yield: 77%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 40H, polyacrylamide NH), 5.10-4.80 (m, 40H, polyacrylamide OH), 2.10-1.70 

(m, 80H, polyacrylamide CHCH2) 1.60-1.20 (m, 80H, polyacrylamide CHCH2), 

0.62 (s, 3H, CH3) (Fig. S5.14). Mn,NMR: 5.8 kDa. Mn,SEC(DMF) 7.5 kDa, Đ=1.13.  

Cholesterol-HEA82 Yield: 89%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 82H, polyacrylamide NH), 5.10-4.80 (m, 82H, polyacrylamide OH), 2.10-1.70 

(m, 82H, polyacrylamide CHCH2) 1.60-1.20 (m, 164H, polyacrylamide CHCH2), 

0.62 (s, 3H, CH3) (Fig. S5.15). Mn,NMR: 10.4 kDa. Mn,SEC(DMF) 11.0 kDa, Đ=1.15.  

Cholesterol-HEA180 Yield: 87%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 

(m, 180H, polyacrylamide NH), 5.10-4.80 (m, 180H, polyacrylamide OH), 2.10-

1.70 (m, 180H, polyacrylamide CHCH2) 1.60-1.20 (m, 360H, polyacrylamide 

CHCH2), 0.62 (s, 3H, CH3) (Fig. S5.16). Mn,NMR: 21.9 kDa. Mn,SEC(DMF) 16.9 kDa, 

Đ=1.34. 

SEC traces are displayed in Fig.S5.27. 



 

325 

 

Chapter 5 

5.2.8. Synthesis of control polymers HEA42, HEA105 and HEA166 

 

Scheme 5.7: Synthesis of control polymers HEA42, HEA105 and HEA166. 

 

CTA agent (20) (150 mg, 0.53 mmol, 1 eq.) was dissolved in DMF together with 

the monomer N-hydroxyethylacrylamide (3100 mg, 27.1 mmol, 50 eq., for 

HEA42, 6200 mg, 54.2 mmol, 100 eq., for HEA105 and 12400 mg, 108.4 mmol, 

200 eq., for HEA166) for final 3.0 M monomer concentration, and the mixtures 

transferred into glass tubes equipped with a magnetic stirrer, which were put 

in ice. Initiator V 501 (0.1 eq.), previously dissolved in DMF (100 µL), was added 

to each tube. The mixtures were degassed under Argon in ice for 30 min, and 

finally put on a paraffin oil bath at 70 ˚C. The reactions were monitored by 1H 

NMR, checking the disappearance of acrylamide monomer peaks into the 5-6.5 

ppm region, until ~ 80% conversion was reached.  

See Table below for reaction times and conversions. 

Table 5. 2: Reaction times and conversions of cholanic- and cholesterol-polymers.  

POLYMER REACTION TIME (h) CONVERSION (%) 

HEA42 2 59 

HEA105 1.5 90 

HEA166 1.5 89 
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The polymers were then precipitated in THF, re-dissolved in water, dialysed 

against water for 48 h and finally freeze-dried. Polymers were analysed by 1H 

NMR and SEC in DMF with 0.1% LiBr. 

HEA42 Yield: 86%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 42H, 

polyacrylamide NH), 5.10-4.80 (m, 42H, polyacrylamide OH), 2.10-1.70 (m, 42H, 

polyacrylamide CHCH2) 1.60-1.20 (m, 84H, polyacrylamide CHCH2) (Fig. S5.17). 

Mn,SEC 7.5 kDa, Đ=1.08.  

HEA105 Yield: 74%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 105H, 

polyacrylamide NH), 5.10-4.80 (m, 105H, polyacrylamide OH), 2.10-1.70 (m, 

105H, polyacrylamide CHCH2) 1.60-1.20 (m, 210H, polyacrylamide CHCH2) (Fig. 

S5.23). Mn,SEC 14.0 kDa, Đ=1.10.  

HEA166 Yield: 83%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 7.80-7.40 (m, 166H, 

polyacrylamide NH), 5.10-4.80 (m, 166H polyacrylamide OH), 2.10-1.70 (m, 

166H, polyacrylamide CHCH2) 1.60-1.20 (m, 332H, polyacrylamide CHCH2) (Fig. 

S5.24). Mn,SEC 19.0 kDa, Đ=1.17. 

SEC traces are reported in Fig.S5.29. 

5.2.9. Synthesis of 8-O-Carboxymethylpyranine (CM-Pyranine) 

(28) 

 

Scheme 5.8: Synthesis of 8-O-Carboxymethylpyranine (CM-Pyranine) (28). 
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To a refluxing solution of pyranine (1 g, 1.91 mmol, 1 eq.) in MeOH (60 mL), 

methylbromoacetate (1.1 g, 7.24 mmol, 3.8 eq.) and DIPEA (0.69 g, 5.32 mmol, 

2.8 eq.) dissolved in MeOH (8 mL) were added in aliquots of 2 mL over 5 h. The 

reaction was monitored by 1H NMR and finally left to cool down to room 

temperature. The solution was concentrated under vacuum and diluted in 

isopropanol. The methyl ester intermediate was collected by filtration, re-

dissolved in 20 mL of 6 M aqueous sodium hydroxide, and left stirring at 60°C 

for 2 h. The solution was then cooled to room temperature and acidified to pH 

7 with HCl 2M. The product (28) was finally precipitated in isopropanol and 

recovered by centrifugation. Final yield: 63%. 

1H NMR (400 MHz, D2O, δ, ppm): 9.3-8.9 (m, 5H, CH aromatic), 8.26 (s, 1H, CH 

aromatic), 5.06 (s, 2H, CH2COOH) (Fig. S5.18).  

FT-IR: 3448.4 cm-1 (ʋO-H), 1176.4 cm-1 (ʋC-O). 

ESI-TOF mass spectrometry: expected m/z [M-. 580.89, found 580.89.   

5.2.10. Synthesis of Cascade Blue-amine (29) 

 

Scheme 5.9: synthesis of Cascade Blue amine (29). 

 

To a stirred suspension of (28) (500 mg, 0.86 mmol, 1 eq.), Boc-amine (21) (256 

mg, 1.032 mmol, 1.2 eq.) and triethylamine (299 µL, 2.15 mmol, 2.5 eq.) in 
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methanol (40 mL) was added DMTMM (476 mg, 1.72 mmol, 2 eq.). The reaction 

mixture, which turned into a solution, was stirred at room temperature 

overnight. The volume was then reduced under pressure, and the intermediate 

precipitated in isopropanol. 

The intermediate was re-dissolved in a 4M HCl solution in dioxane (10 mL) at 

room temperature, and the resulting mixture was stirred for 6 h. The volatiles 

were removed under reduced pressure, and the resulting residue used directly 

for the next step without any further purification. Yield: 82%. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 9.17 (d, J=9.6 Hz, 1H, CH aromatic), 9.1-

8.9 (m, 3H,  CH aromatic), 8.14 (s, 1H, CH aromatic), 4.90 (s, 2H, CH2COO), 3.65-

3.40 (m, 8H, CH2OCH2CH2OCH2), 3.40-3.30 (m, 2H, CH2NH), 2.91 (t, J=5.3Hz, 2H, 

NH2CH2) (Fig. S5.9). 

FT-IR: 3417.9 cm-1 (ʋO-H), 1171.3 cm-1 (ʋC-O). 

ESI-TOF mass spectrometry: expected m/z [M-H]+. 713.01, found 713.01. 

5.2.11. Synthesis of Cascade Blue-acrylamide (30) 

 

Scheme 5.10: synthesis of Cascade Blue-acrylamide (30). 

 

Product (29) (450 mg, 0.63 mmol, 1 eq.) was dissolved in 1M aqueous NaOH 

(30 mL). Acryloyl chloride (171.06 mg, 1.89 mmol, 3 eq.) was added dropwise 

at 0°C. After the addition the solution was left stirring at room temperature for 
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further 2h. The volume was then reduced under vacuum, and the product 

precipitated in isopropanol. 

The crude product was finally purified by flash chromatography using 

DCM/MeOH 1:1 v/v as the eluent. Yield: 60%. 

1H NMR (400 MHz, d6-DMSO, δ, ppm): 9.17 (d, J=9.6 Hz, 1H, CH aromatic), 9.1-

8.9 (m, 3H,  CH aromatic), 8.53 (d, J=9.6Hz, 1H, CH aromatic) 8.12 (s, 1H, CH 

aromatic), 6.26 (dd, J=17.1, 10.2Hz, 1H, CH=CH2), 6.05 (dd, J=17.1, 2.2Hz, 1H, 

CH=CHH), 5.54 (dd, J=10.2, 2.2Hz, 1H, CH=CHH), 4.87 (s, 2H, CH2COO), 3.70-3.40 

(m, 8H, CH2OCH2CH2OCH2), 3.40-3.30 (m, 2H, CH2NH) (Fig. S5.20).  

5.2.12. Synthesis of CholanicFLUO-HEA80 

 

Scheme 5.11: synthesis of CholanicFLUO-HEA65. 

 

RAFT agent (23) (50 mg, 0.066 mmol, 1 eq.) was dissolved in DMF (1.5 mL) 

together with N-hydroxyethylacrylamide (760 mg, 6.6 mmol, 100 eq.) and the 

mixture transferred into a small schlenk tube equipped with a magnetic stirrer, 

which was put in ice. Initiator V 501 (1.8 mg, 0.0066 mmol, 0.1 eq.), previously 

dissolved in DMF, was added to the tube. The mixture was degassed for 30 min, 



 

330 

 

Chapter 5 

and finally put on a paraffin oil bath at 70 ˚C. The reaction was monitored by 1H 

NMR for 90 minutes, checking the disappearance of acrylamide monomer 

peaks into the 5-6.5 ppm region, until 60% conversion was reached. The 

polymerization was then stopped, and the monomer cascade blue acrylamide 

(30) (60 mg, 0.08 mmol, 1.2 eq.) previously dissolved in water (200 µL) was 

added to the solution in the tube. Again, Initiator V 501 (1.8 mg, 0.0066 mmol, 

0.1 eq.), previously dissolved in DMF, was added to the tube. The mixture was 

degassed under Argon in ice for 30 min, and finally put on a paraffin oil bath at 

70 ˚C. The reaction was monitored by 1H NMR for 3h until 80% conversion was 

reached.  The polymer was then precipitated in THF, re-dissolved in water, 

dialysed against water for 48 h and finally freeze dried. The polymer was 

analysed by 1H NMR and SEC in DMF with 0.1 % LiBr. 

Yield: 64%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 8.00-7.20 (m, 80H, 

polyacrylamide NH), 5.30-4.70 (m, 80H, polyacrylamide OH), 2.10-1.70 (m, 80H, 

polyacrylamide CHCH2) 1.70-1.00 (m, 160H, polyacrylamide CHCH2), 0.90 (s, 6H, 

CH3), 0.61 (s, 3H, CH3) (Fig. S5.21). Mn,NMR: 10.0 kDa. Mn,SEC(DMF) 10 kDa, Đ=1.20.  
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5.2.13. Synthesis of CholanicFLUO-HEA80-b-MAN20 

 

Scheme 5.12: synthesis of CholanicFLUO-HEA65-b-MAN15. 

 

To a solution of CholanicFLUO-HEA80 (1 eq., 150 mg, 0.018 mmol) in DMF (300 

µL), a solution of mannose acrylamide (20 eq., 94 mg, 0.36mmol) in water (200 

µL) was added. The mixture was transferred into small schlenk tube equipped 

with a magnetic stirrer, which was put in ice. Initiator V 501 (0.1 eq.), previously 

dissolved in DMF (100 µL), was added to the tube. The mixture was degassed 

for 30 min, and finally put on a paraffin oil bath at 70 ˚C. The reaction was 

monitored by 1H NMR, checking the disappearance of acrylamide monomer 

peaks into the 5-6.5 ppm region, until ~ 80% conversion was reached. The 

polymer was then precipitated in THF, dialysed against water for 48 h and 

finally freeze dried. The copolymer was analysed 1H NMR and SEC in DMF with 

0.1 % LiBr. 
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Yield: 42%. 1H NMR (400 MHz, d6-DMSO, δ, ppm): 8.00-7.20 (m, 100H, 

polyacrylamide and mannose acrylamide NH), 5.30-4.70 (m, 180H, 

polyacrylamide and mannose OH), 2.10-1.70 (m, 100H, polyacrylamide CHCH2) 

1.70-1.00 (m, 200H, polyacrylamide CHCH2), 0.90 (s, 6H, CH3), 0.61 (s, 3H, CH3) 

(Fig. S5.22). Mn,NMR: 16.0 kDa. Mn,SEC(DMF) 10.6 kDa, Đ=1.23.  

SEC traces are reported in Fig. S5.28. 

5.2.14. Binding of polymers to BSA: SEC studies 

A BSA stock solution was first prepared by dissolving the protein in DPBS buffer 

at a concentration of 1.0 mg/mL (0.015 mM). Polymers stock solutions were 

prepared by dissolving various amounts of the polymers in PBS buffer. Different 

amounts of BSA and polymers stock solutions were mixed to have a final 

polymer/protein molar ratio of 5:1, 10:1, 20:1 and 40:1. After mixing, 

polymer/protein solutions were let under gentle stirring overnight at room 

temperature and then analysed by size exclusion chromatography (SEC) using 

a TSKgel® G3000SWXL column and DPBS buffer as the mobile phase, at a flow 

rate of 0.5 mL/min. 

5.2.15. Binding of Cholanic-HEA49 to BSA: ITC studies 

ITC analyses were performed by Valentina Andreetto, a postgraduate 

researcher at University of Padua. Isothermal titration calorimetry (ITC) was 

carried out using MSC-ITC equipment from Microcal Inc. (Northampton, MA). 

Every 5 min, 5 μL of 1.0 mM cholanic-HEA49 were automatically injected into 

the reference calorimetric cell, containing 1.5 mL PBS 20 mM, 154 mM NaCl, 

pH 7.4. The same procedure was followed injecting Cholanic-HEA49 into the 
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measurement cell, containing 1.5 mL of 0.664 mg/mL (1.00*10-2 mM) BSA 

solution in the same buffer. The cells were maintained through stirring at 351 

rpm, and the analyses were performed at 25 °C. 

All measurements were replicated three times and data processing was 

performed with the Microcal Origin 3.5 software. 

5.2.16. Binding of cholanic-HEA49, cholanic-HEA90, cholesterol- 

            HEA40 and cholesterol-HEA82 to BSA: Circular Dichroism   
            study 

CD spectra were recorded on an Applied Photo-physics Chirascan circular 

dichroism spectropolarimeter using a 1 mm path length quartz cuvette. CD 

measurements were performed at 25°C over a range of 180-280 nm using a 

response time of 1 s, 1 nm pitch and 0.5 nm bandwidth. The recorded spectra 

represent a smoothed of the original scan. A BSA stock solution was first 

prepared by dissolving the protein in DPBS buffer at a concentration of 1.0 

mg/mL (0.015 mM). Polymers-BSA mixtures were prepared in PBS as described 

above and with a final BSA concentration of 0.5 mg/mL and polymer:BSA molar 

ratios of 5:1 and 10:1.  

5.2.17. Binding of Cholanic- and Cholesterol-HEAs to insulin:   
     solubility studies 

An insulin stock solution was prepared by dissolving the protein in 10 mM 

phosphate buffer pH 2 at a concentration of 4.0 mg/mL. Polymer stock 

solutions were prepared by dissolving various amounts of polymers in the same 

buffer. Different amounts of insulin and polymer stock solutions were mixed to 

have a final protein concentration of 2.0 mg/mL and polymer:protein molar 
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ratio of 5:1 and 10:1 in a final volume of 485 µL. After mixing, polymer/protein 

solutions were let under stirring for 2 h. The pH was then raised to 5.3 by adding 

15 µL of NaOH 0.5 M solution to each of the polymers/protein mixtures. The 

precipitated insulin was left decanting overnight. After centrifugation, 200 µL 

of the supernatant were then withdrawn, diluted to 1 mL with water and finally 

analysed by analytical RP-HPLC, using a Zorbax Eclipse Plus C18 column (3.5 μm, 

95 Å, 4.6 × 12.5 mm), with a linear gradient of 20-90% acetonitrile in Milli-q 

water with 0.1% TFA. 

5.2.18. Binding of Cholanic- and Cholesterol-HEAs to   
     insulin: NATIVE PAGE 

Polymer-insulin mixtures were prepared as described above in 10 mM pH 2 

phosphate buffer with final insulin concentration of 0.50 mg/mL and 

polymers:insulin molar ratios of 5:1, 10:1 and 20:1 in a final volume of 480 µL. 

After mixing, polymer/protein solutions were let under stirring for 2 h. The pH 

was then raised to 7.4 by adding around 20 µL of NaOH 0.50 M solution to each 

of the polymers/protein mixtures. Samples were then mixed with 500 µL of 

sample buffer solution, prepared mixing 1.55 ml of 2M pH 7.5 Tris-HCl buffer, 

0.25 ml of a 1% solution of bromophenol blue, 0.70 ml of water and 0.25 ml of 

glycerol. 10 µL of this final solution were finally loaded onto a 10% 

acrylamide/bis-acrylamide gel.  The gel was run with a 40 mM TRIS base, 20 

mM acetic acid, pH 7.5 running buffer at 160 mV. The resulting gel was stained 

with Coomassie blue and visualised on an ultraviolet transilluminator. 
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5.2.19. Preparation and purification of mono-labelled TRITC-    

     Insulin 

Bovine pancreatic insulin (20 mg, 0.0035 mmol, 1 eq.) was dissolved in 0.1 M 

pH 8.5 sodium tetraborate buffer (2 mL). Tetramethylrhodamine (TRITC) 

Isothiocyanate (4.6 mg, 0.0105 mmol, 3 eq.) was dissolved in DMSO (200 µL) 

and the resulting solution added to the insulin solution, which was left stirring 

for 5 h, protected from light. TRITC-Insulin was then dialysed for 7 days against 

water (MWCO 3.5 kDa), again protected from light, and finally freeze dried. 

The recovered powder was re-dissolved in 10 mM pH 2 phosphate buffer, and 

purified by semi-preparative HPLC, using a Phenomenex Jupiter C18 column 

(10 μm, 300 Å, 10 × 250 mm), with a linear gradient of 30-60% acetonitrile in 

water. The purified mono-labelled TRITC insulin was characterised by ESI-MS 

and analytical HPLC, using a Phenomenex Jupiter C18 column (10 μm, 300 Å, 

250 × 4.6 mm), with the same gradient used for semi-preparative purification.  

RP HPLC: r.t 14 min. Purity:94%, measured by UV-VIS (Abs=280 nm). 

ESI-TOF mass spectrometry: expected m/z [M-4H]4+. 1030.5, [M-5H]5+. 1236.4, 

[M-6H]6+ 1545.3, found 1030.3, 1236.4 and 1545.3, respectively.   
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5.3. Results and discussion 

Recent studies have been investigating the formation of supramolecular 

complexes between different proteins and PEG-cholane polymers.10, 11. The 

interaction has been proposed to involve hydrophobic interactions between 

the cholane moiety and hydrophobic pockets in proteins folded structure. The 

resulting nano-complexes were able to prolong the circulation half-life and 

increase the bioavailability of the complexed proteins. 

In this study, we aimed at applying these initial findings to develop a synthetic 

and versatile route to a wider range of cholanic-incorporating polymeric 

materials for non-covalent protein complexation. Accordingly, a general 

synthetic route to cholanic-polymers was designed, through incorporation of 

cholanic acid into a RAFT agent which was used to mediate the polymerisation 

of a range of functional monomers. Structurally analogous cholesterol-

terminated polymers were also synthesised to investigate the effect of the 

nature of the hydrophobic polycyclic polymer chain-end on protein 

complexation. Initially, N-Hydroxyethylacrylamide was used as a model 

hydrophilic monomer, and the chain length of the resulting polyacrylamides 

was systematically varied to investigate the influence of the polymer size on 

protein-polymer interactions. 

5.3.1. Synthesis of Cholanic- RAFT agent (23).  

Synthesis of CTA agent (20) was accomplished following the same procedure 

adopted for CTA agent (10) in Chapter 2 (Scheme 5.13). Mercaptoethanol was 

first treated with NaH and carbon disulfide, to give sodium 2-hydroxyethyl 
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carbonotrithioate salt (18). This was then oxidised with K3Fe(CN)6, resulting in 

dithiobis-2-hydroxyethyl carbonotrithioate disulfide (19), which was treated 

with V-501 radical initiator in refluxing ethyl acetate, affording the CTA agent 

(20). 

To assemble the second part of the cholanic-containing RAFT agent, a mono-

Boc-protected bis-amine was first prepared by reacting di-tert-butyl 

dicarbonate with an excess of 2,2′-(ethylenedioxy)bis(ethylamine). The 

resulting mono-amine intermediate (21) was coupled to cholanic acid, and Boc 

removal with TFA afforded cholanic-amine (22). Coupling of (22) with 

previously prepared RAFT agent (20) mediated by DMTMM, a coupling agent 

which allows selective amidation even in the presence of unprotected alcohols, 

resulted in the final Cholanic-RAFT agent (23).  

 

Scheme 5.13: Synthesis of Cholanic RAFT agent (23). Reagents and conditions: (a) i. NaH, Et2O, 
room temperature; ii. CS2. (b) K3Fe(CN)6, H2O, room temperature. (c) V501, MeOH, ethyl 
acetate, 80ºC. (d) i. NMN, DCI, DCM at room temperature; ii. TFA/DCM 1/1 v/v at room 
temperature (e) (20), DMTMM, TEA, MeOH, room temperature. 

 

1H NMR of (23) is shown in Figure 5.3. The integration of cholanic methyl peaks 

matched that of the other groups of the RAFT agent (20) fragment, and that of 
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the bis-amide backbone, thus confirming the successful synthesis and 

purification of CTA (23). The cholesterol-RAFT agent (24) was kindly donated by 

Rosa Catania, a former PhD student now Research Fellow within our group.  

 

Figure 5.3: 1H NMR spectrum of cholanic RAFT agent (23) in CDCl3. 

 

5.3.2. Synthesis of Cholesterol-and Cholanic-poly-N     

    hydroxyethylacrylamides  

The two RAFT agents were used to synthesise three cholanic-terminating poly-

N-hydroxyethylacrylamides, Cholanic-HEA49, Cholanic-HEA90 and Cholanic-

HEA175 and three cholesterol-terminating poly-N-hydroxyethylacrylamides, 

Cholesterol-HEAs (25), (26) and (27), with a targeted polyacrylamide molecular 

weight of 5, 10 and 20 kDa (Schemes 5.14 and 5.15). To avoid potential 

electrostatic interaction between cholesterol polymers (25), (26) and (27) and 

positively charged amino acid residues on the complexed protein, the sulfonic 

acid salt-containing trithiocarbonate chain ends were removed by treatment 
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with an excess of AIBN at 80°C, following the Perrier’s protocol13. This allowed 

to generate the final Cholesterol-HEA40, Cholesterol-HEA82 and Cholesterol-

HEA180.  

 

Scheme 5.14: Synthesis of Cholanic-HEA49, Cholanic-HEA90 and Cholanic-HEA175 . Reagents and 
conditions:  N-Hydroxyethylacrylamide, V501, DMF at 70 ˚C. 

 

 
Scheme 5.15: Synthesis of Cholesterol-HEA40, Cholesterol-HEA82 and Cholesterol-HEA180. 
Reagents and conditions: (a) N-Hydroxyethylacrylamide, V501, DMF at 70 ˚C. (b) AIBN, DMF at 
80°C.  
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The polymers were characterised by 1H NMR in DMSO-d6, and SEC, using DMF 

+ 0.1% LiBr as the mobile phase (see Table 5.1 and the Supporting Information). 

A representative 1H NMR of one of these polymers, Cholanic-HEA49, is shown in 

Figure 5.4. Mn,NMR were calculated by comparing the integral of the cholanic 

acid/cholesterol methyl groups in the 0.5-1.0 ppm region, with that of the 

polymer OH groups. Values were found to be in good agreement with the 

theoretical ones, calculated from the initial [monomer]0:[CTA]0 ratios and final 

monomer conversion, and were found to be close to the expected 5, 10 and 20 

kDa targeted molecular weight. SEC analyses indicated apparent Mn values 

close to those calculated by 1H NMR and showed a narrow molar mass 

distribution, with Ð < 1.2, for all polymers except for Cholesterol-HEA180, that 

had a Ð of 1.34. As for the previous chapters, The discrepancy between Mn,SEC 

and the expected ones may be ascribed to differences between the 

hydrodynamic volumes of the oligomeric CTAs and those of the narrow PMMA 

standards used to calibrate the SEC (see Fig S5.26, S5.27 and S5.29 for SEC 

traces).  

Complete trithiocarbonate chain-end removal from cholesterol-pHEAs was 

confirmed by UV spectroscopy, by monitoring the disappearing of the 

trithiocarbonate band at λmax=310 nm (see Supporting Information).  
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Figure 5.4: 1H NMR spectrum of Cholanic-HEA49 in d6-DMSO. Mn,NMR was determined by 
comparing the integrals of cholanic methyl groups at 0.6 and 0.9 ppm, to those of NH and OH 
groups of the pHEA at 7.5-7.8 and 4.6-5.2 ppm, respectively. For this polymer this allowed to 
estimate a DP = 49 and Mn,NMR of 6.4 kDa (Mn,THEO = 6.6 kDa, calculated from a [HEA]0:[CTA]0 = 
57 and final monomer conversion of 88%).  

 

Three control polymers were synthesised using CTA (20) as RAFT agent and N-

Hydroxyethylacrylamide as the monomer (Scheme 5.16). The resulting 5 kDa, 

10 kDa and 20 kDa HEA42, HEA105 and HEA166 lacking the cholesterol/ cholanic 

moieties at the chain end, were used as controls in protein-polymers 

association experiments.  

 

Scheme 5.16: synthesis of 5kDa, 10 kDa and 20 kDa pHEA. Reagents and conditions: N-
Hydroxyethylacrylamide, V501, DMF at 70 °C.  
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Table 5.3: Composition, Mn, and polydispersity of the polymers prepared in this study. 

Polymer MnTheo(kDa)
a Mn,NMR (kDa)b Mn,SEC (kDa)c ĐSEC DPTheo

a DPNMR
b 

Cholanic-HEA49 6.6 6.4 8 1.13 50 49 

Cholanic-HEA90  11.6 11.3 11.9 1.09 93 90 

Cholanic-HEA175  19.3 21.9 16.4 1.14 159 175 

Cholesterol-HEA40  5.2 5.8 7.5 1.12 37 40 

Cholesterol-HEA82  8.6 10.4 10.9 1.16 66 82 

Cholesterol-HEA180  21.8 23.2 16.9 1.34 179 180 

HEA42  5.3 -d 7.5 1.08 42 -d 

HEA105  12.3 -d 14.0 1.10 105 -d 

HEA166  19.5 -d 19.0 1.17 166 d 

aCalculated from initial [HEA]0:[CTA]0  and final monomer conversion. bNumber of repeating 

unit of HEA monomers, were calculated by 1H NMR by comparing the integral of 

cholanic/cholesterol methyl groups with the NH and the OH of HEA repeating units. cObtained 

from SEC analysis in DMF + 0.1% LiBr (PMMA standards). d Number of repeating units of HEA 

monomers could not be calculated as there are not visible peaks from CTA (20) to be compared 

with the NH and the OH of HEA repeating units. 

 

5.3.3. BSA-polymers complexes  
5.3.3.1. Size Exclusion Chromatography analyses 

To check the ability of the cholanic- and cholesterol-HEA polymers to complex 

proteins, Bovine Serum Albumin (BSA), was initially chosen as a model 

substrate. BSA is a 583 aminoacid, 66.5 kDa protein possessing hydrophobic 

clefts which are responsible for its ability to bind and transport hydrophobic 

molecules such as fatty acids in vivo 14. The formation of protein-polymer 

associates was initially evaluated by Size Exclusion Chromatography (SEC) 

analyses of BSA/polymers mixtures at different polymers:BSA molar ratios. 

Since SEC can separate macromolecules according to their size15, we reasoned 

that it should have allowed us to detect protein-polymer nano-complexes, 

provided that they were sufficiently stable under the conditions employed for 

the analysis. As such complexes would be larger than native BSA, they were 
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expected to be eluted at shorter retention times. SEC profiles are reported in 

Figure 5.5.  
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Figure 5.5 (a-f): Size Exclusion Chromatography profiles of BSA, cholanic- and cholesterol-
terminating polymers, and mixtures between the polymers and the protein at different 
polymer:protein molar ratios. BSA was eluted at a concentration of 0.5 mg/mL, polymers were 
added at 5, 10, 20 and 40:1 polymer-protein molar ratios. The polymers were eluted alone at 
the same concentration used for the 40:1 mixture. Samples were eluted at 0.5 mL/min using 
DPBS as mobile phase. Absorbance was recorded at λ=280 nm. 

  

Native BSA was eluted at 17 min, with characteristic smaller peaks at earlier 

retention times due to the presence of dimers and trimers15.  

SEC traces of cholesterol- and cholanic-HEA polymers alone using DPBS as the 

mobile phase showed a main first peak eluted almost immediately, and minor 

peaks eluted later, at higher retention times. This behaviour is likely due to the 

fact that the polymers partitioned between large aggregates, which are eluted 

almost immediately, and unimeric, non-associated polymer chains (Figure 3). 
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Formation of micelles can be expected by these polymers, since they are made 

of a hydrophilic chain terminating with a hydrophobic moiety. As already 

discussed in Chapter 2, amphiphilic polymers form micelles at concentrations 

above the so-called Critical Micellar Concentration (CMC), when the polymer 

chains associate and the hydrophobic parts are located in the micellar core, to 

minimise contact with the aqueous environment16.   

The behaviour the polymers have shown in SEC is in agreement with what 

previously described by Grubišć-Gallot et. al, who for SEC of polystyrene-block-

poly(methylmethacrylate) copolymers described distinct peaks for polymer 

micelles and unimers. The ratio between the two peaks was found to be 

dependent on different factors, such as the specific composition of the mobile 

phase or the sample concentration17.  

For the cholanic-polyHEAs in the absence of BSA, the area of the peak 

associated to polymer aggregates was found to be inversely proportional to the 

polymer chain length, in the order Cholanic-HEA49 > Cholanic-HEA90 > Cholanic-

HEA175 (Figure 5.5a-c). This may suggest that as the polymer chain length 

increases, these supramolecular constructs are more easily disassembled as 

they go through the column stationary phase. In case of cholesterol-polyHEAs, 

the micellar peak appears to be less affected by the chain length of hydrophilic 

pHEA (Figure 5.5d-f). The observed differences between cholanic- and 

cholesterol-polymers could be explained by the opposite orientation of the 

cholesterol polycyclic structures in the two polymers families, as cholanic acid 

is derivatised through the carboxyl at the end of its hydrocarbon tail, while 

cholesterol is linked at the hydroxyl in position 3. The different orientation of 
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the two hydrophobic moieties may have an influence on how they interact and 

assemble in solution, thus affecting the stability of the micelles, and also on 

how they fit in or interact with proteins hydrophobic pockets. 

In the presence of 5 kDa HEA42 negative control polymer, no BSA complexes 

could be detected, showing that the poly(N-hydroxyacrylamide) chain alone 

was not able to interact with the protein (see Fig. S5.31). In samples where 

cholanic-polyHEAs were incubated with BSA, the chromatograms showed a 

clear decrease and a shift of BSA main peak as the polymer:protein molar ratio 

increases. The shift is more evident with polymers of higher Mn. Meanwhile, at 

20:1 and 40:1 polymers:protein molar ratios a new broad peak appears at 

around 11-12 min r.t., the same retention time where the polymer micellar 

peak is eluted  

In principle, two different hypotheses could be made to describe the 

interaction occurring between these end-functionalised pHEAs and BSA. In the 

first case, few polymer molecules are fitting, through the cholanic moiety, into 

BSA hydrophobic pockets. Albumin possesses six binding sites for hydrophobic 

molecules like fatty acids and cholesterol18, 19. This first type of interaction 

would be responsible for the initial shift of the original BSA peak in the SEC 

chromatogram, towards higher molecular weight species. When the 

polymer:protein ratio further increases, larger supramolecular aggregates start 

to form, as detected by SEC analysis. BSA is known to aggregate in a range of 

different conditions20, 21, and in this case aggregation may be triggered by the 

large excess of polymer. We have already introduced in Chapter 3 the concept 

of macromolecular crowding and its potential effect on protein solubility and 
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stability. The polymer occupies a specific volume, which becomes unavailable 

to the protein, and is for this reason called “excluded volume”. The protein is 

forced to occupy a reduced volume in solution, its concentration will locally 

increase, with reduced solubility and higher chances of aggregation and 

precipitation22, 23.  

In the case of cholesterol-polyHEAs, the decrease and shift of BSA main peak 

observed with cholanic-polyHEAs is less evident, even when the 

polymer:protein molar ratio increases . By contrast, similarly to cholanic 

polymers, at 20:1 and 40:1 polymers:protein molar ratios a new broad peak 

appears, suggesting again that at higher concentrations the polymers may be 

inducing BSA aggregation. The reduced shift of the albumin peak at lower 

polymer:protein ratios may suggest a weaker affinity of cholesterol for albumin 

binding sites. The reduced affinity could be related again to the different 

orientation of the cholane/cholesterol chain end between the two families of 

polymers, which may affect the strength of interaction with the chosen protein. 

Previous studies have investigated the affinity of bile salts and fatty acids for 

BSA and report, and measured an affinity constant Ka=(12.4 ± 1.1) 104 M−1 for 

cholanic acid salt (cholanate). In another work that of cholesterol has been 

estimated to be two orders of magnitude lower, (1.12 ± 0.40) × 103 M−1, thus 

indicating a tighter binding of cholanic acid for BSA18, 24.  

5.3.3.2. ITC analysis 

To further confirm this hypothesis, the interaction between Cholanic-HEA49 and 

BSA was analysed using Isothermal Titration Calorimetry (ITC), by Valentina 

Andreetto, a postgraduate student at University of Padua (Fig. 5.6). This 
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technique measures the heat released or absorbed upon interaction of two 

molecules in isothermal conditions, thus providing information on affinity, 

stoichiometry, enthalpy, and entropy of the binding events25. Every 5 minutes, 

5 μL of a 1.0 mM cholanic-HEA49 solution in PBS were automatically injected 

into the reference calorimetric cell containing 1.5 mL of a 10 µM BSA solution 

in the same buffer. The heat generated or adsorbed as a result of the 

interaction between the two macromolecules was measured till the protein got 

saturated. Heat expressed as Kcal/mol of injectant was plotted against 

polymer:protein molar ratio. From the resulting sigmoidal curve, Ka=1/Kd was 

calculated as the slope at the inflection point, the stoichiometry of the binding 

n as the polymer:protein molar ratio at the inflection point. 

The analysis confirmed the association between the two macromolecules and 

revealed that, on average, BSA-(Cholanic-HEA49) complexes consist of 2.2 

molecules of polymer per one molecule of BSA. The calculated Kd was found to 

be in the micromolar range (3.7 µM), in agreement with what reported in the 

literature for other molecules that establish hydrophobic interactions with 

human or bovine serum albumin18, 24, 26, 27.  
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Figure 5.6: ITC analysis of Cholanic-HEA49 binding to BSA. On the left the raw data of the heat 
pulses resulting from the titration of a BSA solution (10 µM in PBS) in the calorimetric cell with 
a 5 µL injection of a 1.0 mM solution of cholanic-HEA49 in the same buffer. On the right the 
integrated heat pulses, normalized per mol of injectant as a function of the molar ratio between 
BSA and the injected Cholanic-HEA49.  

 

5.3.3.3. Circular Dichroism analysis of BSA and BSA-polymer conjugates. 

Potential alteration of BSA secondary structure upon polymers complexation 

was evaluated by Circular Dichroism (CD). Cholanic-HEA49, Cholanic-HEA90, 

Cholesterol-HEA40 and Cholesterol-HEA82 were mixed with BSA in DPBS at 5:1 

and 10:1 polymer:BSA molar ratios and subsequently analysed (Fig. 5.7). 

Analyses of 20:1 and 40:1 molar ratios were not performed due to the poor 

signal quality, caused by the strong absorptivity of the polymers.  

The CD profile of native BSA showed two distinct negative peaks at 208 nm and 

222 nm. This profile is typical of proteins with high prevalence of α-helix 

secondary structures28 and it has been previously reported for BSA29. It is in 

accordance with BSA high α-helical content, which has been reported to be 

around 66% in aqueous environment30. 

Kd=3.7 µM 

n=2.22 
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Figure 5.7: CD profiles of BSA, and mixtures between the BSA and (a) Cholanic-
HEA49/Cholesterol-HEA40 and (b) Cholanic-HEA90/Cholesterol-HEA82 at 5:1 and 10:1 molar ratio. 
BSA was dissolved at a concentration of 0.50 mg/mL in DPBS.  

 

The CD profiles of the different polymers-BSA mixtures were almost identical 

to that of BSA alone, indicating that the protein α-helix content remained 

unchanged following polymer complexation, under the experimental 

conditions investigated.  

5.3.4. Polymers self-association and CMC analysis 

The SEC profiles of cholanic- and cholesterol-HEAs in the absence of BSA 

suggested a potential supramolecular aggregation of the two families of 

polymers. Self-assembly of PEG-cholane polymers into micelles has been 

described by Caliceti et al 11 . Initial studies to investigate the self-assembly 

modalities of the polymers prepared in this part of this work were carried out 

by dynamic light scattering (Table 5.2).  

Table 5.4: Size, calculated in volume distribution by dynamic light scattering, of cholanic- and 
cholesterol-polyHEAs polymers, 1.0 mg/mL, in DI water. 

POLYMER 
CHOLANIC-

HEA49 
CHOLANIC-

HEA90 
CHOLANIC-

HEA175 
CHOLESTEROL-

HEA40 
CHOLESTEROL-

HEA82 
CHOLESTEROL-

HEA180 

SIZE (nm) 15.9 21.9 20.3 14.1 14.8 23.0 

PDI 0.430 1.31 5.01 0.850 1.15 0.180 
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DLS analysis revealed the presence of particles of size between 15 and 25 nm 

for all polymers, confirming the self-aggregation of the polymers into small 

nanoparticles.  

 Observing the high ratio between the size of the HEA hydrophilic block and that 

of hydrophobic cholanic/cholesterol groups, micelles could be suggested as the 

type of self-aggregates made by the polymers. However, at this stage of our 

work the exact morphology has not been identified yet.  Future DLS  studies are 

planned to identify their Critical Aggregation Concentration31.  

5.3.5. Insulin-polymers complexes  
5.3.5.1. Solubility studies 

The second model protein utilised for complexation studies was bovine 

pancreatic insulin. The formation of nano-complexes between insulin and the 

cholanic- and cholesterol-polyHEA polymers was initially assessed as described 

in Chapter 3. Briefly, insulin was dissolved at a concentration of 2.0 mg/mL in 

10 mM pH2 phosphate buffer and mixed with 5 and 10 molar excess of 

polymers in the same buffer.  

When the pH was raised to 5.3, the mixtures were left stirring for 2h and then 

centrifuged to precipitate the aggregated insulin. The precipitate was then re-

dissolved in acidic buffer and analysed by RP-HPLC. The concentration of 

precipitated insulin was calculated integrating the area under insulin peak in 

the HPLC chromatogram for every insulin:copolymer blend, referring to a 

calibration curve previously prepared analysing different dilutions of insulin in 

the 0.1-2 mg/mL range (see Fig. S5.32).  
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The concentration of residual insulin in solution was then calculated by 

difference between starting insulin concentration and concentration of 

precipitated insulin (Fig. 5.8). Due to low solubility at the concentrations 

required for the experiment (approximately 60 mg/mL), Cholanic-HEA175 and 

Cholesterol-HEA180 were not employed for this study.  

As shown in Figure 5.8, only a small amount, around 0.3-0.4 mg/mL, of 

untreated protein remained in solution at pH 5.3. The negative controls HEA42 

and HEA105 had no impact on protein solubility.  
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Figure 5.8: Insulin solubility studies. The concentration of soluble insulin at pH 5.3 is reported 
for native insulin and insulin mixed with cholanic- and cholesterol-HEAs polymers. Samples 
were prepared in 10 mM phosphate buffer pH 2 at a final insulin concentration of 2 mg/mL and 
copolymers:insulin molar ratios of 5:1 and 10:1. After the pH was shifted to 5.3, precipitated 
insulin was re-dissolved in 1 mL of 10 mM phosphate buffer pH 2. The concentration of 
precipitated insulin, expressed in mg/mL, was calculated by RP-HPLC. HPLC measurements 
were performed with a linear gradient from 20−90% MeCN in water containing 0.1% TFA over 
18 min at a flow rate of 1 mL/ min. Absorbance was recorded at 280 nm. For each sample, the 
precipitated insulin was quantified via integration of the peak area of insulin in the HPLC 
chromatograms. Concentration of solubilised insulin was calculated by subtracting the 
concentration of the precipitated insulin from the starting concentration. 

 

By contrast, both Cholanic- and Cholesterol-polyHEAs increased insulin 

solubility at least twice, in a concentration-dependent manner, confirming the 
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association between the polymers and the protein. Some differences could be 

noticed between the polymers utilised in this study, as a significantly higher 

solubilisation effect was obtained as the polymer size increased. Moreover, 

Cholesterol-HEAs appeared to be more effective. In particular, Cholanic-HEA49 

increased insulin solubility to around 1 mg/mL at 10:1 polymer:protein molar 

ratio, whereas cholesterol-HEA40 was able to keep in solution 1.4 mg/mL of 

protein. Cholanic-HEA90 and Cholesterol-HEA82 were more effective keeping it 

soluble at 1.5 m/mL and 1.7 mg/mL respectively. 

Compared to BSA, size and structure of insulin are considerably different. In 

particular, insulin is a significantly smaller protein, thus the way the polymers 

associate to the protein could significantly change. While in case of BSA a 

specific number of polymer chains can insert their chain-end into its 

hydrophobic clefts, with insulin the polymers may potentially be able to 

incorporate it within micelle-like polymer aggregates. This hypothesis would be 

in agreement with Dynamic Light Scattering experiments, which showed the 

self-assembly of the polymers into small nanoparticles of size comprised 

between 10 and 20 nm. If that was the case, then longer acrylamide chains may 

more efficiently protect insulin macromolecules, thus preventing extensive 

precipitation, explaining why longer cholanic- and cholesterol-HEAs are more 

efficient in increasing insulin solubility. As discussed already in Chapter 2, the 

overall net charge of insulin in the 5-6.5 pH range is close to zero, as the positive 

charges of its basic residues are counterbalanced by those of its acidic ones32, 

33.  Most of the other residues are either aliphatic hydrophobic (luecine, glycine, 

valine and alanine) or aromatic (3 phenylalanine and 4 tyrosine)33 residues, and 
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both types may establish hydrophobic interactions with cholesterol and 

cholanic acid: aromatic amino acids through cholesterol/cholanic planar α face, 

aliphatic amino acid through the methyl groups on the β face4.   

5.3.5.2. Native Polyacrylamide Gel Electrophoresis  

Electrophoretic Mobility Shift Assay (EMSA) is an electrophoretic technique 

typically employed to confirm Protein (or polymer)-Nucleic Acid interactions. In 

a typical experiment, the protein (or polymer) and DNA (or RNA) are mixed and 

the resulting complexes are subjected to polyacrylamide- or agarose-gel 

electrophoresis. Complexes are expected to migrate more slowly than their 

free uncomplexed components34.  In previous studies within our group, the 

complexation of hen egg lysozyme by negatively charged mPEG-poly(glutamic 

acid) copolymers through electrostatic interactions was successfully proved 

using Agarose Gel Electrophoresis35.  

In this thesis work, the interaction between insulin and the polymers was 

further investigated by Native Polyacrylamide Gel Electrophoresis (PAGE), 

working close to physiological conditions, at neutral pH. In typical SDS-PAGE 

electrophoresis, proteins are treated with SDS, a negatively charged surfactant 

that that will surround proteins and turn their overall charge negative. When 

an electric field is applied to the gel, proteins migrate through the gel towards 

the anode, at speed dependent only on their size. Further addition of a reducing 

agent, such as dithiothreitol (DTT) will break potential disulphide bridges within 

the protein. These modifications result in a strong improvement of resolution 

and separation of proteins during electrophoresis36. For our experiment, we 

preferred to perform a Native PAGE, where the use of SDS and DTT is avoided 
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and the speed at which proteins migrate through the gel depends both on their 

isoelectric point and their size37: as insulin was the only protein analysed, high 

resolution and good separation were not our most important parameters, 

because we wanted to assess its interactions with the polymers in native 

conditions, avoiding any structure alteration. For the same reason, both the 

running buffer and the buffer used to prepare the polyacrylamide gel were 

prepared at pH 7.5. Insulin was mixed with the polymers, at 5:1, 10:1 and 20:1 

polymer:insulin molar ratios, in 10 mM pH 2 phosphate buffer and a final insulin 

concentration of 0.5 mg/mL. The pH was then raised to 7.4, and an aliquot from 

each mixture analysed by Native PAGE.  As a control, free insulin was run 

alongside with polymer-insulin mixtures. Mixtures of insulin with negative 

control polyacrylamides were also tested, to demonstrate that cholanic acid 

and cholesterol are essential to establish any insulin-polymer interaction (Fig. 

5.9). 
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Figure 5.9: Native PAGE analyses of native insulin and insulin mixed with (a) 5kDa polymers, (b) 
10kDa polymers and (c) 20kDa polymers. In all gels, native insulin is the first band on the left, 
followed by complexes of insulin with cholanic-HEAs, complexes with cholesterol-HEAs, and 
finally mixtures with control poly(N-hydroxyethylacrylamides). Three different polymer:protein 
molar ratios, 5:1, 10:1 and 20:1, were utilised for each polymer. 25 ug of insulin were loaded 
into each well. The gel was run at 120 mV.  

 

Native insulin is the first band on the left of all gels. On the far right of the 3 

gels, negative control polyacrylamides HEA42-, HEA105- and HEA166-insulin 

mixtures were run and no significant difference in insulin band intensity was 

observed, even at 20:1 polyacrylamide:insulin ratio, proving that a simple 

polyacrylamide does not interact with insulin under these conditions. However, 

all six cholanic/cholesterol-terminating polymers, significantly reduced the 

migration of insulin (resulting in a decrease of the intensity of the insulin band 

on the gel), in a concentration-dependent manner. No other bands appeared 

on the gels, suggesting that complexes between the polymers and the protein 

were retained in the loading wells. Complexation at physiological pH was thus 

confirmed, as the polymers were able to prevent insulin migration through the 

gel.  From the gels, it can be noticed that more insulin gets retained as the poly-
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HEA hydrophilic chain length increases. This is in accordance with the previous 

solubility study performed at pH 5.3, and may again suggest that a longer 

hydrophilic chain can more effectively surround and shield the protein, making 

the complex more stable.  

5.3.6. Future/preliminary cell uptake studies 

As the polymers developed in this study were found to be able to complex 

proteins under physiological conditions, it was decided to assess their potential 

ability to enhance protein intracellular uptake. To track polymer internalization, 

a fluorescently labelled cholanic-terminating polymer was synthesised, using a 

fluorescent monomer prepared from dye pyranine. We also decided to 

covalently link to the polymer chain a targeting agent, to induce receptor 

intracellular uptake. 

Mannose receptor is an endocytic receptor, normally present on the surface of  

macrophages and dendritic cells, which presents two carbohydrates-binding 

domains, one of which can recognise mannose and analogous sugars38. Its 

expression on macrophages has been exploited for the development of 

targeted delivery systems, which take advantage of MR-mediated uptake by 

macrophages in target tissues during infections39. In particular, antimicrobial 

drugs-nanocarriers such as liposomes have been successfully mannosylated to 

enhance drug uptake by alveolar macrophages in the treatment of 

tuberculosis40. Within our group, this receptor is targeted on macrophages and 

mammalian cells to mediate the intracellular uptake of mannosylated 

polymers. The expression of this receptor has been genetically induced on 
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mammalian Chinese Hamster Ovary cells (CHO) by Luisa Martinez Pomares’ 

laboratory. Thus, in this present study we decided to attach a short sequence 

of mannoses to our fluorescent polymer, to be tested on MR+CHO cell line. 

The fluorescently labelled cholanic-terminating polymer was used as macro-

CTA RAFT agent, to mediate the polymerisation of a mannose-containing 

acrylamide monomer, kindly provided by Joshua Petch, a PhD student in our 

lab. A short block of around 20 mannose monomers was subsequently built on 

the polyacrylamide chain, creating a targeted block copolymer to be used for 

targeted cellular internalization of insulin. To monitor insulin uptake, the 

protein was labelled with the dye Tetramethyl Rhodamine isothiocyanate 

(TRITC), affording mono-labelled TRITC-insulin, to be used in the uptake studies. 

5.3.6.1. Synthesis of fluorescent monomer Cascade Blue Acrylamide  

The fluorescent monomer was synthesised from the commercially available dye 

Pyranine. The first part of the synthesis followed an already established 

procedure41: pyranine was treated with methyl bromoacetate under reflux to 

give the intermediate  methyl ester, which was then hydrolysed in aqueous 

NaOH resulting in 8-O-carboxymethylpyranine (28).  

8-O-Carboxymethylpyranine (28) was coupled to the previously synthesised 

Boc-amine (21), using a modified version of an existing procedure42, followed 

by Boc deprotection which afforded the Cascade Blue amine product (29).  

Product (29) was finally treated with the monomer acryloyl chloride to 

generate the final molecule Cascade blue acrylamide (30) (λex=405 nm; λem=420 
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nm in water) (Scheme 5.17). Each synthetic step was monitored by 1H NMR, 

ESI-MS and FT-IR. 

 

Scheme 5.17: Synthesis of monomer Cascade blue acrylamide. Reagents and conditions: (a) i. 
DIPEA, methyl bromoacetate, MeoH, reflux; ii. 1M NaOH 60°C. (b) i. BOC-amine (21), TEA, 
DMTMM, MeOH at room temperature; ii. HCl 4M in dioxane, room temperature. (c) Acryloyl 
chloride, NaOH 1M, room temperature.   

 

5.3.6.2. Synthesis of fluorescent polymer CholanicFLUO-HEA80-MAN20  

The cholanic RAFT agent (23) was used to synthesise a new cholanic-

terminating poly(N-hydroxyethylacrylamide), CholanicFLUO-HEA80 with a 

theoretical molecular weight of 10 kDa. Together with commercial monomer 

N-hydroxyethylacrylamide, monomer, Cascade Blue acrylamide (30) was added 

to the polymerization in a 1:1.2 CTA:monomer molar ratio, to achieve the final 

ratio of 1 fluorescent monomer per polymer chain. The dye monomer was not 

added immediately, but after N-hydroxyethylacrylamide conversion had 

reached ca. 60%, to prevent the dye to be polymerized too close to the cholanic 

functional group, as we feared that a potential interaction between the two 

groups, (Cascade Blue acrylamide (30) monomer is significantly larger than N-

hydroxyethylacrylamide), could hamper cholanic complexing ability. The 

synthesis of the polymer was verified by 1H NMR and SEC, performed in DMF 
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with 0.1% LiBr. SEC analyses indicated apparent Mn value of 10 kDa identical to 

that calculated by 1H NMR of 10 kDa, and showed a narrow molar mass 

distribution, Ð =1.20. 

The amount of dye monomer which had polymerised per polymer chain was 

calculated by UV absorption, measuring the absorbance at λ=380 nm of a 1.0 

mg/mL polymer solution in methanol, using a calibration curve built with 

Cascade Blue acrylamide (30) monomer in the same solvent (see Fig S5.33). It 

was found that an average of 0.66 Cascade Blue acrylamide (30) molecules had 

polymerised per polymer chain, that is, on average every three polymer chains, 

two incorporated a fluorescent repeating unit. 

Part of CholanicFLUO-HEA80 was finally used as macro-CTA RAFT agent to 

mediate the polymerisation of the monomer mannose acrylamide, affording 

CholanicFLUO-b-HEA80-MAN20 (Scheme 5.18). The synthesis of the copolymer 

was verified by 1H NMR and SEC, performed in DMF with 0.1% LiBr. SEC analyses 

indicated apparent Mn value of 10.6 kDa, close to that calculated by 1H NMR of 

16.0 kDa, and showed a narrow molar mass distribution, with Ð =1.23 see Fig. 

S5.28 for SEC traces). 
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Scheme 5.18: synthesis of CholanicFLUO-HEA80 and CholanicFLUO-HEA80-b-MAN20. Reagents 
and conditions: (a) N-Hydroxyethylacrylamide, V501, Cascade Blue acrylamide (30), DMF at 70 
˚C. (b) Mannose acrylamide, V501, DMF at 70 ˚C.  

 

5.3.6.3. Synthesis and purification of mono-labelled TRITC-insulin 

Insulin was fluorescently labelled with tetramethyl rhodamine isothiocyanate 

(TRITC) using a modified version of a commercially available protocol43. The 

protein was treated with 3 equivalents of dye in 0.1 M pH 8.5 sodium 

tetraborate buffer for 5h. RP-HPLC analysis of a sample taken after 5h revealed 

that a group of n-labelled insulins had formed. Due to concerns that an 

excessive number of dye molecules covalently linked to insulin could alter its 

native structure and influence its interactions with the copolymer, mono-

labelled TRITC-insulin was purified on semi-PREP RP-HPLC. Successful 

purification was verified by RP-HPLC and ESI-MS (Fig. 5.10). Analyses confirmed 

the correct labelling of the protein, and the good purity (94%) of the mono-

labelled product. 
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Figure 5.10: (a) C18 RP-HPLC chromatogram of purified mono-labelled TRITC-insulin. The 
protein was analysed using a 30%-60% MeCN linear gradient. (b) ESI-MS analysis of purified 
mono-labelled TRITC-insulin. Three peaks are identified: peak at 1030.5 m/z corresponds to 
[M+6H]6+, that at 1236.4 to [M+5H]5+, finally peak at 1545.3 corresponds to [M+4H]4+. 

 

The purified protein was finally lyophilised. Future studies will be dedicated to 

the complexation of fluorescent TRITC-insulin into CholanicFLUO-b-HEA80-

MAN20, and its potential enhanced intracellular uptake into MR+CHO cells. 
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5.4. Final considerations 

 
In this chapter, a group of three cholanic acid- and three cholesterol-

terminating polyacrylamides were successfully synthesised by RAFT 

polymerization, to be used as synthetic excipients for protein formulations. We 

wanted to highlight RAFT polymerization as a versatile technique for the 

development of protein-complexing agents. 

 The polymers were tested with two different model proteins, BSA and insulin, 

using various techniques, resulting in the formation of protein-polymer nano-

complexes.  

In particular, SEC analyses of BSA/polymers mixtures showed the formation of 

nanocomplexes. According to the polymers:BSA molar ratio employed, two 

different types of interaction between the polymers and the protein were 

noticed. At 5:1 and 10:1 polymer:protein molar ratio the polymers mainly 

inserted into some of BSA hydrophobic pockets, which are already known for 

their interaction with cholesterol24. Further investigation at these molar ratios 

was accomplished by circular dichroism, which confirmed that up to 10:1 

polymers:protein ratios the interaction does not induce any change on protein 

secondary structure. ITC studies performed with the shortest cholanic-

polyacrylamide confirmed the formation of protein complexes with an average 

of 2 polymer chains per protein macromolecule.  SEC analysis performed at 20:1 

and 40:1 polymer:protein molar ratios showed the formation of large 
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aggregates that may be resulting from BSA aggregation, induced at high 

polymers:BSA ratios.  

SEC analysis of cholanic/cholesterol polymers in the absence of BSA also 

indicate the cholanic/cholesterol polymers self-assemble into supramolecular 

aggregates17. Aggregation was verified by DLS analysis, which revealed the 

presence of nanoparticles with size between 15 and 25 nm. 

Protein complexation was further studied on insulin. Insulin complexation was 

confirmed at pH 5.3, where protein solubility was drastically increased by the 

polymers. The interaction was also successfully assessed at physiological pH 

through Native PAGE electrophoresis, where the formation of a complex 

between insulin and the polymers prevented the protein to migrate across the 

gel. 

Results confirmed that the cholanic- and cholesterol-HEAs are successfully able 

to complex different proteins in a range of different conditions. Thus, they 

indicated that these polymers may be used, like the original PEG-cholane, for 

the potential controlled delivery of therapeutic proteins. 

These promising results prompted us to test their potential ability to enhance 

protein intracellular uptake by receptor mediated endocytosis. A new 

fluorescent cholanic-polymer was prepared, containing a short block with an 

average of 20 mannose repeating units, to be tested for targeted insulin 

delivery onto an endocytic mannose receptor-expressing cell line. A 
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fluorescently labelled insulin was prepared to monitor the protein uptake. Due 

to time constraint, the uptake studies have not been finalised as yet, but are is 

currently being investigated with the collaboration of another PhD student in 

our lab. 
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Supporting Information Chapter 5 
 

1H and 13C NMR spectra were recorded on a Bruker DPX400 UltraShield™ 

Spectrometer and processed with MestReNova 12.0© 2017 Mestrelab 

Research S.L. All chemical shifts are reported in ppm (δ) relative to 

tetramethylsilane or referenced to the chemical shifts of residual solvent 

resonances.  

ESI TOF Mass spectrometry analyses were conducted on a Bruker microTOF II.  

FT-IR spectra were recorded using an Agilent Cary630.  

Purification of INDm, PHENm and MTBm oligomers (from m=2 to m=6) was 

performed on an Agilent 971-FP Flash Purification System using a BIOTAGE KP-

C18-HS 12 g column. 

Polymer SEC analyses were performed on a Polymer Laboratories GPC 50 

system equipped with a refractive index detector, using a system made of two 

PLgel Mixed-D (5 μm bead, 7.8 × 300 mm) columns and a matching guard (7.8 

× 50 mm). Analyses were performed in DMF at a flow rate of 1 mg/mL with 

0.1% w/v LiBR. Narrow PMMA standards were used for calibration.  

HPLC experiments were performed on a Shimadzu HPLC (LC-20AD pump) 

equipped with a SPD-M20A UV detector and SIL-20A autosampler. Reverse 

phase analyses were completed using a C18 Zorbax Eclipse Plus C18 column 

(3.5 μm, 95 Å, 4.6 × 12.5 mm).  
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Size Exclusion analyses for the evaluation of Cholanic/cholesterol-HEA 

polymers:BSA complexes were performed using a TSKgel® G3000SWXL column 

(I.D. 30 cm × 7.8 mm, 5 μm particle size). 

Dynamic light scattering was performed using a Nano-Zs from Malvern 

Instruments, UK, equipped with a 633 nm laser at a fixed angle of 173°. The size 

was measured at 25 ˚C. Analyses were repeated 3 times for each sample, and a 

minimum of 10 measurements was performed for each analysis. 

Semi-preparative RP-HPLC for the purification of TRITC insulin was performed 

on a Waters Prep HPLC, using a Phenomenex Jupiter C18 column (10 μm, 300 

Å, 10 × 250 mm). 

 

 

Figure S5.1:1H NMR spectrum of Sodium 2-hydroxyethyl carbonotrithioate (11) in d6-DMSO. 
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Figure S5.2: 13C NMR spectrum of Sodium 2-hydroxyethyl carbonotrithioate (11) in d6-DMSO. 

 

Figure S5.3: 1H NMR spectrum of Dithiobis-2-hydroxyethyl carbonotrithioate disulfide (12) in 
d6-DMSO. 
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Figure S5.4: 13C NMR spectrum of Dithiobis-2-hydroxyethyl carbonotrithioate disulfide (12) in 
d6-DMSO. 

 

Figure S5.5: 1H NMR spectrum of CTA (13) in CDCl3. 
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Figure S5.6: 13C NMR spectrum of CTA (13) in d6-DMSO. 

 

 

Figure S5.7: 1H NMR spectrum of Boc-Amine (14) in d6-DMSO. 
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Figure S5.8: 13C NMR spectrum of Boc-amine (14) in d6-DMSO. 

 

 

Figure S5.9: 1H NMR spectrum of Cholanic-amine (15) in d6-DMSO. 
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Figure S5.10: 13C NMR spectrum of Cholanic-amine (15) in d6-DMSO. 

 

 

Figure S5.11: 13C NMR spectrum of RAFT agent (16) in d6-DMSO. 
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Figure S5.12: 1H NMR spectrum of Cholanic-HEA90 in d6-DMSO. 

 

 

Figure S5.13: 1H NMR spectrum of Cholanic-HEA180 in d6-DMSO. 
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Figure S5.14: 1H NMR spectrum of Cholesterol-HEA40 in d6-DMSO. 

 

 

Figure S5.15: 1H NMR spectrum of Cholesterol-HEA82 in d6-DMSO. 
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Figure S5.16: 1H NMR spectrum of Cholesterol-HEA180 in d6-DMSO. 

 

Figure S5.17: 1H NMR spectrum of HEA42 in d6-DMSO. 
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Figure S5.18: 1H NMR spectrum of 8-O-Carboxymethylpyranine (CM-Pyranine) (21) in D2O. 

 

 

Figure S5.19: 1H NMR spectrum of Cascade Blue-amine (22) in d6-DMSO. 
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Figure S5.20: 1H NMR spectrum of Cascade Blue-acrylamide (23) in d6-DMSO. 

 

 

Figure S5.21: 1H NMR spectrum of CholanicFLUO-HEA80 in d6-DMSO. 
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Figure S5.22: 1H NMR spectrum of CholanicFLUO-HEA80-b-MAN20 in d6-DMSO. 

 

Figure S5. 23: 1H NMR spectrum of HEA82 in d6-DMSO. 
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Figure S5.:24: Figure S5. 25: 1H NMR spectrum of HEA180 in d6-DMSO. 
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Figure S5.26: normalised SEC traces of Cholanic-poly(HEA) polymers. SEC analyses were 
performed in DMF + 0.1 % LiBr (PMMA standards). 
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Figure S5.27: normalised SEC traces of Cholesterol-HEAs polymers. SEC analyses were 
performed in DMF + 0.1 % LiBr (PMMA standards). 
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Figure S5.28: normalised SEC traces of CholanicFLUO-HEA80 and CholanicFLUO-HEA80-b-MAN20. 
SEC analyses were performed in DMF + 0.1 % LiBr (PMMA standards). 
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Figure S5.29: normalised SEC traces of controls HEA42, HEA105 and HEA166. SEC analyses were 
performed in DMF + 0.1 % LiBr (PMMA standards). 
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Figure S5.30: Removal of trithiocarbonate polymer chain-ends. UV spectra of (a) Cholesterol-
HEA (25), (b) Cholesterol-HEA (26) and (c) Cholesterol-HEA (27) (before removal of the 
trithiocarbonate moiety), and (a) Cholesterol-HEA40, (b) Cholesterol-HEA82 and (c) Cholesterol-
HEA180 (after removal). The progress of the reaction was followed by monitoring the 
disappearance of the band at λmax ~ 310 nm. 
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Figure S5.31: Size Exclusion Chromatography profiles of BSA, HEA42, and mixtures between the 
polymer and the protein at different polymer:protein molar ratios. BSA was eluted at a 
concentration of 0.5 mg/mL, HEA42 was added at 5, 10, 20 and 40:1 polymer-protein molar 
ratios. The polymer was eluted alone at the same concentration used for the 40:1 mixture. 
Samples were eluted at 0.5 mL/min using DPBS as mobile phase. 
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Figure S5.32: insulin calibration curve. Insulin was dissolved in 10 mM pH2 phosphate buffer at 
different concentrations in the 0.1-2 mg/mL range. The samples were analysed in triplicates by 
RP-HPLC, using a 20-80% MeCN gradient in Milli-q water + 0.1 % TFA. Absorbance was recorded 
at 280 nm. The area under insulin peak was calculated for each concentration. 
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Figure S5.33: Cascade Blue acrylamide (23) calibration curve. Cascade Blue acrylamide (23) was 
dissolved in methanol at different concentrations in the 0.01-0.1 mM range. Absorbance was 
recorded at 380 nm. 
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Chapter 6 
Triazolyl methacrylates glycopolymers as 

unimolecular vectors for hydrophobic drugs 

______________________________________ 
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This chapter is presented in a form of a draft paper, and it is the continuation of 
a work from a previous PhD student, Joao Madeira Do O. Joao was responsible 
for the synthesis of the glycopolymers utilised in this chapter. He also was the 
first to notice the interaction occurring between small hydrophobic probes and 
these polymers. During my PhD, I have investigated this interaction using Nile 
Red as a model for hydrophobic drug incorporation. Francesca Mastrotto, 
former Research Fellow within our group, performed the cell culture uptake 
studies. Gokhan Yilmaz, current Research Fellow within our group, performed 
the Con A- and PNA- affinity studies. Taylor Dispersion analyses were conducted 
in Malvern, UK, by Dr. Patrick King and Rachael Xerri, PhD student within our 
group. 

Unimolecular micelles have gained increasing attention as efficient alternative 

to self-assembling macromolecules for drug delivery applications. Being based 

on individual polymer chains, these unimolecular carriers do not disassemble 

at low concentrations upon in vivo administration, at it may happen to 

traditional nanoparticles-based systems. Here, we describe the reversible 

incorporation of small hydrophobic probes into linear and 4-arm glycopolymer 

chains.  Poly(propargyl methacrylate)s of well-defined molecular weight and 

low molar mass dispersity were synthesised by ATRP and then functionalised 

with appropriate sugar azides by copper-catalysed alkyne-azyde cycoaddition 

(CuAAC), obtaining final sugar triazolyl methacrylates glycopolymers. Nile Red 

and DCJV dyes were employed to demonstrate the ability of these 

glycopolymers to incorporate hydrophobic drugs. In particular, incorporation 

of Nile Red was assessed by fluorescence analysis of polymers-Nile Red 

mixtures at different Nile Red:polymers molar ratios. The unimolecular 

behaviour of the glycopolymers was confirmed as no Critical Aggregation 

Concentration (CAC) could be detected by Surface Tension, Dynamic Light 

Scattering (DLS) and Nile Red fluorescence analysis. The size of the single 

polymeric chains, in the absence and presence of Nile Red, was further analysed 
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by DLS and Taylor Dispersion Analysis, revealing size between 3 and 5 nm, 

compatible with the presence of singular polymers chain. The potential 

application of these glycopolymers as unimolecular vectors for targeted drug 

delivery was confirmed by affinity chromatography assays. Taken together, 

these results show that sugar triazolyl methacrylates glycopolymers can act as 

unimolecular micelles, reversibly incorporating small hydrophobic drugs, with 

potential applications for drug delivery. 

Introduction 
In recent years, the development of synthetic single-chain macromolecular 

devices has been the subject of a considerable research effort. One notable 

example of this are single-chain polymeric nanoparticles (SCPNs), where 

polymer chains are designed to fold at predefined points of their repeating 

units sequence,1 mimicking in concept the formation of folded structures in 

natural proteins. SCPNs can be obtained following the formation of covalent or 

non-covalent intramolecular interactions.2-5 Accordingly, concerted effort 

between macromolecular chemists and biophysicists has provided access to 

increasingly sophisticated single-chain molecular devices with potential 

applications in catalysis, sensors, nanoreactors, and nanomedicine.4-6  

Lemcoff,7-9 Pomposo10 and Zimmerman’s11 groups engineered single-chain 

metal−organic nanocatalysts sharing key structural and functional similarity 

with metalloenzymes. In biomedical settings, the size of nanovectors can affect 

their ability to cross biological barriers. For example, whilst sub-100-nm 

micellar nanostructures are able to permeate hypervascular solid tumours, only 

sub-50-nm nanocarriers can extravasate and penetrate poorly permeable 
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hypovascular tumours.12, 13 Thus, possibility of scaling their size down to that of 

individual polymer chains has the potential to result in considerable clinical 

benefit. 

Unimolecular micelles are molecular devices where polymers chains are 

designed to possess a core−shell morphology mimicking that of self-assembled 

micelles.14, 15 Being based on individual polymer chains, unimolecular micelles 

possess the advantage of not unfolding or disassembling at low concentrations 

such as those encountered in clinical settings in vivo, which is key for potential 

applications in drug delivery and (bio)imaging.16-21 Such molecular devices 

often include a hydrophobic core with hyperbranched or dendrimeric structure 

which can non-covalently complex hydrophobic drugs, and an external multi-

chain hydrophilic corona.18, 22, 23 Alternative structures have also been 

described, such as the ‘polysoaps’ assembled by McCormick and co-workers by 

statistical RAFT copolymerization of 2- acrylamido-2-methylpropane sulfonic 

acid (AMPS) and n-dodecyl acrylamide (DDAM) at specific molar ratios.22  

Jenkins and co-workers have utilised a peptide transporter, K16ApoE, to non-

covalently bind a range of protein cargoes through polyionic interactions, and 

transport them through the blood brain barrier through its LDLR-binding 

domain of apolipoprotein E (ApoE).24, 25  

Inspired by these examples, here we explore a minimalistic approach to single-

chain vectors, where guest molecules are reversibly incorporated within 

individual linear and 4-arm glycopolymer chains - as opposed to self-assembled 
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and/or hyperbranced-like structures - and pendant functionalities are used to 

provide recognition to specific biological targets. 

Results and discussion 
Sugar poly(triazolyl methacrylate)s: interaction with hydrophobic fluorescent 

probes. The linear and 4-arm star triazolyl methacrylate glycopolymers 

investigated in this work), were prepared by copper-catalysed alkyne-azyde 

cycoaddition (CuAAC) functionalisation of preformed poly(glycerol 

methacrylate)s with appropriate sugar azides, as first reported by Haddleton 

and us.26, 27 Importantly for this study, this approach allows to prepare libraries 

of glycopolymers starting from the same functionalisable ‘master polymer 

precursor’, leading to families of glycopolymers which only differ for the nature 

of the pendant carbohydrate units, but share all the other macromolecular 

characteristics – i.e. degree of polymerisation (DP), macromolecular topology 

(e.g. linear vs. branched), and molecular weight dispersity (Ð). 

 

Figure 6.1: Mannosylated linear (1)MAN AND 4-arm star (2)MAN glycopolymers investigated in 

this study. 
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This work focusses primarily on mannosylated materials (1)MAN and (2)MAN 

(Figure 6.1), although analogous glycopolymers bearing different pendant 

carbohydrate units – galactose, lactose and trehalose - were also investigated 

to identify the general structure-activity relationships of these materials (vide 

infra).  Linear (1)MAN and 4-arm star (2)MAN polymers were made with similar 

degrees of polymerisation – DP 66 and 77, respectively - to allow to identify the 

effect of the macromolecular topology on their physico-chemical properties, 

and on their ability to interact with host molecules.  

During a previous study focussed on the use of glycopolymers as modulators of 

monoclonal antibodies aggregation,28 we observed that polarity-responsive 

extrinsic fluorescent dyes Nile Red and SYPRO-Orange interacted with triazolyl 

methacrylate glycopolymers in aqueous media, resulting in highly fluorescent 

solutions (data not shown). Both these fluorophores possess low quantum 

yields in aqueous media, resulting in a low fluorescence intensity, which 

increases in more non-polar environments.29, 30 Sugar triazolyl methacrylates 

glycopolymers have been extensively investigated.31-42 Yet, to the best of our 

knowledge, this behaviour, suggestive of their surfactant-like properties and of 

their ability to non-covalently bind hydrophobic probes under aqueous 

conditions, has never been described. This present study addresses this gap, by 

investigating the mechanism and modalities of glycopolymer:probe host-guest 

interactions, and suggests potential routes for the use of these materials as 

nanovectors for targeted drug delivery.  
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Although some possible structures have been suggested,27, 30 the absolute 

molecular identity of SYPRO-Orange has not yet been disclosed. Thus, to allow 

a meaningful investigation on glycopolymer:probe interactions, in this study 

Nile Red was selected as the hydrophobic fluorophore of choice.  

In initial experiments, a solution of Nile Red in THF, was added to DI water to 

achieve a theoretical final concentration of 20 µg mL-1. After evaporation of THF 

cosolvent, in the absence of glycopolymers (1)MAN and (1)MAN, Nile Red was 

found to form a mixture consisting of red-pink precipitate in a colourless-very 

lightly pink liquid phase (Figure 6.2B), which is consistent with the very low 

solubility reported for Nile Red in water (< 1 µg mL-1).43 In the presence of 

triazolyl glycopolymers (1)MAN and (2)MAN (0, 50, 100, 1000 µg mL-1) a visible 

pink coloration, with intensity increasing with polymer concentration, was 

observed.  

Next, solutions of (1)MAN in deionised water (10 and 100 µg mL-1) were treated 

with increasing concentrations of Nile Red (50-1000 µg mL-1).The observed 

fluorescence was found to reach its maximum at approximately 0.5-1 

molecules of Nile Red per polymer chain (Figure 6.2C). Interestingly in the 

experiments with the highest concentration of glycopolymer (1)MAN (100 µg mL-

1) a clear decrease of fluorescence was observed at high [Nile Red]:[(1)MAN] 

ratios. This could be explained with the fact that in aqueous media Nile Red is 

known to form non-emissive H-type dimers and aggregates through π−π 

stacking interactions.44, 45 As expected, this effect was more evident in the set 

of samples with the highest concentration of glycopolymer (1)MAN (100 µg mL-
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1), which required larger amounts of Nile Red to achieve the same [Nile 

Red]:[(1)MAN] ratios. Samples prepared in PBS at the same polymer 

concentrations resulted in analogous fluorescence vs. concentration profiles 

(Figure S6.3), hence for the subsequent experiments deionised water was used 

as the dispersing medium. 

 
Figure 6.2 interaction of triazolyl methacrylate glycopolymers with hydrophobic fluorescent 
probes: A) graphical illustration of single chain-probe interaction, and chemical structure of 
hydrophobic fluorophores utilised in this study – Nile Red and DCVJ. B) Left: Nile Red (NR), 20 
µg mL-1 in DI H2O. Centre and right: 20 µg mL-1 NR + linear (1)MAN (centre) and 4-arm star (2)MAN 
(right) at increasing concentration of glycopolymers (0, 50, 100, 1000 µg mL-1). C) Fluorescence 
readings (λex 550 nm, λem 630 nm) of Nile Red – (1)MAN samples at variable [Nile Red]:[polymer 
chains] molar ratios, in DI H2O. Insets: magnification of the 0-1.0 [Nile Red]:[(1)MAN] region. 
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Sugar poly(triazolyl methacrylates): unimolecular micelles vs. higher order 

assemblies. To investigate the potential aggregation behaviour of polymers 

(1)MAN and (2)MAN – that is, whether or not they are able to form supramolecular 

assemblies in aqueous solution – surface tension studies were undertaken. 

Surface tension (γ) of aqueous media is reduced in the presence of chemical 

species able to adsorb at air/water the interface, i.e. surfactants.46 Typical γ vs. 

[surfactant] plots are sigmoidal curves with three distinct zones. At low 

concentrations, the air/water interface is scarcely populated by surfactant 

molecules, which in turn induces only relatively small changes of surface 

tension.46, 47 As the concentration of surfactant increases, cooperativity among 

the adsorbed surfactant molecules at the interface induces a sharp decrease of 

γ, until saturation (or quasi-saturation) of the interface is reached.46, 47 After 

this point - the onset of aggregation (critical micellar concentration (CMC) if 

micelles are formed) - any further added surfactant results in the formation 

supramolecular assemblies, and does not induce any further significant 

decrease of surface tension.  

In this study, for aqueous solutions of both (1)MAN and (2)MAN the surface 

tension was found to steadily decrease as the polymer concentration increased, 

without reaching a plateau, throughout the range of concentrations tested 

(0.020-5.0 mg mL-1) (Figure 6.3A). This suggested that, under these conditions, 

these materials exist in solution as individual polymeric chains. An analogous 

behaviour - that is, γ vs. [surfactant] plots lacking the third zone, the plateau 

which is used to identify the CMC - has been described in previous studies for 
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unimolecular micelles macromolecules designed with topologies resembling 

those of self-assembled micelles. For example, Uhrich and co-workers utilised 

surface tension measurements to prove that encapsulation of hydrophobic 

payload lidocaine into mucic acid-fatty acids-PEG branched polymers was 

caused by individual unimolecular micelles.48 McCormick’s group showed that 

random copolymers with selected molar ratios of 2- acrylamido-2-

methylpropane sulfonic acid (AMPS) and n-dodecyl acrylamide (DDAM) 

possessed unimolecular micellar features, and, similarly to what observed in 

our work, induced a continuous decrease of surface tension in the range of 

concentrations investigated (up to 10 mg mL-1).  

In terms of structure-function relationship, 4-arm star (2)MAN induced a larger 

drop in surface tension γ compared to its linear counterpart (1)MAN, 66.5 vs. 

70.2 mN/m at the highest concentration tested, respectively (Figure 6.3A).  

The observed surfactant-like properties of triazolyl methacrylates (1)MAN and 

(2)MAN suggested a partial orientation of the hydrophobic polymer backbone 

towards air at the water-gas interphase. To gain further insight on how the 

balance between the hydrophilic sugar pendant units and the more 

hydrophobic polymer backbone affects the surfactant-like behaviour of these 

materials, these experiments were repeated using analogous linear and 4-arm 

star polymers bearing larger sugar units, namely D-lactose and α,α-trehalose 

disaccharides, (1)LAC and (2)LAC, and (1)TRE and (2)TRE, respectively (Chart S6.4). 

As these were prepared from the same ‘master polymer precursors’,28 they 

possessed the same macromolecular features – average number of repeating 
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units (DP), dispersity (Ð), and topology (linear and star) – as (1)MAN and (2)MAN, 

and thus allowed to dissect the contribution of the nature of the carbohydrate 

pendant units on the surfactant-like behaviour of the corresponding 

glycopolymers. Results indicated that: i) glycopolymers with larger hydrophilic 

sugar pendant units induced a lower overall decrease in surface tension γ, 

compared to (1)MAN and (2)MAN, showing that the hydrophobic/hydrophilic 

balance between the polymer backbone and the carbohydrate pendant units 

affects the surfactant-like properties of these materials; ii) 4-arm star polymers 

still induced a larger decrease in γ, which is in line with what already observed 

for (1)MAN and (2)MAN, and iii) again, no CMC could be observed (Figure S6.5). 

Taken together, surface tension analysis of these glycopolymers suggested 

that, in the range of concentrations and conditions investigated, they could 

exist as non-aggregated individual polymer chains.  

Next, the aggregation behaviour of poly (triazolyl methacrylates) (1)MAN and 

(2)MAN was probed by dynamic light scattering (DLS), by following the profile of 

the intensity of scattering as the concentration of glycopolymers increased. This 

method relies on the fact that that micelles or other self-assembled aggregates 

scatter light orders of magnitude more strongly than their smaller individual 

component, such as free surfactant molecules,49 which can be used to identify 

the onset of surfactant aggregation (CMC). In this study, DLS measurements 

with (1)MAN and (2)MAN showed a linear increase of scattering in the 0.0010-2.0 

mg mL-1 range of concentrations investigated (Figure 6.3B), and, again, no CMC 

could be identified. in agreement with the results obtained in the surface 

tension experiments. 
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However, whilst surface tension and DLS particle count experiments suggested 

that glycopolymers (1)MAN and (2)MAN exist as individual chains in solution, in 

principle the presence of a hydrophobic probe may favour self-assembly. For 

example, Mohr and co-workers showed that Nile Red can promote the 

formation of dye-loaded SDS, CTAB and Triton X micelles already at submicellar 

surfactant concentrations.45 

To investigate this possibility, the ability of these materials to interact with Nile 

Red model hydrophobic probe was initially investigated by fluorescence 

spectroscopy (λex = 550 nm). The working hypothesis was that that if above a 

certain polymer concentration micelles or higher order assemblies with a 

hydrophobic core were formed, a significant increase of fluorescence due to 

more efficient dye incorporation would have been observed (though we were 

aware that dye H-dimerization/aggregation within these polymer assemblies 

could have potentially affected the final fluorescence readings). First, a 

constant amount of Nile Red, equivalent to a potential final dye concentration 

of 2.0 μM, was added to solutions of glycopolymers (1)MAN and (2)MAN in 

deionised water in a range of concentrations - 0.0050-2.0 mg mL-1, 

corresponding to a [polymer]:[dye] = 0.10-40 for (1)MAN, and 0.084-34 for 

(2)MAN. These experiments aimed at looking for discontinuity in the emission 

intensity vs. concentration plot, which could suggest the formation of self-

assembled structures with a hydrophobic core able to enhance Nile Red 

incorporation. Sample fluorescence was found to increase almost linearly as 

the concentration of glycopolymers increased, with a tailing at higher 

concentrations for the star polymer (2)MAN (Figure 6.3C). As the amount of 
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added dye was the same for all samples, this enhancement could simply be due 

to the ability of increasing number of glycopolymers chains to keep in solution 

larger amounts of Nile Red molecules. An additional contribution might come 

from the fact that at low concentration of solubilising glycopolymers, low 

fluorescence may be due to higher proportion of non-emissive dye H-

dimers/aggregates, either in aqueous solution, or within the polymer carrier.45 

Nile Red is known to undergo a blue shift of the maximum of emission as the 

polarity of the surrounding (micro)environment decreases.43, 50, 51 In these 

experiments we observed a shift from 650 nm, close to that of Nile Red in 

water, at the lowest [polymer]:[dye] ratios (0.010 and 0.0084 for linear (1)MAN, 

and star (2)MAN, respectively), to 632-634 nm, starting from [polymer]:[dye] ~ 

0.5-1 (Figure S6.6). This agrees with what observed by Alexiev and co-workers51 

and Mohr’s group45 for polyglycerol-based core-multishell nanotransporters, 

and lipid micelles, respectively, where a blue shift of fluorescence emission was 

ascribed to the incorporation of the dye within hydrophobic domains of their 

nanocarriers.  
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Figure 6.3: A) Surface tension of solutions of linear (1)MAN and 4-arm star (2)MAN glycopolymers 
in DI H2O at increasing concentrations (n=2, triplicates). B) Intensity of light scattering as a 
function of glycopolymer concentration, as measured by dynamic light scattering (DLS) analysis 
(1)MAN and (2)MAN. C) Left: fluorescence (λem = 630 nm) vs. concentration profiles for samples 
containing Nile Red (equivalent to a theoretical final dye concentration of 2.0 μM) and solutions 
of (1)MAN and (2)MAN at increasing polymer concentrations. Right: emission spectra of these 
samples, at λex = 550 nm.  

The aggregation propensity of (1)MAN and (2)MAN was then investigated by DLS, 

by assessing the hydrodynamic volume of the species present in their aqueous 

solutions (Figures 6.4A). Results showed a hydrodynamic diameter of ~4.5 nm 
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for linear (1)MAN at 10 mg mL-1, without added Nile Red. Upon Nile Red addition, 

at a 0.1 [dye]:[polymer] molar ratio, large aggregates of size between 300 and 

400 nm were observed (Fig. S6.7). Here, our hypothesis was that the aggregates 

observed consisted mainly of Nile Red aggregates that had not been 

incorporated into the polymer chains, rather then larger Nile Red-glycopolymer 

complexes. To confirm this hypothesis, the Nile Red-(1)MAN complex solution 

was filtered using a 0.22 µm PVDF filter. The filtrate, analysed by DLS, showed 

a hydrodynamic diameter of ~3.5 nm, consistent with the previous analysis 

performed before Nile Red addition (Fig. 6.4B). In parallel, fluorescence of the 

filtered solution was investigated, and confirmed the presence of residual Nile 

Red in solution. A control sample, where Nile Red was sospended in plain water 

and the sospension filtered with the same 0.22 µm filter, did not show any 

significant fluorescence, confirming that in the absence of glycopolymer (1)MAN 

Nile Red was virtually insoluble in DI water (Fig. 6.4C). To confirm that in the 

presence of Nile Red (1)MAN did not self-assemble into ≥100 nm particles, a 10 

mg mL-1 (1)MAN solution was prepared  in D2O, and Nile Red, previously dissolved 

in THF, added for a final 1:1  Nile Red:(1)MAN molar ratio. To the solution,  

monomer N-hydroxyethylacryalmide (HEA) was added as internal standard for 

NMR analysis, and the sample, after THF evaporation, filtered with a 0.10 µm 

PVDF filter. A small and hydrophilic molecule, HEA can freely pass through the 

filter membrane, thus it can be used an an internal standard to assess any 

decrease of concentration of polymer (1)MAN following filtration through the 

0.10 µm filter. The [HEA]:[ (1)MAN] molar ratio calculated by 1H NMR before and 

after filtration was found to be unchanged, indicating that (1)MAN was not 
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retained by the filter membrane (Fig. S6.8). This further confirmed the 

hypothesis that Nile Red did not induce (1)MAN self-assembly into large (≥100 

nm) particles, and suggested that the aggregates observed on the unfiltered 

solution were due to unicorporated, aggregated dye molecules. 
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Figure 6.4: A) DLS Size distribution of a 10 mg mL-1 water solution of linear mannose 
poly(triazolyl methacrylate) (1)MAN alone. B) DLS Size distribution of (1)MAN-Nile Red complexes 
after filtration with a 0.22 µm PVDF filter. [1)MAN]= 10 mg mL-1, the polymer and Nile Red were 
mixed at (1)MAN:Nile Red 10:1 molar ratio. C) emission spectra of filtered (1)MAN-Nile Red 
complexes and filtered control Nile Red dispersion in water, at λex = 550 nm.   

The hydrodynamic diameters observed for (1)MAN and (2)MAN  by DLS analysis 

were close to the lower size detection limit for DLS, hence Taylor dispersion 

analysis (TDA) of (1)MAN was undertaken to get a more accurate estimation of 

its hydrodynamic size. TDA is an absolute method to determine the diffusion 

coefficients (D), and thus the hydrodynamic radii (Rh), of molecules in 

solution,52, 53 based on the dispersion of a solute plug through a uniform 

cylindrical tube under laminar Poiseuille flow.54 Following injection, the UV 

absorbance (λ = 214 nm) of the species in solution was recorded at two 

detection windows positioned along the capillary windows 1 and 2, (Figure 6.5). 

The diffusion coefficient of the injected solute(s) can be derived by fitting 

Taylor's solution to the concentration profile (taylorgram) of the solute(s). In 

turn, this can be used to assess the size of molecules or particles with 

hydrodynamic diameter (2Rh) from angstroms to submicron size,55, 56 typically 
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in the 0.4-100 nm range. Hawe et al. showed that for peptide hormone and 

neuropeptide oxytocin, with a hydrodynamic radius Rh=0.9-1.1 nm, not too 

dissimilar from that expected for our polymers (1)MAN and (2)MAN, TDA was far 

superior to DLS to estimate the peptide size. The size of oxytocin is towards the 

lowest size limit for detection of conventional DLS analysis, thus the DLS 

measurement was dominated by the presence of trace amounts of 

contaminants and/or dust, resulting in a significant overestimation of the size 

of oxitoxin, especially under diluted conditions.54   

Importantly for our study, deconvolution of Taylorgrams from mixtures of 

species in solution allows to estimate the hydrodynamic radii of their individual 

components and their relative proportions,52, 57 and has been used to 

investigate the aggregation of macromolecules in solution.53, 54 For example, 

Latunde-Dada et al. estimated accurately size and relative proportion of bovine 

serum albumin (BSA) monomer and thermally-induced aggregates in BSA:(BSA 

aggregates) in the 3-100% range.53 Initial experiments were carried out at a 

concentration of linear (1)MAN of 2.0 mg mL-1 and variable [polymer]:[dye] 

molar ratios (Figure 6.5). Samples were filtered with a 0.22 µm PVDF filter prior 

the analyses to remove un-incorporated Nile Red. 

In all samples only one species in solution could be detected, with 

hydrodynamic radius (Rh) in the 2.0-2.2 nm range, corresponding to a diameter 

of 4.0-4.4 nm, which again is indicative of the presence of unimolecular polymer 

chains in solution. 
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Figure 6.5: Taylor dispersion analysis of (1)MAN alone and (1)MAN-Nile Red complexes. 
Broadening of concentration profile due to axial spreading of the solute pulse observed 
between two detection windows is used to estimate the hydrodynamic radii.  

 

Effect of the nature of polymer backbone on guest molecule incorporation. 

The surface tension experiments showed that for the same clicked propargyl 

methacrylate backbone, the nature and size of the pendant carbohydrate units 

have a direct effect on the hydrophilic:hydrophobic balance of these materials, 

and thus affect their surfactant-type properties. Here, we aimed at 

investigating the effect of the nature of the polymer backbone on the ability of 

these glycopolymers to incorporate hydrophobic fluorescent probes. To this 

aim linear and 4-arm star poly(N-ethylacrylamidoyl-α-D-mannopyranoside) 

(3)MAN and (4)MAN (Figure 6.6A), respectively, analogous to (1)MAN and (2)MAN, 

were synthesised by SET LRP and tested. In the first set of experiments a fixed 

amount of Nile Red was added to solutions of polymers (1)-(4)MAN at increasing 

concentration (0.050-1.0 mg mL-1), and the fluorescence of the solubilised 

probe was recorded (Figure 6.6B). Results clearly showed that whilst mannose 

triazolyl methacrylates (1)MAN and (2)MAN were able to interact with Nile Red 

and incorporate it already at the lowest concentration tested in this set of 
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experiments (50 μg mL-1), linear and start mannose acrylamide (3)MAN and 

(4)MAN, except for a small increase for linear (3)MAN at the highest concentration 

tested (1.00 mg mL-1), showed no detectable polymer-dye interaction. It should 

be noted that the increase of fluorescence is used here only for a qualitative 

assessment of relative amounts of Nile Red, as a proportion of molecules of 

fluorophore incorporated within carriers could still interact with each other and 

form non-fluorescent dimers and H-type aggregates through π−π stacking 

interactions.45 9-(2,2-Dicyanovinyl)julolidine (DCVJ, Figure 6.2A) was then 

tested as the hydrophobic probe (Figure 6.6C). DCVJ belongs to a class of 

fluorophores known as molecular rotors, whose fluorescence depends on the 

velocity of rotation of a specific bond, presenting maximal fluorescence when 

the molecule is in a fully planar conformation. Upon irradiation, fluorescent 

molecular rotors undergo twisted intramolecular charge transfer (TICT), and 

relax via the nonradiative torsional relaxation pathway.58 The fluorescence of 

molecular rotors is therefore more sensitive to changes in microenviroments 

which restrict rotation around key bonds – e.g. increase of local viscosity or 

inclusion within tightly packed complexes – than to the polarity of the medium 

the fluorophore is dissolved in.59 Thus DCVJ here served two purposes: i) 

demonstrate that glycopolymers based on clicked propargyl methacrylates are 

capable of incorporating a range of different hydrophobic molecules, and ii) 

gather some initial information on the molecular mobility of the entrapped 

guest molecule within polymer:dye complexes. As for the previous tests, only 

mannose triazolyl methacrylates (1)MAN and (2)MAN showed an increase in 

fluorescence, although at higher polymer concentrations compared to 
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experiments with Nile Red, suggesting a certain degree of steric rotational 

restriction of the gest molecule DCVJ within the polymer-dye complex. 

 

 

Figure 6.6: A) Mannosylated linear (1)MAN and (3)MAN and 4-arm star (2)MAN and 3)MAN  

glycopolymers used in this experiment. B) Nile Red and C) DCVJ solubilised in the presence of 
different amounts of linear and 4-arm star 1,2,3-triazole (1)MAN and (2)MAN  and non-triazole 
containing (3)MAN and (4)MAN glycopolymers. Amount of dye in was quantified by RT-HPLC and 
expressed as % increase compared to control samples prepared in the absence of 
glycopolymers. Results were obtained from two independent runs (N=2) with sample triplicates 
(n=3). Nile Red and DCVJ were added from stock solutions in acetonitrile, achieving a 
theoretical concentration of 20 µg mL-1 (63 µM and 80 µM, respectively) before potential 
precipitates were removed by centrifugation. 
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Finally the guest probe release profiles were tested using Nile red-(1)MAN / 

(2)MAN complexes in deionised water (1.00 mg mL-1 of -(1)MAN or (2)MAN, 1.0 mg 

mL-1. Nile Red 20 µg mL-1, 63 µM) through a 5 kDa MWCO membrane, under 

sink conditions. Consistent with an overall relatively weak and reversible 

polymer-probe interaction, near complete Nile Red release was observed 

already after 4 hours (Figure S6.9).  

Towards targeted guest molecule delivery.  

Following initial characterisation of glycopolymer-Nile Red non-covalent 

conjugates, the ability of these supramolecular complexes to recognise 

carbohydrate-binding proteins (lectins) was investigated. In nature 

carbohydrates are involved in the regulation of a plethora of biological 

processes such as cell differentiation, proliferation and adhesion, 

inflammation, and immunological response, 60 thus targeted drug delivery 

through sugar-binding receptors to modulate these key processes both in vitro 

and  in vivo, would be particularly attractive. To this end, an assay based on the 

known interaction of mannose with concanavalin-A 61, 62 was developed, in 

analogy to a previous study by Haddleton and co-workers. 63 Concanavalin- A 

(Con A) is a lectin isolated from the jackbean (Canavalia ensiformis) plant. It 

exists predominantly as a homotetramer at pH 7, with each unit presenting one 

sugar binding site. 64 The binding sites are located at a 65 Å distance from each 

other and bind pyranose forms of D-mannose, D-glucose, D-N-acetyl 

glucosamine, and Lactose. 65 By possessing four sugar binding sites in its 
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tetrameric form, Con A is frequently used as to crosslink glucose and mannose-

containing macromolecules and nano- and micro-objects. 66 

In the first part of the assay, increasing amounts of Con A were added to 

solution of glycopolymers-Nile Red complexes (1.00 mg mL-1 and 20 µg mL-1, 63 

µM, respectively), resulting in the formation of insoluble Con A-glycopolymer 

clusters. The highest Con A concentration, 1.00 µg mL-1, corresponds to one 

molecule of con A monomer per 2 polymer chains. The fluorescence at λem 630 

nm was found to decrease steadily as the concentration of Con A crosslinking 

agent increased from 0 to 1.00 mg mL-1 (Figure 6.7). This can be explained in 

terms of i) a Con A-induced precipitation of fluorescent glycopolymers-Nile Red 

complexes, ii) a sequestration of glycopolymers by the added Con A lectin 

crosslinker, followed by precipitation of Nile Red due to the lack of polymer 

chains able to solubilise it, or iii) a combination of these two effects.   

In the second part of the assay, the reversibility of this process was evaluated. 

The release of glycopolymers from the clusters formed at 1.00 mg mL-1 Con A 

concentration was tested by adding an excess of D-mannose, which can act as 

a competitive monovalent ligand for Con A. An increase in fluorescence, 

dependent on the amount of monovalent mannose ligand added, was 

observed, indicating that Nile Red was retained within the mannose 

glycopolymers, or re-complexed, according to the mechanism ii) above, 

following decomplexation, from Con A lectin. 
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Figure 6.7: Binding of (1)MAN-Nile Red non-covalent conjugates to mannose-specific model 
lectins. Left: Con A agglutination assay. To a polymer solution (1.0 mg mL-1 in 20 mM HEPES 
buffer (pH 7.4 with 50 mM NaCl, 5 mM CaCl2 and 5 mM MnCl2), Nile Red was added [final 
concentration 12.6 µg/mL, 1:1 polymer:dye molar ratio], and the fluorescence at λex=630 nm 
(λex=550 nm) was recorded. Upon addition of Con A, decrease of fluorescence due to formation 
of insoluble of Con A-((1)MAN-Nile Red) was recorded. Reversible agglutination: the solid 
precipitate obtained from the 1000 µg mL-1 Con A experiment was re-dissolved by addition of 
different concentrations of Me-α-mannopyranoside, and recovery of fluorescence due to re-
dissolution (or re-formation) of (1)MAN-Nile Red complexes was measured.  

 

To elucidate this point, the ability of these glycopolymers to mediate selective 

targeting to lectin-functionalised surfaces was investigated. To this aim, 

commercially available 45-165 µm agarose beads functionalised with mannose-

binding Con A and galactose-binding peanut agglutinin (PNA) were utilised, 

along with linear galactose glycopolymer (1)GAL analogous to Mannosylated 

(1)MAN. Lectin beads were treated with (1)MAN- and (1)GAL-Nile Red complexes 

(1:1 glycopolymer:dye ratio) solutions in the 0.10-1.0 mg mL-1 range of polymer 

concentrations. Upon centrifugation and removal of the supernatant, followed 

by several washing cycles, the beads were suspended in HEPES buffer and 

analysed by fluorescence microscopy (Figure 6.8). Pleasingly, selective 
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recognition of (1)MAN- and (1)GAL-Nile Red complexes to Con A and PNA, 

respectively, was observed. No binding to ‘mismatched’ lectins – that is, (1)MAN 

to PNA, and (1)GAL to Con A – was detected, thus ruling out any significant 

binding to the lectin surfaces due to physical absorption or other non-specific 

binding mechanisms. 

 

Figure 6.8: Agarose-bound lectin beads were treated with different amounts of (1)MAN- and 
(1)GAL-Nile Red complexes (1:1 polymer:dye molar ratio). After extensive rinsing with 20 mM 
HEPES buffer, the samples were seeded on a 96-well plate and the fluorescence recorded. 

 

Con A and PNA agarose beads were also utilised as stationary phases for affinity 

chromatography of (1)MAN–Nile Red complexes (Figures 6.9 and S6.10 and 

S6.11). Following elution with 20 mM HEPES buffer at pH 7.4, the polymer-dye 

complex was found to be retained by Con A, while it was readily eluted from 

the PNA column. This showed that (1)MAN was able to efficiently transport Nile 

Red through this stationary phase, without significant loss of its fluorescent 
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payload. Treatment of with a 10 mg mL-1 aqueous solution of methyl-α-

mannopyranoside (a monovalent competitive ligand for Con A) resulted in the 

elution of the (1)MAN–Nile Red complex from the Con A column, confirming that 

(1)MAN here acted as a targeted nanoscale vector for Nile Red. Repeating this 

experiment using (1)GAL, an identical linear glycopolymers displaying galactose 

binding units, resulted in analogous results, with selective binding of (1)GAL-Nile 

Red complexes to PNA and not to Con A. Taken together, this part of our study 

showed that upon complexation of Nile Red, glycopolymers conserved their 

ability to reversibly bind model lectins Con A and PNA, whilst at the same time 

retaining Nile Red molecules within their supramolecular non-covalent 

structure.  

 

Figure 6.9: Affinity chromatography assay. Con A- and PNA-immobilised beads were utilised as 
stationary phases for affinity chromatography on (1)MAN- and (1)GAL-Nile Red complexes (1:1 
polymer:dye molar ratio), eluting with HEPES buffer. (1)MAN-Nile Red was found to selectively 
bind to Con A, (1)GAL-Nile Red to PNA. These complexes could be eluted from the lectin 
stationary phase by addition of a mobile phase containing an excess of monovalent competitive 
ligands, Me-α-mannopyranoside, and D-galactopyranoside, respectively. 
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Whilst not within the main scope of this work, the possibility of using these 

single-chain vectors for targeted delivery of a model cargo, Nile Red, to cells 

presenting endocytic lectin receptors was explored. Chinese Hamster Ovary 

(CHO) cells were selected due to the availability of a mutant cell line expressing 

Mannose Receptor (MR, CD206), an endocytic receptor expressed in 

subpopulations of dendritic cells (DCs), macrophages, and selected endothelial 

cells, and which plays a role in both innate and adaptive immunity.67, 68 

Importantly, in a separate study, we had already shown that these cells can 

efficiently internalise fluorescent mannose-containing glycopolymers in a dose-

dependent manner (data not shown). Accordingly, MR+-CHO cells were 

incubated for 30 minutes with glycopolymer:Nile Red-containing solutions at 

polymer concentrations in the 50-1000 µg mL-1, and Nile Red at a theoretical 

concentration of 10 µM (if all of it were solubilised). Dye cell internalisation was 

studied by flow cytometry (FACS), and was found to be significantly increased 

in the presence of (1)MAN and (2)MAN, and to be dependent on the concentration 

of the added glycopolymers (Figure 6.10A).  
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Figure 6.10: A) Flow cytometry quantification of uptake of Nile Red by MR+CHO cells incubated 
with (1)MAN- and (2)MAN-Nile Red complexes. B) Confocal microscopy analysis of these samples: 
Top. MR+CHO untreated cells (negative control). Middle. MR+CHO cells treated with 1.00 mg 
mL-1 (1)MAN  + 10 mM Nile Red, and Bottom  MR+CHO cells treated with 1.00 mg mL-1 (2)MAN + 
10 μM Nile Red, for 30 min. 
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Interestingly, uptake was also found to be not significantly different than that 

on MR-CHO negative control cells. Several studies have described Nile Red 

transfer from nanoparticle systems to hydrophobic acceptors.69-72 Thus, our 

results could be explained in terms of an equilibrium between Nile Red 

reversibly complexed to the glycopolymers, and the unbound fraction being 

able to enter through CHO cells by diffusion through the plasma membrane, or 

other mechanisms, e.g. nanoparticle-cell contact-mediated transfer. Confocal 

analysis of cells following treatment with Nile Red and (1)MAN or (2)MAN showed 

diffuse intracellular cytosolic fluorescence, with a few punctuated spots (Figure 

6.10B). This is in line with analogous fluorophore distribution patterns 

described by Snipstad et al. who showed that using Nile Red-loaded 

poly(butylcyanoacrylate nanoparticles, dye uptake by human prostate 

adenocarcinoma cells (PC3) did not occur by endocytosis, but rather by 

nanoparticle-cell contact-mediated transfer directly to the cytosol and, to a 

lesser extent, release of payload into the medium, followed by diffusion into 

cells.69  

Thus, these initial cell experiments, whilst not suitable to probe lectin-mediated 

targeted cell delivery, confirmed the ability of triazolyl methacrylates (1)MAN 

and (2)MAN to act as unimolecular carriers for Nile Red and enhance their 

cellular uptake. 
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Conclusions 
In this study the incorporation of small hydrophobic molecules into linear and 

4-arm sugar triazolyl methacrylates glycopolymers through guest molecule-

single polymer chain interaction was investigated. The polymers were 

synthesised from linear and 4-arm star poly(propargyl methacrylate) 

precursors, to which various sugar azides were clicked by copper-catalysed 

alkyne-azyde cycoaddition (CuAAC). The reaction afforded different 

glycopolymers that shared the same topology, degree of polymerisation and 

dispersity. Incorporation of small hydrophobic probes, such as Nile Red and 

DCJV, into linear and multi arm mannose polymers was confirmed by 

fluorescence studies performed at different probe:polymer molar ratios. The 

aggregation propensity of these two polymers was then investigated by Surface 

tension measurements, fluorescence studies and Dynamic Light Scattering. No 

detectable Critical Micelle Concentration could be identified for both polymers, 

confirming that they do not self-assemble into supramolecular aggregates. 

Results were further confirmed by Taylor Dispersion Analysis, conducted in the 

absence and in the presence of Nile Red, which revealed an average 

hydrodynamic radius of 2 nm, which were attributed to the single polymer 

chain. The results indicate that these glycopolymers act as unimolecular 

micelles which incorporate hydrophobic molecules on the polymer backbone. 

Affinity chromatography experiments suggest the potential employment of 

these polymers as unimolecular vector fot targeted drug delivery, through the 

pendant mannose functionalities as targeting agent. Preliminary cells uptake 

studies displayed enhanced Nile Red uptake, which was mainly attributed to 
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the ability of the polymers to reversibly complexe the dye molecules, largely 

increasing its solubility.  Overall, these results confirm the ability of triazolyl 

methacrylates glycopolymers to incorporate small hydrophobic molecules as 

unimolecular micelles, and suggest the potential application of these 

glycopolymers in drug delivery.  
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Supporting Information Chapter 6 

Materials and methods. 

Synthesis and characterisation of Sugar poly(triazolyl methacrylates) linear 

(1)MAN, (1)GAL, (1)LAC, (1)TRE, and 4-arm star (2)MAN, (2)GAL, (2)LAC, (2)TRE, are 

described in Madeira do O et al. J. Mat. Chem. B 2018, 6, 1044-1054.1 

Monofunctional (D)2 and tetrafunctional (E)1 initiators were synthesised 

according to literature methods. Agarose-bound Concanavalin A (Con A) and 

Peanut Agglutinin (PAN) (45-165 µm agarose beads) were purchased from 

Vector Laboratories, Peterborough, UK. All other reagents and solvents were 

obtained at the highest purity available from Aldrich Chemical Company or 

Fischer Scientific and used without further purification unless otherwise stated. 

1H and 13C Nuclear Magnetic Resonance (NMR) analysis was carried out using a 

Bruker DPX400 UltraShield™ Spectrometer. The spectra were processed with 

MestReNova 6.0.2© 2009 Mestrelab Research S.L. All chemical shifts are 

reported in ppm (δ) relative to tetramethylsilane, referenced to the chemical 

shifts of residual solvents resonances. Peak multiplicities are defined by the 

following abbreviations: s = singlet, br = broad, d = doublet, t = triplet, m 

=multiplet. FT-IR spectra were recorded with an Attenuated Total Reflection 

spectrophotometer (Agilent Technologies Cary 630 FTIR) equipped with a 

diamond single reflection ATR unit. Spectra were acquired with a resolution of 

4 cm-1, in the range 4000-650 cm-1 by recording 32 interferograms. Mass 

Spectroscopy was carried out using a Micromass LCT KC453 spectrometer. Data 

were processed with OpenLynx software. Samples were prepared in suitable 

solvent with sodium trifluoroacetate added to them. 
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Aqueous SEC analysis of glycopolymers (3)MAN and (4)MAN was carried with a 

Wyatt dawn 8+ 1200 Infinity series, with RI detection, in a system calibrated 

with PEO narrow standards. Standard Dulbecco’s Phosphate Buffered Saline 

(DPBS) was used as the mobile phase, at a flow rate of 1 ml min-1.  

Flow cytometry. Samples were analysed with a Beckman Coulter FC500 Series 

equipped with tetraCXP SYSTEM Software. At least 2x103 cells were analysed 

for each sample. All experiments were performed in duplicates and repeated a 

minimum of two times.  

Synthesis of glycopolymers (3)MAN and (4)MAN 

 

 

Figure S6.1:  Synthesis of glycopolymers (3)MAN and (4)MAN. Full synthesis description can be 
found in Joao Madeira do O PhD dissertation. 

 

Fluorescence spectroscopy analysis of [Nile Red]:[(1)MAN] complexes at 

variable dye:polymer ratios. Two stock solutions of linear (1)MAN glycopolymer 
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were prepared in water (or PBS) at 10 µg mL-1 and 100 µg mL-1 concentrations. 

A 1.3 mg mL-1 Nile Red stock solution was prepared in THF. Different dilutions 

in THF were made from this stock solution.  For each dilution, 8 µL were taken 

and added to 200 µL of a 100 µg mL-1 polymer water solution, for final Nile 

Red:polymer molar ratios of 0.02:1, 0.05:1, 0.1:1, 0.5:1, 1:1, 5:1, 10:1, 15:1, 20:1 

and 40:1 (0.02:1, 0.05:1, 0.075:1, 0.1:1, 0.2:1, 0.3:1, 0.5:1, 0.75:1, 1:1 and 2:1 

for the experiments at narrower molar ratio range, Figure S1). For each ratio, 

the experiment was performed in triplicate. 

The Nile Red stock solution was then diluted 10 times, for a final Nile Red 

concentration of 0.13 mg mL-1. Different dilutions in THF were prepared from 

this stock solution.  For each dilution, 8 µL were taken and added to 200 µL of 

a 10 µg mL-1 polymer water solution, for final Nile Red:polymer molar ratios of 

0.02:1, 0.05:1, 0.1:1, 0.5:1, 1:1, 5:1, 10:1, 15:1, 20:1 and 40:1 (0.02:1, 0.05:1, 

0.075:1, 0.1:1, 0.2:1, 0.3:1, 0.5:1, 0.75:1, 1:1 and 2:1 for the experiments at 

narrower molar ratio range, Figure S1). For each ratio, the experiment was 

performed in triplicate. 

The samples were left for 5h protected from light to let the THF evaporate. 50 

µL were then taken from each sample and transferred into a Corning black 384-

well plate. Samples were analysed on a TECAN Spark 10M Multi-function Plate 

reader. Fluorescence was read from 580 to 700 nm, with λex=550 nm. 
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Figure S6.2: Fluorescence readings (λex 550 nm, λem 630 nm) of Nile Red – (1)MAN samples at 
variable [Nile Red]:[polymer chains] molar ratios, in DI H2O. The experiment is analogous to 
that shown in Figure 1, but focuses on the 0-2.0 [Nile Red]:[(1)MAN] range of molar ratios, with 
additional data points. 
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Figure S6.3: Fluorescence readings (λex 550 nm, λem 630 nm) of Nile Red – (1)MAN samples at 
variable [Nile Red]:[polymer chains] molar ratios, in PBS. Insets: magnification of the 0-1.0 [Nile 
Red]:[(1)MAN] region. 

 

Surface tension analysis. A DSA 100 Drop Shape Analyser with DSA 4 software 

(Kruss GmbH, Germany) was used. The pendant drop method at room 

temperature with Laplace–Young computational method was employed for 

surface tension analysis. Measurements were taken immediately after droplet 

formation. Samples were measured in triplicates, from two independent 

solutions. 
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Figure S6.4: Glycopolymers utilised for the surface tension analysis measurements. Synthesis 
and characterisation of these materials are described in Madeira do O et al. J. Mat. Chem. B 
2018, 6, 1044-1054.1 
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Figure S6.5: Surface tension analysis of solutions of mono- and disaccharides - mannose, and 
lactose and trehalose, respectively – (top line); and the corresponding linear (middle line), and 
star (bottom line) glycopolymers. Surface tension of sugar and polymer solutions (N=2, 
triplicates). Boxes represent median values, 25th and 75th percentile. Whiskers represent 
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maximum and minimum values. All solutions were prepared in deionised water. The 
experiment is part of Joao Madeira do O PhD dissertation. 
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Figure S6.6: Fluorescence spectroscopy analysis of samples of Nile Red and (1)MAN (A), and 
(2)MAN (B) in deionised water. Nile Red was added from a stock solution in THF (targeting a 
theoretical [Nile Red]= 2.0 μM in each sample) to solutions of (1)MAN (A) and (2)MAN in deionised 
water, and samples were analysed following evaporation of THF.  A1 and B1: emission spectra 
(λex = 550 nm) for 0.0050-2.0 mg mL-1 solutions of (1)MAN, and (2)MAN. A2 and B2: emission 
spectra for polymer samples in the 0.0050-0.060 mg mL-1 range. A3 and B3: overall shift in 
λem,max vs. concentration of glycopolymer. A4 and B4: magnification of graphs A3 and B3 in the 
0.0050-0.10 mg mL-1 concentration range.  

 

DLS analysis. DLS measurements were taken using a Zetasizer Nano (Malvern 

Panalytical, United Kingdom). A (1)MAN 10 mg mL-1 solution was prepared in 

filtered Milli-Q water and analysed by DLS to confirm the absence of polymer 

aggregates. Nile Red was dissolved in THF at a starting concentration of 1 mg 

mL-1. From this stock solution, 12.7 µL were added to 1 mL of the 10 mg mL-1 
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(1)MAN solution, for a final (1)MAN:Nile Red 10:1 molar ratio. The solution was 

left for 5h protected from light to evaporate the THF, and finally analysed by 

DLS. The solution was then filtered with a 0.22 PVDF filter and the DLS analysis 

repeated. 

A negative control was prepared by adding 12.7 µL of Nile Red stock solution to 

1 mL of filtered Milli-Q water. After THF evaporation, the suspension was 

filtered with a 0.22 PVDF filter. The two filtered solutions were analysed on a 

TECAN Spark 10M Multi-function Plate reader. Fluorescence was read from 580 

to 700 nm, with λex=550 nm. 
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Figure S6.7: DLS Size distribution of (1)MAN-Nile Red complexes before filtration. [1)MAN]= 10 mg 
mL-1, the polymer and Nile Red were mixed for a final (1)MAN:Nile Red 10:1 molar ratio. 
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Figure S6.8: 1H NMR of a mixture of (1)MAN, monomer N-hydroxyethylacrylamide (HEA) and Nile 
Red in D2O (a)before and (b) after filtration with a 0.100 µm PVDF filter. This experiment was 
performed by Gokhan Yilmaz. Monomer HEA was used as internal standard to verify the 
amount of residual polymer after filtration. The mixture was prepared by dissolving 20 mg of 
(1)MAN and 2 mg of HEA in 2 mL of D2O. The solution was splitted into two fractions of 1 mL 
each. 50 µL of a 0.38 mg mL-1 Nile Red solution in THF were added to each fraction, for a final 
(1)MAN:Nile Red 1:1 molar ratio. The solutions were left overnight to evaporate the THF. 1H NMR 
was then performed on one solution, while the other one was filtered using a 0.1 µm PVDF 
filter and finally analysed by 1H NMR as well. The [(1)MAN]:[HEA] molar ratio was calculated by 
comparing the integrals of HEA monomeric peaks in the  6.5-5.5 ppm range with the triazolic 
proton of (1)MAN at 8 ppm, and it was estimated to be ~1.7 before filtration. No change in 
[(1)MAN]:[HEA] molar ratio was observed after filtration, suggesting that Nile Red did not induce 
(1)MAN self-assembling into nanoparticles of size ≥100 nm and that subsequently (1)MAN could 
entirely pass through the filter membrane. 

 

Taylor Dispersion analysis of [Nile Red]:[(1)MAN] complexes at variable 

dye:polymer ratios. A 2 mg mL-1 linear (1)MAN glycopolymer solution was 

(a)

(b)
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prepared in Milli-Q water. A 0.26 mg mL-1 Nile Red stock solution was prepared 

in THF. Different dilutions in THF were made from this stock solution.  For each 

dilution, 12 µL were taken and added to 300 µL of the 2 mg mL-1 polymer water 

solution, for final Nile Red: (1)MAN molar ratios of 1:10, 1:4, 1:2, 1:1 and 3:1. 

The samples were left for 5h protected from light to let the THF evaporate, and 

finally filtered using a 0.22 µm PVDF filter. 200 µL were then taken from each 

filtered sample and analysed on a Viscosizer (Malvern, UK), to determine the 

hydrodynamic radius of the different (1)MAN-Nile Red blends. 6 μl were injected 

and analysed per sample. Absorbance was recorded at λ= 214 nm.  

Sample preparation for dye quantification through RP- HPLC. This experiment 

is part of Joao Madeira do O PhD dissertation. 1.00 mL of solutions were 

prepared at different concentrations (50 µg mL-1, 100 µg mL-1 and 1000 µg mL-

1) in commercial available RPMI buffer. Nile Red and DCVJ stock solutions in 

acetonitrile at 1000 µg mL-1 were also prepared. Subsequently, 20 µL of the dye 

stock solution were added to the vials containing the glycopolymer solutions. 

The resulting mixtures were centrifuged for 5 minutes at 14000 RPM to remove 

non-polymer entrapped dye. 40 µL of the supernatant were then collected and 

mixed with 80 µL of acetonitrile in a HPLC vial. 100 µL of the samples were 

injected and quantity of dye present was quantified via fluorescence detection 

(λex,max 530 nm, λem,max 630 nm for Nile Red and λex,max 430 nm, λem,max 500 nm 

for DCVJ). 

Release of Nile Red from (1)MAN - and (2)MAN –Nile Red complexes. This 

experiment is part of Joao Madeira do O PhD dissertation. Solutions of (1)MAN- 
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and (2)MAN-Nile Red complexes were introduced into a float-a-lyzer dialysis 

tubing (MWCO 5 kDa), and dialysed against PBS under gentle stirring.  Released 

Nile Red was quantified by fluorescence spectroscopy analysis of the external 

dialysis medium, at regular intervals of time. 
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Figure S6.9: Release profile of Nile Red assessed by dialysis against PBS. Experiment was 
undertaken at room temperature and in sink conditions. Fluorescence readings of the sample 
were taken immediately before dialysis and values were taken as 100%, and were used for 
subsequent dye release quantification. Glycopolymers concentration: 1.0 mg mL-1. Nile Red 
concentration of 20 µg mL-1, 63 µM. 

 

Reversible agglutination assay. This experiment was performed by Dr. Gokhan 

Yilmaz. A 2.0 mg mL-1 stock solution of Con A was prepared in 20 mM HEPES 

buffer (pH 7.4 with 50 mM NaCl, 5 mM CaCl2 and 5 mM MnCl2). Several aliquots 

of this stock solution were transferred into Eppendorf vials containing a 100 µL 

of (1)MAN- and (2)MAN-Nile Red complexes (1:1 polymer:dye molar ratio) at a 

polymer concentration of 2.0 mg mL-1 in 20 mM HEPES buffer at pH 7.4. 

Concentration of Con A in these Eppendorf vials were 0, 10, 250, 500, 1000 μg 

mL-1. The addition of the Con A immediately resulted in the formation of a 

cloudy suspension due to the formation of insoluble glycopolymer-Con A 
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clusters. The solutions were centrifuged for 2 min at 1000 rpm, and the 

supernatant was collected and analysed fluorescence spectroscopy (λex 550 

nm, emission recorded the 520-700 nm region) to obtain an estimation of 

residual (1)MAN- and (2)MAN-Nile Red complexes in solution. The precipitates 

from the 1000 μg mL-1 Con A experiment were redissolved in a solution of 

methyl-α-mannopyranoside at different concentrations (200 µL, 1-20 mg mL-1) 

and, the fluorescence of the samples was recorded again.  

   

Binding of (1)MAN- and (1)GAL-Nile Red complexes to immobilised Con A and 

PNA lectins. This experiment was performed by Dr. Gokhan Yilmaz. Agarose 

lectin beads (Con A and PNA beads) were washed with cold 20 mM HEPES 

buffer (pH 7.4 with 50mM NaCl, 5 mM CaCl2 and 5 mM MnCl2) five times in 

order to remove sugar added to stabilize the lectins during storage. 100 µL 

aliquots of a 2 mg mL-1 lectin bead suspension was transferred into eppendorfs. 

To these, different amounts of linear (1)MAN- and (1)GAL-Nile Red complexes (1:1 

polymer:dye molar ratio) were added to achieve final polymer concentrations 

of 0.10, 0.125, 0.25, 0.50, 1.0 mg mL-1. The suspensions were gently mixed with 

a vortex. After 20 min, the suspensions were centrifuged for 1 min at 1200 rpm, 

followed by careful removal of the supernatants. The resulting pellets were 

resuspended in HEPES buffer again, and the centrifugation-washing cycle was 

repeated three times. The suspensions were then transferred into a 96-well 

plate for fluorescence imaging using an In Vivo Imaging System (IVIS) 

(excitation: 550 nm, detection 640 nm).  
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Affinity chromatography assay using Con A- and PNA stationary phases. This 

experiment was performed by Dr. Gokhan Yilmaz. Agarose lectin beads (Con A 

and PNA beads) were washed with cold 20 mM HEPES buffer (pH 7.4 with 

50mM NaCl, 5 mM CaCl2 and 5 mM MnCl2) five times in order to remove sugar 

added to stabilize the lectins during storage.  The lectin beads were 

resuspended in 1 mL of buffer solution, and transferred to Pasteur pipettes 

previously fitted with small piece of cottonwool to ensure that the resin is 

retained in the pipette. Following elution of the excess of suspending buffer 

from the column, 1.0 mL aliquots of of a 2.0 mg mL-1 linear (1)MAN- and (1)GAL-

Nile Red complexes (1:1 polymer:dye molar ratio) in 20 mM HEPES buffer at pH 

7.4 were added to the pipettes and again allowed to drain through the lectin 

beads under gravity. Next, the columns were eluted with 10-12 mL of HEPES 

buffer solution. Subsequently, 3-4 mL of 10 mg mL-1 methyl-α-

mannopyranoside and D-galactopyranoside solution in HEPES buffer was ran 

through Con A and PNA bead columns, respectively, followed by 5 mL of HEPES 

buffer solution.  
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Figure S6.10: Affinity chromatography assay. 1 mL of (1)MAN- Nile Red complex (1:1 polymer:dye 
molar ratio, polymer concentration 2 mg ml-1 ) was added to  Con A- and PNA-immobilised 
beads on a glass pipette, followed by 10-12 mL of HEPES buffer. (1)MAN-Nile Red complex was 
retained by the Con A-immobilised beads, while it was eluted immediately from the PNA-
immobilised beads-containing pipette. The complex was finally eluted from the Con A 
stationary phase by addition of a 3-4 mL 10 mg mL-1 methyl-α-mannopyranoside solution in 
HEPES buffer.  

 

 

Con A PNA

Addition of (1)MAN + 

Nile Red

Elution with 10-12 

mL of HEPES 

buffer, pH 7.4

Elution with 3 mL of 10 mg mL-1 methyl-α-mannopyranoside
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Figure S6.11: Affinity chromatography assay. 1 mL of (1)GAL- Nile Red complex (1:1 polymer:dye 
molar ratio, polymer concentration 2 mg ml-1 ) was added to  Con A- and PNA-immobilised 
beads on a glass pipette, followed by 10-12 mL of HEPES buffer. (1)GAL-Nile Red complex was 
retained by the PNA-immobilised beads, while it was eluted immediately from the Con A-
immobilised beads-containing pipette. The complex was finally eluted from the PNA stationary 
phase by addition of a 3-4 mL 10 mg mL-1 methyl-α-mannopyranoside solution in HEPES buffer.  
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Cell uptake studies 

This experiment was perfomed by Dr. Francesca Mastrotto and is part of Joao 

Madeira do O PhD dissertation. Chinese Hamster Ovary expressing Mannose 

Receptor (CHO-MR) cell lines were cultured in   containing 10% Foetal Bovine 

Serum (FBS) (Sigma Aldrich, UK), 2 mM L-glutamine, 100 U/mL penicillin and 

100 µg mL-1 streptomycin (Sigma Aldrich, UK), at 37°C, 5% CO2 and 95% relative 

humidity.  CHO-MR stable transductants were selected by addition of 0.6 mg 

mL-1 geneticin (Sigma Aldrich, UK) in the culture medium.  

Mannosylated linear (1)MAN or (2)MAN star glycopolymers-Nile Red solutions 

were prepared by dissolving the two polymers in RPMI at 50, 100 and 1000 µg 

mL-1 concentrations. To 1 mL of each solution, 20 µL of a 1 mg mL-1 Nile Red 

solution in Acetonitrile were added, for a final Nile Red concentration of 20 µg 

mL-1 (62.82 µM).     

Chinese Hamster Ovary (CHO) or Chinese Hamster Ovary expressing Mannose 

Receptor (CHO-MR) were seeded in 24 wells plate (20x104 cells/well) and 

incubated overnight at 37°C, 5% CO2 (DMEM/F12 medium). The medium was 

removed, cells were washed with 2x1 mL of PBS and incubate for 30 minutes 

with RPMI W/O phenol red, 5% CO2. The media was then replaced with 

mannosylated linear (1)MAN or (2)MAN star glycopolymers-Nile Red solutions, 

and  cells were incubated at 37°C, 5% CO2 for further 30 minutes. Subsequently, 

wells were rinsed with PBS (3x1 mL), the cells harvested using trypsin/EDTA 

solution diluted 1:1 in PBS and fixed with 2% paraformaldehyde in PBS. Cells 

treated with media only were analysed as controls. The medium was then 
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replaced with the glycopolymers-Nile Red solutions and cells are incubated for 

further 30 minutes at 37°C, 5% CO2 in the dark.  Wells were rinsed with 3x1mL 

PBS, cells were harvested by treatment with tripsin/PBS 1:1 and fixed in 2% 

paraformaldehyde. Samples were subsequently analysed by flow cytometry 

(FACS). 
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Figure S612: Nile Red uptake on CHO and MR+CHO cells, assessed by Flow Cytometry. 
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7.1. Overall summary 

Biotherapeutics are the fastest growing class of pharmaceuticals1, with over 

200 protein therapeutics that have been commercialised (2016). 

Biotherapeutics currently make up for 30% of pharmaceuticals under 

development2, and have reached  US$ 228 billion in global sales in 20163. 

However, the development of proteins as pharmaceuticals is hampered by a 

serious of challenges, one of which is proteins poor stability in the different 

steps of manifacturing, purification and formulation. A number of excipients 

have been employed so far to improve proteins stability and prevent their 

aggregation: direct covalent conjugation of polymers, such as 

polyethyleneglycole, has been successfully used to sterically shield proteins, 

preventing them from coming into contact and aggregate. However, problems 

have arisen which involved loss of proteins activity and increased protein 

immunogenicity, that have highlighted the need for less invasive, non-covalent 

protein-polymer interactions. Another strategy relied on β-sheet breakers, 

small peptides which derives from the Aggregation Prone Regions of specific 

proteins, conveniently modified to interact with their target APR and block it 

from starting the aggregation process. β-sheet breakers so far have been 

designed to block the aggregation of specific proteins and generally require 

chemical modifications that improve their aqueous solubility. 

In this thesis, the stabilisation of proteins through non-covalent interactions 

was attempted using hydrophobic, self-aggregating β-sheet breakers-like 

moieties, which were incorporated into amphiphilic block copolymers to 
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mediate the stabilising effect of hydrophilic polymeric chains. We aimed at 

developing a new type of non-covalent conjugation and at the same time 

greatly improving the aqueous solubility of these peptidomimetic sequences. 

Moreover, while the first peptidomimetic sequences were developed from 

lysozyme Aggregation Prone Region, in the following chapters we prepared 

more generic hydrophobic blocks, easier to synthesise and active on a broader 

range of proteins.   different families of potential protein stabilisers were 

developed. A subset of these stabilisers was further investigated, to understand 

if the interactions that they established with proteins could be further used to 

develop systems for protein delivery and controlled-release.  

In particular, in Chapter 2, different peptide analogues were developed from 

hen egg lysozyme Aggregation Prone Region. Here, the working hypothesis was 

that a synthetic APR analogue could interact with its homologue or with other 

hydrophobic sequences on the protein backbone, thus masking these protein 

regions, suppressing protein aggregation. Our synthesised APR copolymer was 

found to be able to significantly delay the onset of lysozyme aggregation and 

the amount of final protein aggregate. 

In the following Chapter, we extended our approach from specific APRs to more 

generic, hydrophobic, oligomers containing amino acid-like moieties, which 

were block-copolymerised with hydrophilic monomer N-

hydroxyethylacrylamide. The resulting block copolymers were tested on 

different proteins. Block copolymers incorporating indole oligomers as 

hydrophobic block could successfully prevent the aggregation of bovine 
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pancreatic insulin and the antimicrobial peptide IDR 1018. The stabilising effect 

was ascribed to the hydrophobic interactions that indole, as tryptophan side 

chain, can establish with proteins hydrophobic residues.  

Encouraged by these results, in Chapter 4 we evaluated these indole oligomers 

as potential delivery systems for peptide IDR 1018. Controlled self-assembly of 

these oligomers was achieved by nanoprecipitation into nanoparticles of size 

between 300 and 400 nm and narrow polydispersity. IDR 1018 was 

conveniently ion paired with antimicrobial molecule usnic acid, obtaining a 

hydrophobic complex between the two molecules that was successfully 

incorporated into the indole-based nanoparticles.  

In chapter 5, cholanic acid was incorporated into a RAFT agent which was used 

to mediate the polymerization of N-hydroxyethylacrylamide. The resulting 

cholanic-polyacrylamides were tested as protein complexing agents on using 

bovine serum albunin and bovine pancreatic insulin as model proteins. Protein 

complexation was successfully achieved through non-covalent hydrophobic 

interactions between cholanic acid and hydrophobic patches on proteins. 

Finally, in Chapter 6, we investigated non-covalent, hydrophobic interactions 

between the small hydrophobic dye Nile Red and different linear and multi-arm 

glycopolymers, synthesised by a former PhD student within our group. 

Interestingly, we found the dye incorporation to be reversible, and driven by 

dye molecule-single polymer chain interactions, suggesting that the polymers 

may act as unimolecular micelles instead of high-order supramolecular 

assemblies. 
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To conclude, results show that some of the different polymeric materials 

prepared during this PhD act on proteins with stabilising effects, developed 

through non-covalent, hydrophobic interactions that these materials can 

establish with proteins. It has been proven that generic hydrophobic blocks, 

derived from specific amino acids naturally involved in proteins-β-sheet 

breakers interactions, can be used to interact with a wider range of proteins. 

Their incorporation into amphiphilic block copolymers appears necessary to 

improve their solubility. 

7.2. Future directions 

More studies would be needed to evaluate these non-covalent stabilisers on a 

wider range of proteins. The stabilising effects may vary according to the 

protein tested. More tests should be conducted on commercialised 

biotherapeutics, such as, for example, antibodies. As mentioned in Chapter 1, 

various Aggregation Prone Regions have been identified on commercialised 

antibodies. These APRs could be a potential target of our INDm-b-HEAn 

copolymers. 

Moreover, further studies are required to elucidate any alteration that these 

materials may induce on proteins structure. Even though aggregation is 

prevented, the non-covalent interactions observed may still induce changes in 

proteins native conformations, with subsequent loss of proteins functionality. 

The self-assembly behaviour displayed in Chapter 4 by hydrophobic indole 

oligomers suggests a potential application of these oligomers as carriers for the 

delivery of not only therapeutic proteins, but also small hydrophobic drugs. 
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More antimicrobial tests are currently ongoing with ion paired, encapsulated 

antimicrobial peptide IDR 1018, to confirm the applicability of this delivery 

system on Salmonella infected macrophages. Repetitions of Loading and 

controlled release experiments will also be performed. Finally, the ability of 

cholanic polymers to induce protein complexation suggest their potential use 

for protein targeted intracellular delivery. Further experiments are planned for 

the targeted delivery of fluorescent insulin using a mannosylated, fluorescent 

cholanic polyacrylamide. 
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