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Abstract 

The physical barrier posed by the plasma membrane greatly restricts the 

potential of intracellular delivery of macromolecules. Currently available delivery 

methods suffer from various limitations, including low delivery efficiency or high 

cytotoxicity. To overcome these issues, stimuli-responsive polymers such as the 

bio-inspired, pH-responsive PP50 polymer, comprising a poly-L-lysine 

isophthalamide backbone with hydrophobic L-phenylalanine grafts can be used. 

In mildly acidic environments, PP50 can permeabilise the cell membrane 

overcoming the problem of payload entrapment in the endosomes and allowing 

for efficient delivery of molecules into the cell interior.  

The work presented herein demonstrates that PP50 is capable of delivering 

various macromolecular payloads in vitro, such as different-sized dextrans, 

green fluorescent protein and the apoptotic peptide Bim by simple co-incubation 

with the desired cargo at pH 6.5. The delivery process was fast, non-toxic and 

compatible with multiple cell lines tested, including adherent and suspension 

cell lines, primary human mesenchymal stem cells as well as cells grown as 

spheroids. In addition, peptide delivery by co-incubation with PP50 was at least 

3 times more effective than delivery using other common delivery methods, 

including poly(ethyleneimine), cell penetrating peptides and electroporation. 

In addition, novel conjugates of PP50 and different model and functional 

payloads were developed using a cleavable crosslinker to enable in vivo 

delivery and release. Model fluorescent payloads such as a peptide-sized PEG 

and green fluorescent protein were delivered to HeLa cells following conjugation 

with PP50. Finally, Bim conjugated to PP50 was shown to retain its apoptotic 

effect in vitro and was demonstrated to be non-immunogenic and well tolerated 

in a mouse model and exhibited preferential tumour accumulation. 

Our findings suggest that PP50-mediated payload delivery is a versatile method 

allowing delivery of various payloads to many different cell lines and can find 

many potential uses both in vitro and in vivo. 
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Thesis outline 

The work presented within this thesis is divided into seven chapters which are 

outlined below: 

Chapter 1 discusses the challenges and opportunities for intracellular delivery 

of macromolecules. Different delivery strategies are described, including 

physical methods as well as biological and chemical delivery agents. The 

bioinspired, pH-responsive PP-family polymers are introduced and proposed as 

delivery agents 

Chapter 2 describes the materials and methods used in the subsequent 

chapters. Synthesis and modification of the PP50 as well as conjugation of the 

polymer to a number of model and functional payloads is presented. The 

methodology behind both, the cell-based and in vivo studies aiming to illustrate 

the versatility of PP50-mediated delivery are described. 

Chapter 3 aims to discuss the mechanisms underlying PP50-mediated delivery 

to mammalian cell using the co-incubation strategy. The interaction between the 

polymer and the membranes of ovine erythrocytes, which serve as simplified 

models of more complex cells, is first studied. This is followed by the analysis of 

the intracellular fate of the polymer in HeLa cells and of the PP50-mediated 

delivery of a large, fluorescent dextran to these cells. In addition, the delivery 

process is characterised as a function of various parameters, including 

treatment time, payload and polymer concentration and the environmental pH. 

Chapter 4 describes the investigation into the versatility of PP50-mediated 

delivery by co-incubation with the payload. Different cell types and payload with 

different molecular weight and properties are used. Delivery to 3D multicellular 

spheroids is also examined. Finally, PP50-mediataed delivery of an apoptotic 

peptide is compared to the delivery using other common delivery methods. 

Chapter 5 discusses the grafting of the cleavable crosslinker PDPH onto PP50, 

followed by conjugation of payloads of various size. PP50-mediated delivery of 

a short polymer, green fluorescent protein and antibody to HeLa cells 

conjugated onto the polymer is investigated.  



31 
 

Chapter 6 describes the conjugation of the apoptotic peptide Bim to PP50, 

followed by in vitro testing of the conjugate potency at tumour-like pH. The 

conjugates are also tested for potential immunogenicity in vitro and tolerability 

in a mouse model, followed by visualisation of their biodistribution. 

Chapter 7 summarises the findings of this thesis and presents potential future 

work opportunities 
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1. Chapter 1 - Introduction 

 

1.1 Introduction – stimulus-responsive polymers as 

delivery agents 
 

Intracellular delivery of exogenous molecules, particularly macromolecules, 

remains a challenge (Khalil et al., 2006; Stewart et al., 2016b). This is because 

of the difficulty of overcoming the barrier posed by the plasma membrane, which 

completely inhibits or greatly limits the ability of large molecules to traverse to 

the cell interior. There exists, therefore, a large number of potential applications 

for a novel method which would enable intracellular delivery of macromolecular 

cargo, including both in vitro/ex vivo as well as in vivo settings. 

 

Successful in vitro and ex vivo delivery of macromolecular cargo, such as 

peptides, proteins, nucleic acids and nanoparticles, to the cytosol and the 

nucleus of various cell types, including hard-to-transfect immune system and 

stem cells, would enable many potential uses in various fields. These include (i) 

modulation of gene expression and gene editing by delivery of nucleic acids, 

transcription factors or Cas9, (ii)  screening of protein and peptide libraries 

without the necessity for DNA transfection, (iii) labelling of proteins and 

organelles using intracellular probes (iv) modelling of disease mechanisms and 

phenotypic analysis, (v) delivery of antibodies or antibody fragments with 

intracellular targets, (vi) production of pluripotent stem cells and (vii) cell-based 

therapy, among others (Kim et al., 2009a; Rajendran et al., 2010; Yoo et al., 

2011; Marschall et al., 2014; Kollmannsperger et al., 2016; Stewart et al., 

2016b). 

In addition, intracellular delivery in vivo has an enormous therapeutic potential, 

especially in the field of cancer. Cancer is one of the leading causes of morbidity 

and mortality worldwide, with people living in developed countries having a 40% 

chance of developing some form of cancer in their lifetime (Sasieni et al., 2011). 

Despite the wide prevalence of cancer, its treatment and survivability still 

remains unsatisfactory (Siegel et al., 2017). The most prevalent forms of cancer 
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therapy include invasive surgery, radiotherapy and chemotherapy. Small 

molecule drugs used in chemotherapy are well known for their side effects 

arising from their cytotoxicity as well as inefficient and non-specific distribution 

in the bloodstream (Speth et al., 1988; Imai and Takaoka, 2006; Zhang et al., 

2009; Pérez-Herrero and Fernández-Medarde, 2015). In order to increase the 

effectiveness of cancer therapy and to counteract the invasiveness and toxicity 

of the currently used methods, a group of novel, biologically derived and highly 

specific therapeutic macromolecules have been developed. Such 

biopharmaceuticals include proteins (antibodies, antibody fragments, 

hormones, enzymes) as well as nucleic acids (DNA, therapeutic RNA, siRNA) 

(Dincer et al., 2005; Jozala et al., 2016; Moorkens et al., 2017). Despite their 

impressive therapeutic potential and effectiveness in targeting extracellular 

sites, biomacromolecules have very limited clinical use as modulators of 

intracellular pathways due to the difficulty of their transport across the plasma 

membrane (Guillard et al., 2015). Therefore, there is an urgent need for a drug 

delivery agent capable of transporting different sized therapeutic payloads to 

desired intracellular sites in in vivo settings, ensuring their stability as well as 

precise targeting, release and accumulation in diseased tissues. 

Stimuli-responsive, “smart”, polymers are capable of sensing and responding to 

an external stimulus by undergoing a change in their structure and/or properties 

(Wei et al., 2017). Such stimuli include a wide number of physical and chemical 

conditions, such as temperature, pH, ionic strength, and light, and may lead to 

alteration of the polymer conformation, phase, hydrophobicity and other 

properties. Stimuli responsive polymers are a promising drug delivery agent and 

have received a lot of attention in the field of nanomedicine research 

(Schmaljohann, 2006; Hrubý et al., 2015; Baudis et al., 2014; Wei et al., 2017) 

The wide variety and plasticity of polymers offers a number of potential uses 

and applications, including as dissolved free polymers, hydrogels, micelles, 

polymers grafted or adsorbed to other structures and polymers conjugated to 

various therapeutic molecules (Hoffman, 2013). 

One of the most promising groups of smart polymers are pH responsive 

polymers, which have been designed to take advantage of the pH gradients 

present in the cell as well as in the microenvironment of tumours, and could 
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significantly improve delivery of biomacromolecules to the cell interior 

(Eccleston et al., 2000). Of particular interest are pH gradients associated with 

internalisation of extracellular particles, including therapeutic molecules, via the 

endosomal pathway. The process of maturation of endosomal vesicles, 

following uptake of foreign molecules, is associated with progressive 

acidification of the endosome interior, ultimately leading to fusion with 

lysosomes and degradation of the engulfed cargo  (Eccleston et al., 2005).  

pH-responsive polymers are capable of overcoming intracellular delivery 

barriers and facilitating endosomal escape and intracellular delivery of 

macromolecules. These polymers contain ionisable groups which cause the 

polymer to undergo a conformation change in decreasing pH conditions (Dincer 

et al., 2005; Chen et al., 2009c). Non-active at physiological pH, these polymers 

gain membrane disruptive abilities as environmental pH drops, due to a change 

in the hydrophobic/hydrophilic balance and polymer structure. This reversible 

shift allows for permeabilisation of endosome membrane and release of the 

endocytosed material to the cytosol (Figure 1-1) (Eccleston et al., 2005). 

Additionally, the acidic extracellular microenvironments of tumours, ranging 

between pH 6.5-7.2 (compared to physiological pH 7.4) might also be exploited 

to aid membrane permeabilisation and controlled drug delivery (Vaupel et al., 

1989; Junttila and de Sauvage, 2013; Kanamala et al., 2016). The mildly acidic 

tumour environment can be also mimicked in vitro to activate pH-responsive 

polymers in the extracellular space and promote membrane permeabilisation 

(Lynch et al., 2011), which could be used for in vitro and ex vivo cell modification 

and engineering via delivery of various macromolecular payloads. 

The aim of this chapter is to provide an overview of approaches to delivery of 

macromolecular payloads using various methods. Extracellular and intracellular 

barriers to successful delivery of payloads are discussed, and the potential 

mechanisms of translocation through the plasma membrane are explored in 

more detail. Various physical and chemical/biochemical delivery methods are 

mentioned, with a special focus given to anionic, pH responsive polymers, such 

as the PP-polymers (Chen et al., 2009a).  Finally, specific methodology of 

payload delivery using PP-polymers is described. 
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Figure 1-1. The mechanism of controlled drug delivery using pH responsive polymers. The 

polymer-drug conjugate (or mix) is internalised by endocytosis. Acidification of early endosomes 

leads to change of hydrophobic/hydrophilic balance of the polymer, enabling it to become 

membrane disruptive. This leads to release of the drug into the cytosol and its further diffusion 

to the site of action (e.g. the nucleus). Membrane disruption of early endosomes prevents their 

maturation to late endosomes and fusion with lysosomes, where the engulfed cargo would have 

been degraded by hydrolytic enzymes. Based on (Plank et al., 1998). 

 

1.2 Challenges for intracellular delivery 
 

Delivery of therapeutic, membrane-impermeable substances to the desired 

sites is a complex process involving the need to overcome a number of barriers, 

both extra- and intracellular. Depending on the application, this can involve 

transportation to the targeted organ or tissue, passing through the plasma 

membrane, and trafficking to the appropriate intracellular compartment. 
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1.2.1 Extracellular barriers 
 

1.2.1.1 Systemic barriers and targeted delivery 
 

One of the main problems facing delivery of drugs and use of delivery agents in 

vivo is their rapid clearance from the body. This can be caused by renal 

elimination and/or the immune system (including Mononuclear Phagocyte 

System or MPS): 

 Glomerular filtration in the kidneys might lead to removal of drugs and drug 

carriers from the bloodstream. In order to avoid premature renal clearance, the 

molecular weight of the delivery agents should be higher than the molecular 

weight cut-off for renal filtration, i.e. 30-50 kDa (Harris and Chess, 2003; 

Duncan, 2006; Yu and Zheng, 2015). 

 MPS consists mostly of macrophages, whose role is elimination of foreign 

particles from the body, such as drug delivery agents. Foreign materials can be 

removed from circulation by organs such as liver and spleen. In order to avoid 

elimination by MPS, drug delivery agents should be hydrophilic and smaller than 

100 nm (Adams et al., 2003; Brannon-Peppas and Blanchette, 2004; Owens 

and Peppas, 2006; García et al., 2014; Liu et al., 2017b). 

In addition, low stability of the therapeutic substances and delivery agents might 

lead to loss of functionality (Pack et al., 2005). These potential issues need to 

be addressed during early development and investigation of pharmacokinetics 

and dynamics, in order to ensure sufficient levels of distribution and 

accumulation at the target site. One phenomenon which might facilitate passive 

targeting of tumour sites is the Enhanced Permeability and Retention (EPR) 

effect, which relies on the fact that hypervascularisation and aberrant vascular 

architecture of solid tumours leads to an enhanced permeability to various micro 

and macromolecules (Maeda et al., 2009; Greish, 2010; Nakamura et al., 2016; 

Nel et al., 2017). 

Another strategy which can aid localisation of the drugs and delivery agent to 

the tumour site and prevent their passive diffusion in the blood stream is the use 

of targeted delivery. A number of potential molecules with high affinity for 

extracellular targets on cancer cells could be used, including biomolecules such 
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as immunoglobulin antibodies as well as antibody fragments and mimetics, 

including fragment antigen-binding (Fab’), designed ankyrin repeat proteins 

(DARPin) and single-chain variable fragments (scFv) (Nelson, 2010; Zahnd et 

al., 2010; Kikuchi et al., 2017; Fiedler et al., 2018). Conjugation of high affinity 

targeting ligands to delivery agents could stimulate active targeting via 

enhanced membrane binding or receptor-mediated endocytosis. One of the 

most studied and promising target for high affinity ligands is the transmembrane 

receptor tyrosine-protein kinase erbB-2, encoded by human epidermal growth 

factor 2 (HER2) gene, which is over-expressed in up to 30% of invasive breast 

carcinomas (Slamon et al., 1989; Scott et al., 1993). This biomarker, associated 

with aggressive metastasis, is targeted by the monoclonal antibody 

Trastuzumab (Herceptin), developed by Genentech and widely used in the 

clinical settings (Garnock-Jones et al., 2010). HER2-positive cancers could also 

be targeted by special DARPins, generated to target this receptor and allowing 

specific delivery of drugs (Stumpp et al., 2008; Siegler et al., 2017). Compared 

to full size antibodies and other antibody fragments, DARPins are especially 

good candidates for this task due to their high stability and small size (14 or 18 

kDa), which reduces the risk of altering membrane properties of delivery agents, 

which could be the case if larger targeting ligands were used. Another potential 

antigen which could be used for targeting is the folate receptor, which is 

overexpressed in some ovarian, breast and lung cancers (Cheung et al., 2016). 

Ligand-attached macromolecules display a number of advantages, such as high 

specificity for cancer cells and improved cellular uptake. However, the “binding 

site barrier” effect has been described, whereby delivery agents possessing 

ligands actively targeting receptors on tumour cells bind to the tumour periphery 

only due to strong receptor-ligand interactions, preventing further tumour 

penetration (Saga et al., 1995). In addition, receptors can been expressed in a 

heteregoneous manner between different individuals, tumour types or even 

different stages of the same tumour, which is another difficulty for ligand-

assisted active targeting (Chen et al., 2017). 
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1.2.1.2 Tumour microenvironment barriers 
 

The penetration of the tumour tissue poses another barrier for drug delivery. 

The tumour microenvironment possesses a number of characteristics which can 

prevent efficient diffusion of drugs and delivery agents to deep tissue and thus 

need to be considered when designing cancer therapeutics (Hatakeyama et al., 

2006; Chen et al., 2017). The main types of such barriers and ways to address 

them are described in Table 1-1. 

 

Table 1-1. Tumour barriers for drug delivery. 

 

Barrier Possible strategy to overcome it / use it 

to the advantage of drug delivery 

Extracellular matrix – dense matrix 

can inhibit particle diffusion in the 

tumour (Kuppen et al., 2001) 

Treatment with collagenase (Kuhn et al., 

2006) 

Co-infusion with hypertonic buffer (Neeves 

et al., 2007)  

Abnormal angiogenesis – leads to 

uneven vasculature and blood flow 

and the high interstitial fluid pressure 

(IFP) effect (Jain, 2001; Junttila and de 

Sauvage, 2013) 

Angiogenesis therapy targeting the vascular 

endothelial growth factor (VEGF) (Tong et 

al., 2004; Zarrabi et al., 2017) 

Mildly acidic extracellular pH – 

arises due to the “Warburg effect”, can 

affect drug permeability by causing 

increased polarity or charge (Gerweck 

et al., 1999; Mahoney et al., 2003; 

Vander Heiden et al., 2009) 

Encapsulation into pH-sensitive 

nanoparticles (Koren et al., 2012) 

Use of pH-responsive drug delivery agents  

(Sawant et al., 2012; Khormaee et al., 2013) 

Hypoxic core - due to insufficient 

oxygen supply in areas which are 

distant from blood vessels; can impart 

partial resistance to therapies and 

immune system evasion (Cairns et al., 

2006; Facciabene et al., 2011; Wilson 

and Hay, 2011) 

Hypoxia-specific targeting 

Use of hypoxia-sensitive prodrugs 

(Harada et al., 2005; Thambi et al., 2016) 
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Upregulation of extracellular 

enzymes - such a metalloproteinases, 

peptidases and lipases, which degrade 

the extracellular matrix and promote 

metastasis (Egeblad and Werb, 2002; 

Chen et al., 2017) 

Downregulation of enzyme expression 

(Chetty et al., 2008)  

Use of enzyme-sensitive delivery systems 

(Zhu et al., 2012; Wei et al., 2016)  

 

Various drug delivery systems have been developed which aim to take 

advantage of the listed unique characteristics of the tumour microenvironment 

and use them as a stimulus to enable drug delivery either at the site of the 

tumour or directly into the interior of tumour cells (Kim et al., 2010; Thambi et 

al., 2014; Chen et al., 2017). Of main interest to the current work are pH-

sensitive delivery agents. These include pH-sensing peptides and polymers 

relying on a pronation/deprotonation mechanism for plasma membrane 

destabilisation and internalisation, use of acid-labile crosslinkers for conjugation 

of drugs and delivery agents as well as drug masking, shielding or 

encapsulation in pH-sensitive complexes (He et al., 2013; Kanamala et al., 

2016). 

Despite a number of proposed solutions for utilising the mildly acidic 

extracellular tumour pH as the trigger to facilitate drug delivery, the focus has 

been on delivery of small molecule anticancer drugs, such as Doxorubicin and 

Paclitaxel, and progress remains to be made in the area of delivery of mac 

romolecular payloads (He et al., 2013; Jain et al., 2015; Wang et al., 2017). 

 

1.2.2 Cellular barriers and membrane permeabilisation 

strategies 
 

Intracellular delivery of therapeutic agents both in vitro and in vivo requires 

overcoming the barrier posed by the presence of a bilayer lipid membrane in all 

cells. Endocytosis is the most common cellular mechanism for internalisation of 

nanomaterials and large payloads (Iversen et al., 2011; Oh and Park, 2014) . 

There exist two major types of endocytosis: phagocytosis and pinocytosis, 

consisting of two general steps: encapsulation of an extracellular particle into a 
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membrane-derived intracellular vesicle (i.e. the endosome) and further 

trafficking of the endosome within the cell, leading to the ultimate degradation 

of its content in the lysosome (Christie and Grainger, 2003; Blanco et al., 2015). 

Since phagocytosis involves encapsulation of relatively large particles, such as 

pathogenic micro-organisms, it is not directly applicable to drug delivery 

(Swanson, 2008; Sarantis and Grinstein, 2012). 

Pinocytosis is the other general category of endocytosis, which is utilised by the 

cell to internalise solutes and fluids, including proteins and lipids, with the aim 

of digesting and recycling them in the biosynthesis processes (Duncan and 

Richardson, 2012). Pinocytosis can be divided into, clathrin-dependant 

endocytosis, caveolin-dependant endocytosis, clathirn- and caveoiln-

independent endocytosis as well as macropinocytosis, which is used primarily 

for non-selective uptake of fluids (Mukherjee et al., 1997; Mayor and Pagano, 

2007; Mayor et al., 2014; Kaksonen and Roux, 2018). The different endocytosis 

pathways are illustrated in Figure 1-2. 

Clathrin-dependant endocytosis is a pinocytic pathway which relies on formation 

of pits in the plasma membrane coated with clathrin, enabling internalisation of 

extracellular molecules, such as growth factors and transferrin. In order to 

initiate the assembly of clathrin on the cytosol side, activation of appropriate 

transmembrane receptors present at specialised sites on the plasma membrane 

must take place. Following invagination and detachment from the plasma 

membrane, clathrin-coated vesicles uncoat and fuse to form early endosomes 

(Wendland, 2002; Mousavi et al., 2004; Mettlen et al., 2018). 

Caveolin-dependant endocytosis relies on formation of caveolae (flask-shaped 

pits utilising caveolin proteins) in the plasma membrane after appropriate ligand 

activation, which, similarly to clathrin-dependant endocytosis, is followed by 

invagination, detachment from the plasma membrane and migration into the 

cytosol to form the early endosome (Parton and Simons, 2007; Chaudhary et 

al., 2014). 

The process of endosome maturation is characterised by rapid and progressive 

acidification, from pH 7.4 (physiological) to pH 6.8-6.0 (early endosomes), 

followed by a further influx of protons via ATP-dependant proton pumps, causing 
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the pH level to drop to 6.0-5.0, which is characteristic of late stage endosomes. 

Normally, late endosomes fuse with lysosomes, where low pH (5.5-4.5) 

stimulates and promotes the action of lytic proteases leading to degradation of 

the endocytosed cargo (Authier et al., 1996; Mellman, 1996; Pack et al., 2005; 

Oh and Park, 2014). Alternatively, trafficking to other organelles, such as the 

Golgi apparatus, can also take place (Mukherjee et al., 1997; Hu et al., 2015; 

Xue et al., 2017). 

 

 

 

 Figure 1-2. Different types of endocytosis. Source: Mayor and Pagano (2007). 

Entrapment and accumulation of therapeutic payloads in maturing endosomes, 

leading to their enzymatic degradation in lysosomes, would greatly reduce the 

efficiency of many biopharmeceutical-based courses of treatment. Thus, the 

escape of internalised payloads from endosomal space and their release into 

the cytosol are necessary (Varkouhi et al., 2011; El-Sayed et al., 2005; Stewart 

et al., 2016a). An exception to this are some antibody-small molecule drug 

conjugates, which rely on lysosomal degradation of the carrier antibody for drug 

release (Chalouni and Doll, 2018). 

To solve the problem of endosomal entrapment, several strategies can be 

adopted, including (Plank et al., 1998): 
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 Disruption of early endosomal membrane resulting in release of the 

endocytosed material to the cytosol. The idea of “hijacking” the endocytosis 

pathway for cellular delivery was first proposed by de Duve et al. (1974). A more 

novel concept involves usage of pH responsive polymers capable of disrupting 

endosomal membrane prior to the lysosomal degradation of the engulfed cargo. 

As a result, payloads are delivered to the cytosol where they can interact with 

various intracellular molecules. One issue associated with this approach is that 

while some of the endocytosis pathways described above are present in all 

cells, others are specific to certain cell types or tissues (Duncan and Richardson, 

2012). For example, caveolin-mediated endocytosis might be more common in 

endothelial cells and smooth-muscle cells (Parton and Simons, 2007). This 

could lead to a decreased delivery efficiency if the delivery agent used relies 

mostly on this type of endocytosis for internalisation. For this reason, 

endocytosis should be studied in a number of different cell lines when 

developing new drug carriers in order to obtain a good understanding and 

control of membrane permeabilisation by endocytosis. This can be achieved by 

e.g. blocking specific endocytotic pathways (Vercauteren et al., 2010; Dutta and 

Donaldson, 2012; Elkin et al., 2016). Endosomal escape using pH responsive 

cargo delivery agents will be discussed in more detail later. 

 

 Direct plasma membrane penetration, in which the endosomal-lysosomal 

pathway is bypassed, is another mechanism which could be of interest for 

intercellular delivery of macromolecules. Direct membrane permeabilisation by 

formation of pores can be achieved by a large number of physical methods, 

which will be described later. Chemical, biochemical and biologically-derived 

delivery agents have also been used for cargo delivery using this approach. 

Normally, direct penetration achieved by such agents has been only viable for 

delivery of small molecules and macromolecules not exceeding a couple of 

nanometers in size, as they do not lead to detrimental and irreversible disruption 

of membrane integrity (Goda et al., 2010). An exception to this are phospholipid 

based polymers, which mimic the chemical composition of phospholipids in the 

plasma membrane. As reported by Goda et al. (2010), those synthetic polymers 

with average size of 10 nm can pass through the plasma membrane even when 

the energy dependant endocytosis mechanisms are blocked. Another group of 
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molecules possessing the ability to pass the plasma membrane directly are 

arginine rich cell penetrating peptides (CPPs) (Hirose et al., 2012; Brock, 2014). 

The precise mechanism by which such peptides penetrate the plasma 

membrane remains unknown and could vary depending on various parameters, 

however, it might involve formation of multivesicular structures on the 

membrane, leading to its topical inversion and peptide translocation into the 

cytosol. The efficiency of this process might be increased by conjugation of 

hydrophobic residues onto the peptides (Hirose et al., 2012). 

Direct membrane penetration can also be achieved by fusion of delivery agents 

(such as liposomes) with plasma membrane, leading to cargo release directly 

into the cytosol. Alternatively, transient plasma membrane permeabilisation 

using electroporation can be used, but is impractical for organism-wide drug 

delivery (Plank et al., 1998; Venslauskas and Satkauskas, 2015). 
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1.3 Delivery strategies  
 

A large number of intracellular delivery strategies have been developed to 

overcome the barriers outlined above in both in vitro and in vivo scenarios. The 

delivery methods which are employed currently are often divided into physical 

and chemical/biochemical as shown in Table 1-2 and Table 1-3. 

 

Table 1-2. Novel and commonly used physical methods for intracellular delivery. Modified from 

(Stewart et al., 2016b). 

 

Type Method Reference 

M
ec

h
an

ic
al

 

Fluid shear (Hallow et al., 2008) 

Squeezing (Kollmannsperger et al., 2016) 

Cavitation (Prentice et al., 2005) 

Osmotic (Borle and Snowdowne, 1982) 

Impact and scraping (McNeil, 1988) 

Nanoneedles (Timothy et al., 2003) 

Microinjection (Capecchi, 1980) 

Ballistic particles (Klein et al., 1987) 

Sonoporation (Tomizawa et al., 2013) 

O
th

er
 

Optoporation (Tsukakoshi et al., 1984) 

Thermal (He et al., 2006) 

Electroporation (Chen et al., 2006) 
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Table 1-3. Novel and commonly used biochemical methods for intracellular delivery. Modified 

from (Stewart et al., 2016b). 

Type Method Reference 

B
io

in
s
p

ir
e
d

 
Pore forming agents and 

detergents 

(Gurtovenko et al., 2010; 
Bischofberger et al., 

2012) 

Ghost cells 
(Schoen and Machluf, 

2016) 

Viral vectors (Thomas et al., 2003) 

Ligand conjugates (Yoo et al., 2011) 

Cell penetrating peptides (Guidotti et al., 2017) 

Extracellular vesicles (Vader et al., 2016) 

N
a
n
o
te

c
h
n
o

lo
g
y

 Nanotubes (Heller et al., 2005) 

Lipid nanocarriers 
(Gilleron et al., 2013; 
Chatin et al., 2015) 

Inorganic nanocarriers (Derfus et al., 2004) 

Polymer nanocarriers (Yoo et al., 2011) 

 

 

1.3.1 Physical methods 
 

Physical delivery methods rely on temporary membrane disruption using 

physical factors, such as mechanical contact, squeezing, microfluidic stress, 

electric field, laser beam, cavitation or thermal heat (Stewart et al., 2016b). 

Membrane disruption must be impactful enough to allow the delivery of the 

payload of interest but not significant enough to prevent the cell from repairing 

itself post-treatment – a balance which can prove difficult to achieve and often 

resulting in high cell death as a side effect of cargo delivery using physical 

methods. Due to their nature, most physical methods are currently limited for in 

vitro delivery only. Payload delivery by electroporation, sonoporation and 

microfluidics-aided cell squeezing, which are some of the most successful or 

promising physical delivery methods, are described in more detail below. 
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1.3.1.1 Electroporation 
 

Electroporation is a method of permeabilising the plasma membrane using an 

electric field (Chen et al., 2006). The method relies on the application of very short 

(micro – to millisecond) electric pulses to a sample containing cells mixed with 

the desired payload. This has an effect of producing a high transient trans-

membrane potential which in turns leads to the rearrangement of the membrane 

structure induced by penetration by water molecules and formation of pores. The 

pore formation enhances ionic and molecular trafficking through the plasma 

membrane.   

Electroporation has been extensively used for many years enabling, among 

others, efficient intracellular delivery of nucleic acids into a wide range of cells 

(Young and Dean, 2015), CRISPR/Cas9 delivery to mouse zygotes (Teixeira et 

al., 2018) and  protein delivery to mammalian cells grown in adherent culture 

(Deora et al., 2007). 

Electroporation, however, is often associated with high cell death as a side 

effect of the harsh treatment with the electric field which can lead to irreversible 

damage to the membrane (Yarmush et al., 2014). In addition, electroporation 

has limited uses for delivery to organs and tissues, due to the difficulty of 

application of the electric fields via invasive methods and the fact that cells of 

different shape or type within tissues would be affected by the applied electric 

field nonhomogenously, which can lead to uneven or incomplete transfection 

(Miklavcic et al., 2000; Ayuni et al., 2010; Kotnik et al., 2015). 

 

1.3.1.2 Sonoporation 
 

Sonoporation for intracellular delivery applications relies on using ultrasound to 

permeabilise the plasma membrane (Tomizawa et al., 2013; Shapiro et al., 

2016). Payload delivery by sonoporation is often enhanced by usage of 

microbubbles consisting of a gas core and a shell composed of polymers, 

proteins or lipids with stabilising properties. Microbubble movement combined 

with oscillating fluctuations induced by low acoustic pressure and ultrasonic 

radiation can induce interaction with the membrane leading to endocytosis (Lu 
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et al., 2003; Watanabe et al., 2010; De Cock et al., 2015; Shapiro et al., 2016). 

High acoustic pressure amplitudes, in contrast, can lead to microbubble 

collapse, which causes shear stress and the induction of spatiotemporal pores 

in the plasma membrane, which is thought to be another mechanism enabling 

payload delivery using this approach. Microbubble-enhanced sonoporation has 

been shown to aid delivery of naked DNA resulting in efficient gene transduction 

(Lu et al., 2003)  

Microbubbles can be functionalised to target a specific population of cells and 

to carry a payload (Kaufmann and Lindner, 2007). Along with the ability to 

control and localise ultrasound, this allows for systemic application of 

microbubbles and their activation in the region of interest, including deep 

tissues, with no evidence of tissue damage. This, therefore, has potential 

applications in the fields of diagnostics or in vivo gene therapy (Shapiro et al., 

2016). 

 

1.3.1.3 Microfluidics-aided cell squeezing 
 

Microfluidics is a relatively new method of payload delivery which utilises 

controlled flow through microchannels to cause temporary membrane disruption 

induced by shear stress (Hallow et al., 2008) or by passing the cell through 

narrow constrictions (squeezing) (Sharei et al., 2013). Delivery by microfluidics-

aided cell squeezing in particular has received a lot of attention lately (Szeto et 

al., 2015; Li et al., 2017). In this method cells are mechanically deformed while 

they move through channels which are 30 to 80% more narrow than the cell 

diameter, which results in rapid membrane deformation and formation of transient 

pores in the plasma membrane, enabling diffusion of payloads present in the 

buffer at the time of the procedure.   

Microfluidics-aided cell squeezing has been used to deliver payloads within the 

size range of 3 to 2,000 kDa, including proteins, nucleic acids and nanoparticles 

such as quantum dots and carbon nanotubes (Saung et al., 2016). In addition, 

cell squeezing was used to deliver imaging probes for protein labelling in live cells 

at nanomolar concentrations of the payload, allowing for precise super-resolution 

imaging (Kollmannsperger et al., 2016). 
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Membrane disruption using microfluidic methods can also be combined with 

electroporation (Ding et al., 2017). In this approach, cell suspension containing 

plasmid DNA is squeezed through narrow constrictions leading to membrane 

permeabilisation, followed by a treatment with electric field, which was shown to 

disrupt the nuclear envelope and allow cytosolic and nuclear delivery of the cargo. 

The throughput for cell transfection using this method was up to millions of cells 

per minute.  

All intracellular delivery methods which rely on pore formation have a potential of 

inducing cell death due to their enabling of bidirectional movement of molecules 

across the plasma membrane which can cause an irreparable loss of cellular 

haemostasis. In the case of cell squeezing, the time required for membrane 

healing post-permeabilisation was between 30s to 5 minutes (Kollmannsperger 

et al., 2016). The resulting cell viability appeared to vary between cell and payload 

type, reaching 90% for delivery of dextran to HeLa cells but only 56% for delivery 

of antibody to T cells. In addition, repeated delivery was shown to result in 

significant loss of viability (Sharei et al., 2013; Sharei et al., 2014). Other 

associated problems include clogging, which limits throughput, scalability issues, 

potential high initial cost and the inability to deliver to cells grown as adherent 

cultures or as 3D multicellular spheroids.  

 

1.3.2 Chemical and biological delivery agents 
 

Chemical, biological or bio-inspired compounds can be used as drug delivery 

agents. A successful drug delivery agent needs to be soluble in aqueous 

solutions as well as non-toxic and non-immunogenic. In therapeutic 

applications, it would ideally be able to improve drug efficacy and stability, 

enabling precise and targeted delivery. Furthermore, following drug release, the 

agent needs to be safely degraded or excreted from the cell or the body to avoid 

potentially harmful accumulation.  

Different types of commonly used chemical, biological and bio-inspired delivery 

agents include viral vectors, liposomes, exosomes, cell penetrating peptides 

(CPPs) and polymers (Torchilin, 2014). They are discussed below. 
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1.3.2.1 Viral vectors 
 

Viral vectors and virus-like particles have been extensively studied for 

applications in delivery of nucleic acids in gene therapy as they excel at efficient 

intracellular and nuclear delivery of genetic material (Davidson and Breakefield, 

2003; Yoo et al., 2011). The most commonly used viruses for transduction 

include adenoviruses, adeno-associated viruses, retroviruses and  lentiviruses, 

which are derived from human viral pathogens and can infect a wide spectrum 

of cell types (David and Doherty, 2017).  Despite this, the clinical usefulness of 

viral-based delivery systems remains low. This is due to the potential safety 

issues associated with the immunogenicity and genotoxicity of viral vectors 

which can arise due to insertional mutagenesis, promoter activation and 

upregulation of cellular proto-oncogenes (Knight et al., 2013; David and 

Doherty, 2017). 

 

1.3.2.2 Lipid-based drug delivery agents 
 

Liposomes are self-assembled, closed spherical vesicles, composed of 

concentric lipid layers. The lipid bilayer of liposomes is made up of either 

synthetic or natural phospholipids (Allen and Cullis, 2013). The liposome interior 

as well as the space between the lipid bilayer is aqueous and hydrophilic. The 

amphiphilic nature of liposomes enables entrapment of both hydrophilic and 

hydrophobic drugs – the former encapsulated within the interior of the vesicle, 

and the latter loaded in the lipid bilayer membrane (Torchilin, 2005; Benvegnu 

et al., 2009; Alavi et al., 2017). 

Liposomes have a number of advantages. Since they can be prepared using 

natural lipids, liposomes are biocompatible and exhibit low toxicity to tissues. 

Furthermore, they can adsorb onto or fuse with the cell or endosomal 

membrane, releasing the trapped payload directly into the cytosol (Watson et 

al., 2012).  

Additionally, liposomes are modifiable. Their size, charge and surface properties 

can be adjusted by altering lipid composition or preparation method. It is also 

possible to design liposomes with lipid components mimicking those found in 

viruses, stimulating liposome-membrane interaction and improving endocytosis 
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efficiency (Torchilin, 2005). The disadvantages of liposomes, such as their 

potential instability and high chance of being removed by the immune system 

can be remediated by modification with poly-(ethylene glycol) (PEG) and 

targeting ligands, leading to an improved circulation profile and targeting, 

resulting in higher accumulation at the desired site (Milla et al., 2012). These 

properties make liposomes a promising drug delivery agent, with a number of 

clinical trials currently taking place (Chang and Yeh, 2012; Lamichhane et al., 

2018). 

Like liposomes, extracellular vesicles, including exosomes, are another 

potential lipid-based membranous cargo carrier, which have received a lot of 

attention in the past decade (Vader et al., 2016; Yim et al., 2016). In contrast to 

liposomes, extracellular vesicles are derived directly from cells and the 

composition of their membrane closely resembles the original plasma 

membrane. However, their preparation techniques can be challenging and 

laborious. In addition, extra steps are required for encapsulation of the desired 

payload into exosomes. Extracellular vesicles are described in more detail in 

Chapter 4. 

 

1.3.2.3 Peptide based drug delivery agents 
 

 

Another potential solution to overcome the problem of endosomal entrapment 

is the use of cell penetrating peptides (CPPs) for in vitro and in vivo delivery for 

intracellular cargo delivery. Cell penetrating peptides are a group of short (less 

than 30 amino acids), arginine and lysine rich peptides, which can penetrate the 

plasma membrane and hold a potential of being used for delivery of various 

macromolecular payloads into the cell interior (Torchilin, 2008; Bolhassani, 

2011; Copolovici et al., 2014; Ruoslahti, 2017; Guidotti et al., 2017).The precise 

mechanisms of membrane translocation remains unknown, with both 

endocytosis and non-endocytosis dependant penetration reported, dependant 

on the cell line, payload type and peptide concentration used (Jiao et al., 2009). 

CPPs are biodegradable and biocompatible, showing moderate levels of 

cytotoxicity. The most studied CPP is TAT, derived from HIV-1. It has been used 

to study intracellular delivery of various payloads, including small molecules, 
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nucleic acids, peptides and proteins (Brooks et al., 2005; Rizzuti et al., 2015). 

CPPs can be simply mixed with macromolecular cargo to enable cytosolic 

delivery (Heitz et al., 2009; Lee et al., 2010; Erazo-Oliveras et al., 2014). Herce 

and Garcia (2007) proposed that the mechanisms responsible for membrane 

translocation of TAT peptides depends on their interactions with phosphate 

groups on both sides of the lipid bilayer, leading to insertion of the charged 

peptide residues and formation of transient pores in the plasma membrane 

CPPs, however, offer a relatively low delivery efficiency via endosomal escape 

and have poor scalability due to high production cost.  

 

1.3.2.4 Synthetic polymers as drug delivery agents 
 

One of the most promising group of non-viral drug delivery agents are synthetic 

polymers. Use of polymers as agents facilitating delivery of macromolecules 

offers many advantages over using therapeutic substances alone, such as an 

improvement in drug stability, solubility and biocompatibility (Eccleston et al., 

2005; Schmaljohann, 2006; Jaimes-Aguirre et al., 2016). 

One approach to drug delivery is usage of stimuli-responsive polymers, which 

are able to undergo some form of a change as a reaction to a change in the 

environment, such as temperature, pH, light, ionic strength or mechanical 

stress. The response can vary from change in shape or conformation, 

degradation, dissolution or precipitation and drug release (Schmaljohann, 2006; 

Cheng et al., 2014). As described before, the human body possesses a wide 

range of pH environments, which can be taken advantage of while designing 

drug carriers. The following review focuses on pH-responsive polymers, which 

can be divided into cationic and anionic. Both utilise environmental pH as the 

trigger, which is the measure of the hydrogen ion concentration in the given 

solution and can be calculated using the following equation: 

pH = −log10⁡[H+] 

Where [H+] is the total molar hydrogen ion (proton) concentration and depends 

on the concentration and identity of the compounds in solution. 
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A helpful characteristic used to describe ionisable compounds, such as pH-

responsive polymer, is pKa, or the negative log of the acid dissociation constant 

as calculated using the following equation: 

pKa =⁡−log10Ka 

The relationship between pH and pKa is described by the Henderson–

Hasselbalch equation: 

pH =⁡pKa +⁡log10 (
[A−]

[HA]
) 

Where [A-] is the molar concentration of ions dissociated with protons, and [HA] 

is the molar concentration of ions associated with protons. The equation 

illustrates that when pH = pKa exactly half of the ionisable groups in the solution 

are protonated and half are in the non-associated state. 

 

1.3.2.5 Cationic synthetic polymers  
 

Positively charged cationic polymers (polycations) are capable of forming 

complexes with negatively charged nucleic acids, making them a good 

candidate for gene transfection, and have therefore been investigated as 

potential intracellular drug delivery agents (Kim et al., 2009b).  

The membrane-lytic properties of synthetic cationic polymers are activated at 

low pH and depend on the presence of ionisable amine groups in the polymer 

structure. Polycations are thought to mediate disruption of the endosomal 

membrane via the so-called “proton-sponge” effect (Erbacher et al., 2004; Pack 

et al., 2005; Lale et al., 2015). This mechanism relies on the polymer acting as 

a buffer (or a sponge) whereby its unprotonated amines bind protons which are 

pumped into the endosome via ATPase proton pumps during the process of 

endosome maturation (Figure 1-3). This results in a further increase of proton 

influx into the endosome, followed by an influx of negatively charged ions and 

water molecules, which aim to counteract the increasing positive charge 

(Boussif et al., 1995; Sonawane et al., 2003). The described phenomenon leads 

to an increase in osmotic pressure within, resulting in endosomal swelling and 
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bursting, with its content released into the cytosol (Behr, 1997; Kircheis et al., 

2001; Miele et al., 2012) 

Examples of cationic polymers include poly(ethyleneimine) (PEI), poly(L-lysine) 

(PLL), poly(L-histidine) and poly(2-(dimethylamino)ethyl methacrylate) 

(PDMAEMA)  (Schmaljohann, 2006; Hoffman, 2013). The most commonly used 

of those is PEI, which has been shown to condense and form homogenous, 

spherical particles with DNA (Ogris et al., 1999; Hou et al., 2011). This is 

followed by plasma membrane binding, endosomal uptake and escape resulting 

in gene expression (Godbey et al., 1999b; Taranejoo et al., 2015). PEI-mediated 

transfection has been demonstrated to be a versatile gene delivery platform and 

become a “gold standard” for polymer-mediated nucleic acid delivery (Boussif 

et al., 1995; Morille et al., 2008). Another commonly used cationic delivery agent 

is PLL, which has peptide-based structure and is therefore biodegradable. 

However, in contrast to PEI, PLL cannot form blood-stable complexes with DNA 

and offers a weaker transfection efficiency (Merdan et al., 2002; Morille et al., 

2008). 

Despite their potential for gene delivery, cationic polymers suffer from a number 

of limitations, such as their cytotoxicity and immunogenicity (Fischer et al., 

1999). The cytotoxicity of polycations can arise from their strong electrostatic 

attraction to the negatively charged lipid membrane, leading to cytotoxic 

polymer adsorption on cell surface. Indeed, some polycations have been 

proposed as antimicrobial agents thanks to their cytotoxic effect (Vaidyanathan 

et al., 2015; Kostritskii et al., 2016).  

Furthermore, polycations show a high potential for non-specific interactions and 

binding to negatively charged proteins present in the serum, limiting polymer 

circulation and availability (Suh et al., 1994; Murthy et al., 2003; Alexander, 

2006). Conjugation with PEG has been shown to increase the circulation time 

of polycations and reduce their cytotoxicity, but can also result in a lower 

transfection efficiency as the trade-off (Wang et al., 2012b). In addition, the 

efficiency of transfection achieved by cationic polymers is lower than viral 

vector-mediated gene transfer (Zhang et al., 2007). 
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Figure 1-3. The "proton sponge" effect. (A) Entrapment of cationic polymers in endosomes. (B) 

Polymers become protonated during endosome maturation and resist further acidification of 

endosomes. More protons are pumped to lower the pH. (C) Passive influx of chloride ions 

increases ionic concentration and encourages water influx. High ionic pressure causes 

endosome swelling and rupture. Modified from (Wanling and Jenny, 2012). 

 

1.3.2.6 Anionic synthetic polymers 
 

Membrane disruptive anionic polymers are an alternative to cationic polymers 

and offer lower cytotoxicity and higher stability during circulation with reduced 

renal clearance, most likely due to a lower level of unwanted interactions with 

positively-charged  serum proteins and off-site membrane interactions (Yessine 

and Leroux, 2004).  Anionic polymers are often designed to contain ionisable 

carboxyl groups, which enables the sensing of environmental pH and pH-

induced functionalities in combination with hydrophobic side-chine moieties to 

promote membrane anchorage and permeabilisation via hydrophobic-

hydrophilic interactions (Hoffman, 2013; Fleige et al., 2012). 

Synthetic anionic polymers have been specially designed to mimic naturally 

occurring pH-responsive viral fusogenic proteins in order to employ a similar 

strategy for cytosol entry as the one used by viruses (Chen et al., 2009a; 

Soliman et al., 2012). The mechanisms responsible for propagation of viruses 

such as influenza, adenovirus and picornaviruses relies on receptor mediated 

endocytosis of viral particles. In the case of influenza virus, protonation of the 
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amphipathic HA2 subunit of haemagglutinin (HA) peptide during endosomal 

acidification leads to its activation by conformational change to a membrane-

active α-helix. Activated fusogenic peptide then insert into the endosome 

membrane causing endosome disruption and release of the endocytosed 

viruses into the cytosol, allowing insertion of virus nucleic acid into the cell 

genome and further virus replication (Plank et al., 1998; Cheng et al., 2016). 

In a manner similar to viral fusogenic proteins, anionic polymers are capable of 

undergoing conformation changes and gaining the ability to interact with 

endosomal membranes, causing release of endocytosed materials (Chen et al., 

2009a). Anionic polymers are amphiphilic due to presence of both hydrophobic 

alkyl groups and weak, ionisable polyacids. The pH inside the endosome 

dictates the behaviour of anionic polymers. At physiological pH, anionic 

polymers remain hydrophilic. Increasing acidification of maturing endosomes 

leads to ionisation of weakly charged polyacids (such as carboxyl groups) 

increasing the hydrophobicity of the polymer backbone (Yessine and Leroux, 

2004). Such alteration of the hydrophobic/hydrophilic balance, caused by 

interacting electrostatic forces between carboxyl groups, leads to a coil-to-

globule conformation change - extended polymer coils (hydrophilic) collapse 

into compact globular structures, which are maintained by hydrophobic forces 

(other forces such as Van der Waals forces and hydrogen bonds might also play 

a role) (Chen et al., 2009a). As a result of hydrophobic interactions, the 

condensed polymer destabilises the endosome membrane, causing its 

disruption and allowing payload delivery into the cytosol (Plank et al., 1994; 

Murthy et al., 2003; Blanco et al., 2015). Increasing acidification (e.g. to the 

values occurring inside lysosomes) leads to an increase in polymer 

hydrophobicity and polymer precipitation, rendering it inactive. Thus, the most 

effective membrane disruption behaviour is obtained in the pH range between 

the start of coil-to-globule transition and polymer precipitation (specific values 

depend on polymer used) (Chen et al., 2005; Chen et al., 2009a). 

Due to this advantageous property, a number of pH-responsive polyanions have 

been developed as potential delivery agents of therapeutic substances. They 

include non-biodegradable polymers based on vinyls as well as biodegradable 

poly(amino acids) and pseudo peptides, such as poly(L-lysine isophthalamide) 
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(PLP) and its derivative, PP75 (Eccleston et al., 1999; Al-Muallem et al., 2002; 

Chen et al., 2009a). 

 

1.3.2.7 Non-biodegradable anionic polymers 
 

Vinyl polymers, such as poly(α-methylacrylic acid) (PMAA) and poly(α-

ethylacrylic acid) (PEAA), have been investigated as potential drug delivery 

agents and were reported to disrupt biological membranes at acidic pH (Seki 

and Tirrell, 1984; Thomas et al., 1996). Further investigation of this family of 

polymers inspired the synthesis of poly(propylacrylic acid) (PPAA) and 

poly(butylacrylic acid) (PBAA) with longer hydrophobic α-alkyl side-groups 

(Murthy et al., 1999; Murthy et al., 2001) 

The modification of PEAA to PPAA relied on the addition of just one methyelne 

group onto the side chains of the polymer and resulted in a 15-fold increased 

membrane disruptive ability, with the optimal pH value equal to 6.3 (compared 

to pH 5.0 for PEAA) (Murthy et al., 1999). Further increase in the number of 

methylene groups on the side chains was used to produce PBAA and resulted 

in a highly membrane active polymer, causing 100% haemolysis of red blood 

cells at pH 7.4 (Murthy, Robichaud, Tirrell, et al., 1999). Thus, the ratio of 

carboxylic to hydrophobic groups is of critical importance and a key factor 

controlling the pH-induced conformational change of anionic polymers and their 

membrane destablisiation  capabilities and can be exploited to design polymers 

with specific properties (El-Sayed et al., 2005) 

PPAA was used for intracellular protein and antibody delivery by conjugation 

and via the simple mixing strategy (Lackey et al., 2002; El-Sayed et al., 2005). 

The polymer was also investigated for gene delivery applications and was 

shown to enhance transfection of plasmid DNA into NIH-3T3 fibroblasts as well 

as in TPS2-null knockout mice when administered in a mixture with the cationic 

lipid N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate 

(DOTAP)  (Cheung, Murthy, Stayton, et al., 2001). 

However, poly(vinyl)-based polymers suffer from limitations arising from the 

inability to degrade their carbon-carbon backbones in biological settings. The 

use of this family of polymers is therefore limited by their size as they need to 
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remain below the renal exclusion threshold to ensure systemic clearance and to 

prevent harmful accumulation (Duncan, 2006).  

 

1.3.2.8 Biodegradable anionic polymers - PLP and PP-family 
 

In order to solve the problems associated with potential systemic accumulation, 

novel polymers can be designed containing hydrolytically or enzymatically 

degradable linkers in their backbone, such as amides, anhydrides or esters 

(Eccleston et al. 1999).  One group of such polymers are the biodegradable, 

anionic poly(amino acids)s, such as poly(aspartic acid) (PAA), poly(glutamic 

acid) (PGA) and their derivatives (Mallakpour and Dinari, 2011).  These 

biocompatible polymers have been shown to be capable of efficient gene 

delivery using receptor-mediated energy-dependent transport processes with 

low toxicity, as well as protein delivery for vaccination applications (Kurosaki et 

al., 2009; Kurosaki et al., 2012). 

Another group of biodegradable anionic polymers is composed of poly(L-lysine 

isophthalamide) (PLP)  and its derivatives. PLP is an anionic, pH-responsive 

polymer which was developed by the group of Eccleston et al. (1999). PLP is 

synthesised by using L-lysine methyl ester dihydrochloride and isophthaloyl 

chloride in a polycondensation reaction to obtain a metabolically derived, 

biodegradable and non-cytotoxic polymer possessing a hydrophobic backbone 

and pendant carboxyl groups (Eccleston et al., 2005). 

Eccleston et al. (2000) demonstrated that the membrane lytic ability of PLP is 

most efficient in the pH range of 4.6-5.0, characteristic of lysosomes. The 

polymer also exhibited relatively low levels of overall membrane disruption 

(~15% haemolysis) (Chen et al., 2005; Chen et al., 2008).  The above properties 

limit the clinical usefulness of PLP as a drug delivery agent, as ideally the 

polymer would cause much higher levels of membrane lysis at pH 

corresponding to early endosomal environments (pH range of 6.0-6.8), in order 

to avoid lysosomal degradation of the desired payloads. 

The described limitations of PLP were overcome by (Chen et al., 2009b) who 

grafted hydrophobic amino acids (including L-valine, L-leucine and L-

phenylalanine) on the pendant carboxyl groups of PLP via amide bonds. This 
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was done in order to enhance polymer amphiphilicity and to make it more 

representative of viral peptides, which possess pendant hydrophobic alkyl 

groups. This reaction successfully increased the threshold pH value for initiation 

of conformational change of the polymer, thus demonstrating that it is possible 

to fine-tune the properties and pH-responsiveness of the PLP-derived polymers 

towards desired effects (Chen et al., 2009c). 

Specifically, it was discovered that grafting poly(L-lysine isophthalamide) with L-

phenylalanine (PP polymers) greatly increased membrane disrupting ability. 

PP75 (Mw 49kDa, Mn 24.9 kDa, polydispersity 1.99), which was obtained by 

grafting with L-phenylalanine at a stoichiometric ratio of 75% relative to the 

pendant carboxylic acid groups on the PLP backbone (Figure 1-4) (actual 

degree of grafting = 63%, as confirmed by 1H-NMR), showed 35 times the lytic 

activity of melittin, which is a highly membrane disruptive bee-sting peptide, 

used for comparison (Chen et al., 2009c; Zhang et al., 2011).  This suggested 

that high membrane destabilising capacity of the polymer resulted from 

hydrophobic modification of the side chain due to the presence of the aromatic 

ring in each L-phenylalanine, making PP75 a functional and potent mimic of 

membrane disruptive, phenylalanine rich viral fusogenic peptides (Chen et al., 

2009c). 

 

 

 

Figure 1-4. Poly(L-lysine isophthalamide) grafted with L-phenylalanine (PP polymers), where a 

certain percentage of OH at position R is replaced with L-phenylalanine. 
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The optimum level of haemolysis of sheep red blood cells (RBCs), equal to 90%, 

was recorded at pH 6.0-7.0 after 1h incubation with PP75 at a low concentration 

of 0.025 mg mL-1 (0.5 µM). No functional lytic activity was recorded at 

physiological pH of 7.4. This observed pH-dependant lytic profile of PP75 is 

therefore a desirable enhancement of the behaviour of the parental polymer, 

PLP.  The activation and conformational change of PP75 occurs at the pH range 

characteristic to early endosomes, with highest level of membrane disruption 

level occurring well before lysosomal fusion, enabling payload release into the 

cytosol while avoiding its degradation. Furthermore, the recorded high level of 

haemolysis proves that the negative charge associated with PP75 is not an 

obstacle for successful disruption of negatively charged biological membranes, 

suggesting that the hydrophobic forces outweigh electrostatic repulsion 

between the two components (Chen et al., 2009a; Chen et al., 2009c). In 

addition, the negative charge of the polymer might prevent aggregation in vivo, 

which is normally caused by binding with negatively charged serum proteins and 

leads to carrier inactivation (Whitehead et al., 2009).  

The novel pseudopeptidic polymer PP75 was demonstrated to have promising 

potential for drug delivery applications. PP75 has been used for delivery of small 

and large payloads to a variety of cells (Chen et al., 2009c; Liechty et al., 2009). 

In addition, PP75 enabled delivery of small molecule model drug to cells in 3D 

multicellular spheroids by efficient spheroid penetration and endosomal 

disruption (Ho et al., 2011). PP75 was also demonstrated to be capable of 

stathmin siRNA delivery by conjugation using a cleavable disulphide linker, 

which resulted in silencing of stathmin expression and, combined with 

carmustine, inhibited tumour growth following intra-tumoral injection (Khormaee 

et al., 2013). 

Another PLP derivative which might be of potential interest as a drug delivery 

agent is PP50. PP50 is obtained by grafting PLP with L-phenylalanine at a 

stoichiometric ratio of 50% relative to the pendant carboxylic acid groups. PP50 

was successfully used to permeabilise the membrane of ovine erythrocytes as 

well as osteosarcoma cells and mediate non-toxic delivery of the small molecule 

cryoprotectant trehalolse to the cell interior, resulting in increased cryosurvival 

(Mercado and Slater, 2016b; Lynch et al., 2011). 
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1.4 Therapeutic payloads and methods of their delivery 

using anionic polymers 
 

1.4.1 Different-sized payloads in modern drug therapies 
 

The size and properties of therapeutic agents are of crucial importance when it 

comes to the process of their efficient delivery. Many traditional “small molecule” 

drug agents with molecular weights of <500 Da have good oral bioavailability 

and translocate through the plasma membrane using passive or facilitated 

diffusion. Small molecule drugs are well defined, stable and easy to 

manufacture and characterise. On the other hand, due to their small size, 

conventional drugs have low target selectivity which can lead to off-site targeting 

and system-wide side effects (Craik et al., 2013). In addition, they are often 

substrates for efflux pumps present in the plasma membrane, which can 

decrease their efficiency and cause resistance to the treatment (Moitra et al., 

2011). For this reason, the attention in the pharmaceutical industry is shifting 

towards alternative novel therapy options (Agyei et al., 2017; de la Torre and 

Albericio, 2018). Nevertheless, improvement of specificity of small molecule 

drugs used in chemotherapy, such as Doxorubicin and Paclitaxel, leading to 

lower off-target interaction, remains an interesting area of research.  

Macromolecules such as peptides, proteins and nucleic acid are a novel group 

of biologically-derived therapeutic agents capable of targeting intracellular 

targets and modulating intracellular protein-protein interactions and thus viable 

for treatment of a wide range of cancers and other diseases (Elvin et al., 2013; 

Guillard et al., 2015). The so-called “biologics” have a wide range of size and 

molecular weight, typically above 3-5 kDa (peptides), and up to 150 kDa (IgG 

antibodies).  Biologics are complex, difficult to characterise and, with exclusion 

of peptides which can be synthesised chemically, need to be produced using 

living cells, which makes the manufacturing process challenging and expensive. 

However, the high specificity and efficiency of biologics makes them a highly 

researched area, with a number of macromolecular drugs targeting extracellular 

sites already available on the market (Agyei et al., 2017). 
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In contrast to small molecules, the large size and polarity of most novel 

biotherapeutics prevents them from entering the cell via passive diffusion 

(Christie and Grainger, 2003). In addition, biologics can be unstable, 

immunogenic and sensitive to external conditions. This has prevented the usage 

of macromolecules as drugs targeting intracellular pathways; however, 

researchers are now trying to extend the application of therapeutic proteins to 

intracellular sites (Guillard et al., 2015). The described issues could potentially 

be remediated by usage of drug delivery agents, such as the anionic PP-

polymers. 

 

1.4.2 Cargo delivery methods using PP polymers 
 

The PP-family polymers are trigger-responsive, bio-inspired and biodegradable 

group of polymers which have been shown to possess a promising drug delivery 

potential (Chen et al., 2009c). PP polymers offer low cellular toxicity and reduce 

the risk of unwanted interactions with negatively charged serum proteins due to 

their anionic nature. Furthermore, PP polymers can be easily chemically 

modified or used to create conjugate constructs with desired payloads. For 

those reasons, this group of polymers were chosen as the subject of the studies 

presented in this thesis. In particular, PP50, which was shown to offer superior 

degree of membrane permeabilisation and payload loading to human 

erythrocytes, compared to other PP polymers (Liechty et al., 2009) and can be 

reproducibly synthesised with low batch-to-batch variability in terms of the 

precise stoichiometric ratio of L-phenylalanine grafting. 

Two possible methods of payload delivery using PP polymers include:  

 Simply mixing the two components - The efficiency of PP50- and PP75-

mediated payload delivery into mammalian cells has already been 

demonstrated. The polymer was used to deliver Apoptin, a potent protein 

capable of inducing apoptosis, into human osteogenic sarcoma Saos-2 cells 

(Liechty et al., 2009). PP75 was found to facilitate both efficient cellular uptake 

and endosomal escape of calcein (Chen et al., 2009a). Furthermore, Lynch et 

al (2010) used PP50 to successfully permeabilise the plasma membrane of 

sheep erythrocytes, facilitating intracellular delivery of trehalose, which is a 
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bioprotectant dissacahride, mixed with the polymer. This allowed for an 

improved cryosurvival of erythrocytes, which was ca. 20% better compared to 

erythrocytes not loaded with trehalose. Simple mixing of the payload with the 

delivery agent, such as PP polymers, is suited predominantly for in vitro and ex 

vivo applications as in vivo delivery using this strategy would be difficult due to 

the separation of the two components in the bloodstream and off-site targeting. 

Potential payloads can include both therapeutic cargos and molecules with 

other biological functions such as molecular probes, enzymes and transcription 

factors. 

 

 Conjugation of payloads to PP polymers - Conjugation of payloads to water 

soluble polymers by a cleavable linker was first proposed by Ringsdorf (1975). 

Cargo conjugation to polymers is possible due to the adaptable nature of 

polymer chemistry, allowing covalent binding of various groups (including 

crosslinkers) onto pendant groups present on the polymer backbone. One 

disadvantage of this approach is possible alteration of the original polymer 

properties following cargo attachment (such as hydrophobic/hydrophilic 

balance), which could affect membrane disruption ability as well as 

pharmacokinetics and dynamics (Kopeček et al., 2000). Functionality of newly 

obtained polymer-drug conjugates would need to be studied in each case. 

Conjugation of therapeutic biologics to polymeric carriers could result in their 

enhanced solubility and extended circulation time. In addition, addition of 

targeting ligands onto the polymer could increase specific targeting of diseased 

cells and tissues (Haag and Kratz, 2006).  

 

1.5 Polymer delivery agents with cleavable 

crosslinkers 
 

A suitable crosslinker between a polymeric delivery agent and payload should 

ensure the stability of the construct during application and circulation in the 

bloodstream, while also enabling payload release after successful uptake into 

the cytosol (Wang et al., 2012a).  Many types of cleavable linkages have been 

developed, including those sensitive to pH, light, enzymatic hydrolysis and 
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reducing environment (Haag and Kratz, 2006; Ramachandran and Urban, 

2011). 

Reduction sensitive crosslinkers containing a disulphide bond are a promising 

option for drug delivery. Disulphide bonds are formed between 2 thiol (SH) 

groups and are present in some proteins where they maintain the 3D structure. 

Disulphide bonds are susceptible to reversible cleavage after being exposed to 

reducing agents, such as dithiothreitol (DTT) or naturally occurring glutathione 

(GSH) (Leriche et al., 2012). Due to the large difference in intracellular and 

plasma concentration of GSH, constructs containing disulphide bonds can be 

cleaved after entering the highly reducing cytosol environment (Saito et al., 

2003). Since tumour cells can exhibit GSH concentrations at least 4 times higher 

than cells in healthy tissues, reduction-sensitive crosslinkers are a promising 

option for controlled intracellular drug release (Kuppusamy et al., 2002). 

 

1.5.1 PP-polymers and PDPH crosslinker 
 

3-[2-Pyridyldithio]propionyl hydrazide (PDPH) (Figure 1-5) is a commercially 

available, bifunctional crosslinker with molecular weight equal to 229.32 g mol-

1. It contains a carboxyl-reactive amine group as well as a thiol-reactive 

pyridyldithiol group, which can react with free thiols present in many biological 

payloads to form disulphide bonds. PDPH has previously been successfully 

used in a number of thiol exchange-based conjugation reactions (Pain and 

Surolia, 1981; Greenfield et al., 1990; Friden et al., 1993). The reaction of thiol 

exchange results in release of the protective 2-mercaptopyridine, which can be 

easily detected using UV-Vis Spectrophotometry to analyse reaction efficiency. 

Furthermore, the amine group of the crosslinker can be used in a DCC/DMAP 

coupling reaction to bond with carboxyl groups present on PP polymers via 

amide bonds. For these reasons, PDPH is a promising candidate for the 

crosslinker of choice in the process of developing PP polymer-payload 

conjugates. 
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Figure 1-5. Molecular structure of PDPH. The disulphide bond is highlighted in yellow. The 

amine group available for formation of amide bonds with pendant carboxyl groups present on 

polymer backbone is highlighted in green. 
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1.6 Aims of the project 
 

The aim of this project is to expand the understanding and potential scope of 

polymer-mediated intracellular delivery of macromolecules using the pH 

responsive, membrane permeabilising polymer PP50. The ultimate goal of this 

work would be to develop a new platform technology based on PP50 with a wide 

range of applications, both in vitro and in vivo. The main objectives of the work 

presented herein include the following areas: 

1) Systematic study and analysis of the mechanism and crucial 

parameters influencing cargo delivery into the cell interior by co-

incubation with the pseudopeptidic polymer PP50 and optimisation 

of the delivery process 
 

The work presented in this thesis aims to expand the potential scope of 

PP50-mediated cargo delivery, specifically to include various types of 

macromolecules for cell engineering and therapeutic applications. To 

achieve a better understanding of the delivery process and the 

intracellular fate of the polymer, the interaction between the polymer and 

ovine erythrocytes as well as HeLa cells will be studied. In addition, 

delivery of large fluorescent model payloads will be attempted and 

analysed and a number of different parameters important for delivery 

efficiency, such as the concentrations of the components and delivery 

time will be explored and optimised. Payload delivery by PP50 at 

physiological and mildly acidic, tumour-like pH will be compared. 

 

2) Extensive exploration of the potential applications of PP50-

mediated cargo delivery in vitro  
 

Limited payload or cell type compatibility, low delivery efficiency due to 

endosomal entrapment and high toxicity remain problematic issues for 

many in vitro and ex vivo delivery agents. This work will further explore 

the capabilities and limitations of intracellular macromolecule delivery by 

co-incubation with PP50. Model payloads with a wide size range will be 

used along with 9 different cell lines in order to investigate the versatility 
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of this delivery technique. Payload delivery to cells grown as 3D 

spheroids will also be analysed. Cytotoxicity of the delivery process in 

vitro will be quantified in various cell types. Finally, delivery of a potential 

macromolecular drug – an apoptotic peptide – using PP50 will be 

compared to delivery using other commonly used delivery methods, 

including chemical and physical approaches.  

 

3) Development of novel polymer-payload conjugates and exploration 

of their delivery potential in vitro 
 

Conjugation approaches can increase payload stability and circulation 

time as well to decrease any potential cytotoxicity to off-target tissues. 

This project aims to develop novel conjugates of PP50 with different-

sized macromolecules, including peptide- and protein-sized model 

payloads. Key parameters affecting the efficiency of the conjugation 

reaction will be studied, along with the membrane permeabilisation 

potential and intracellular delivery of the newly synthesised constructs. 

 

4) Development of novel polymer-macromolecular drug conjugates 

and utilisation of tumour-like pH to enhance payload delivery 
 

 

Conjugates of the polymer with a functional peptidic apoptotic payload 

will be developed and analysed for their potency and safety in vitro, 

followed by an in vivo study using the mouse model which will include 

assessment of tolerability and biodistribution. The potential to utilise 

mildly acidic, tumour-like extracellular pH to enhance the delivery 

efficiency of such conjugates will be analysed and verified. 
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2. Chapter 2 - Materials and Methods 

 

2.1 Materials 
 

3-[2-Pyridyldithio]propionyl hydrazide (PDPH), dimethyl sulfoxide (DMSO), N,N-

dimethylformamide (DMF), dimethylaminopyridine (DMAP), sodium bicarbonate 

(NaHCO3), sodium chloride (NaCl), Hoechst 33342, AlamarBlue, TexasRed® 

hydrazide, potassium chloride (KCl), LysoTracker® red DND-99, disodium 

phosphate (Na2HPO4), N-succinimidyl S-acetylthioacetate (SATA), ACK Red 

Blood Cell Lysing Buffer, monopotassium phosphate (KH2PO4), Rhodamine110 

chloride, Accutase, polyethyleneimine (PEI) 0.6 kDa, branched and 25 kDa 

linear, 5,5'-dithio-bis-[2-nitrobenzoic acid] (DTNB, Ellman’s reagent), Nunc® 

MaxiSorp™ black 96-well plates were purchased from Fisher Scientific 

(Loughborough, UK). 

Fluorescein isothiocyanate–dextran (FITC-dextran, average Mw 10, 70, 150, 

500 and 2000 kDa), Dulbecco's modified Eagle's medium (DMEM), MEM non-

essential amino acid solution (100x), foetal bovine serum (FBS), penicillin, 

phosphate buffer saline (D-PBS), Melittin 

(GIGAVLKVLTTGLPALISWIKRKRQQ) (cat. no. M2272-5MG), Tat 

(YGRKKRRQRRR) (cat. no. H0292-1MG), BioPORTER® (cat. no. BPQ24-

1KT), penicillin, alpha-moddified MEM, glutathione, cysteine, 2-

mercaptopyridine, dithiothreitol (DTT), Ficoll, Amicon Ultra 0.5 mL centrifugal 

filters, hydroxylamine, bovine serum albumin (BSA), lipopolysaccharides (cat. 

no. L2630-10MG) and TWEEN®20 were purchased from Sigma-Aldrich 

(Gillingham, UK). 

Diethyl ether, hydrochloric acid, potassium carbonate, sodium hydroxide, 

triethylamine, sodium citrate dihydrate, sodium phosphate were purchased from 

VWR (Lutterworth, UK). 

Glass-bottom cell culture dishes (35 mm) (cat. no. P35G-1.5-14-C) were 

purchased from MatTek, (Ashland, MA, USA). 
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L-phenylalanine methyl ester hydrochloride, L-lysine methyl ester 

dihydrochloride, N,N’-dicyclohexylcarbodiimide (DCC), triton® X-100 were 

purchased from Alfa Aesar (Heysham, UK). 

Defibrinated sheep blood (cat. no. SB054) was ordered form TCS Biosciences 

(Buckingham, UK). 

FITC-PEG-thiol (3.4 kDa) (cat. no. PG2-FCTH-3k) was purchased from Nanocs, 

Inc. (New York, USA).  

Anti-non-muscle Myosin IIA antibody (Alexa Fluor® 647) (cat. no. ab204676) 

and Goat Anti-Human IgG (biotin) (cat. no. ab97223) were purchased from 

abcam (Cambridge, UK). 

BD CellFIX (cat. no. 340181) was purchased from BD Biosciences UK 

(Wokingham, Berkshire, UK). 

ABT-737 (cat. no. S1002-SEL) was purchased from Stratech Scientific (Ely, UK) 

Human leukocyte cones were obtained from Addenbrookes Hospital, 

Cambridge, UK, in full compliance with regulations of Human Tissue Act 2004. 

IncuCyte® Caspase-3/7 Green Apoptosis Assay was purchased from Essen 

BioScience (Welwyn Garden City, UK).  

Cyanine5 amide (cat. no. 130C0) was purchased from Lumiprobe (Hannover, 

Germany) 

Anhydrous ethanol, acetone, hydrochloric acid, sodium hydroxide and PULSin® 

(cat. no. 501-01) were obtained from VWR (Lutterworth, UK).  

Caspase-Glo® 3/7 Assay and CellTiter-Glo® 2.0 Assay were purchased from 

Promega (Southampton, UK).  

Penetratin (RQIKIWFQNRRMKWKKGG) (cat. no. AS-64885) was purchased 

from Tebu-Bio (Peterborough, UK). 

Electroporation kit Cell Line Nucleofector® Kit T (cat. no. VCA-1002) was 

purchased from Lonza (Slough, UK).  

dsRed plasmid (4200 bp) was kindly donated by Dr Spencer Crowder 

(Department of Materials, Imperial College London). 
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Sulfocyanine7 (Cy7)-labelled Bim and scrBim peptides with the sequences 

shown below were synthesised and purchased from Cambridge Research 

Biochemicals (Billingham, UK).    

Bim(Cy7):[Sulfocyanine7]-RPEI-W-IAQELRRIGDEFNAYYAR-Ahx-Cys-amide 

scrBim(Cy7):[Sulfocyanine7]-DLERRGIANFEQAI-W-RAYYIEPR-Ahx-Cys-

amide. 

 

2.2 PLP Synthesis 
 

PP50 is derived from poly(L-lysine isophthalamide) (PLP). Both polymers were 

synthesised in-house at Imperial College London. 

Polycondensation 

PLP is synthesised in a single-phase polymerisation reaction as described by 

Eccleston (Eccleston et al., 1999; Eccleston et al., 2000). Briefly, L-lysine methyl 

ester·2 HCl (0.15 mol) and potassium carbonate (0.60 mol, 4 times molar 

excess over L-lysine) were dissolved in 750 mL dH2O and stirred in an ice bath. 

Anhydrous iso-phthaloyl chloride (0.2 M) dissolved in dried acetone (750 mL) 

pre-cooled overnight at -20oC was rapidly poured into the aqueous reaction 

mixture and stirred rapidly. The reaction was allowed to proceed until visible 

observation of the precipitation of poly(L-lysine methyl ester iso-phthalamide) 

(PLP methyl ester). The polymer was recovered from the solvent solution and 

thoroughly washed with dH2O to remove the solvent, followed by being 

stretched and torn into smaller fragments and dried overnight in an oven at 

70oC. The drier polymer was subsequently blended into white powder using an 

electric blender.  

Ester hydrolysis 

Sodium hydroxide (2.5 molar equivalents to PLP methyl ester) was dissolved in 

anhydrous ethanol to a final concentration of 5 wt% and added in multiple 

portions to PLP methyl ester dissolved in dry DMSO (0.5M). The hydrolysed 

product, PLP, precipitated out within 10 minutes and was collected out by 

vacuum filtration and re-dissolved in dH2O.  
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Purification 

Several purification steps were necessary to ensure complete removal of 

residual organic solvents, salts and low molecular weight PLP oligomers. 

First, 0.2M HCl was added dropwise to the PLP solution in deionized water 

(dH2O) in order to precipitate the polymer. The precipitated polymer collected 

by vacuum filtration and dissolved again in deionized water with 0.2 M NaOH. 

The process of precipitation with HCL, filtration and re-dissolution was repeated 

at least 2 more times. 

Following the last dissolution step, a dialysis step was performed. The crude 

PLP solution was placed in Visking tubing membrane (Medicell, MWCO 12-14 

kDa), cut to appropriate size, and dialysed against dH2O for up to one week. 

The water was changed frequently to provide a strong concentration gradient. 

Dialysed PLP solution was adjusted to pH 7.4 using NaOH (0.2 M), frozen and 

lyophilized to produce PLP in the salt sodium form (fluffy, white powder). In order 

to prepare the solvent-soluble, neutral PLP (acidic form) used in the side chain 

modification reactions, a solution of the sodium salt form PLP was acidified to 

pH 3.0 with concentrated HCl (added dropwise), and the precipitating polymer 

was collected by vacuum filtration and washed with dH2O, frozen and lyophilized 

again to produce a fine, white powder.  

 

2.3 PP50 Synthesis: grafting of PLP with L-

phenylalanine  
 

PP50 was synthesised as outlined by Chen et al. (2009a) by grafting of PLP 

with L-phenylalanine via DCC/DMAP coupling. In the case of PP50, the 

stochiometric ratio of L-phenylalanine to the carboxylic acid groups on the PLP 

backbone is 50%.  

Acid form of PLP (3.0 g, 11 mmol), L-phenylalanine methyl ester hydrochloride 

(1.17g, 5.3 mmol), triethylamine (2.4 molar equivalents to L-phenylalanine) and 

DMAP (0.6g) were dissolved in a mixture of anhydrous DMSO and DMF (1:3 

v/v, 60mL) and stirred. DCC (2-3 molar equivalents to L-phenylalanine) was 

dissolved in 20 mL anhydrous DMF and added drop-wise to the reaction mixture 
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while stirring at room temperature. The reaction was allowed to proceed with 

continuous, rapid stirring at room temperature for ca. 60h. 

Solid impurities and the dicyclohexylurea (DCU) side product were removed by 

vacuum filtration after 60 h. Sodium hydroxide (5 wt%, 28 mL) was dissolved in 

anhydrous ethanol and added to the polymer solution and stirred at room 

temperature to allow hydrolysis. Five volumes of diethyl ether were added to the 

hydrolysed polymer solution which resulted in polymer precipitation. The 

precipitant was collected by vacuum filtration and re-dissolved in dH2O. Dialysis 

was performed to purify the solution, as described before. PP50 sodium salt and 

acidic forms were obtained following pH adjustment and lyophilisation, as 

described before.  

 

2.4 Labelling of PP50 with fluorescent dyes – 

Rhodamine110 and Cy5 
 

Fluorescently-labelled PP50 was prepared by grafting Rhodamine110 chloride 

or Cyanine5 (Cy5) amine to the pendant carboxylic acid groups on PP50 via 

DCC/DMAP coupling. Fluorescent dye (3% mol stoichiometric ratio to PP50’s 

[COOH]), PP50 (100 mg; 0.28 mmol [COOH]) and DMAP (20 mg, 20% wt of 

PP50) were dissolved in anhydrous DMF (400 µL) in a flat bottom, disposable 

glass tube (5 mL). DCC (3 molar equivalents to Rhodamine110 or Cy5) in 

anhydrous DMF (40 µL) was added to the polymer solution while stirring at room 

temperature. The tube was tightly sealed with parafilm and the reaction was left 

to proceed at room temperature for 24 h, using magnetic stirring to facilitate 

mixing. Centrifugation at 9,500 g was used to spin down DCU. The supernatant 

was collected using a pipette and subsequently rapidly poured into 5 volumes 

of diethyl ether, where precipitation of fluorescently-labelled PP50 occurred. The 

precipitate was collected using vacuum filtration and re-dissolved in sodium 

bicarbonate (0.1 M). Dialysis was performed in order to remove remaining 

inorganic salts, solvents and ungrafted dye using 12-14 kDa MWCO Visking 

tube membrane (Medicell) against deionised water. The water was changed 

frequently to maintain the concentration gradient up until no obvious coloration 

of the dialysate was observed, suggesting thorough dye removal. The polymer 
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solution was then frozen and freeze dried to produce blue (Cy5) or yellowish 

(Rhodamine110) powder 

 

2.5 Haemolysis 
 

Sheep RBCs are used as a whole cell model in order to analyse the interaction 

between PP50 and their plasma membrane, which can inform about interactions 

between the polymer and the endosomal and plasma membrane of nucleated 

cells (Chen et al., 2009c). 

100 mM citrate buffers were prepared in the pH range of 4.5-5.0 and 100 mM 

phosphate buffer in the pH range of 5.5-7.4. They were isosmotic to the 

intracellular environment of RBCs to ensure negligible levels of membrane 

disruption. The studied substances (PP50, PP50-PDPH, polymer-payload 

conjugates) were dissolved in the buffers at specific pH and concentration. 

Defibrinated sheep RBCs were centrifuged for 4 min at 1,500 g, and the 

supernatant was replaced with an equivalent volume of 150 mM NaCl solution. 

The cells were then resuspended and the procedure was repeated until the 

supernatant was clear (3 times). The number of cells present in the sample was 

extrapolated from RBCs counting performed using an Inverso TC100 Inverted 

Biological Microscope (Medline Scientific, UK) and a haemocytometer. RBCs 

were then added to polymer buffer solutions so that each sample contained ca. 

1.5 x 108
 RBCs mL-1 (Chen et al., 2005; Chen et al., 2009c).  The samples were 

subsequently incubated at 37oC for 1 h using a shaking water bath and spun 

down at 1,500 g for 4 min. The supernatant from each sample was transferred 

to disposable plastic cuvettes, and the absorbance of released haemoglobin 

was analysed using the GENESYS 10S UV/Vis Spectrophotometer (Thermo 

Fisher Scientific, USA), at 540 nm. The negative control was prepared by 

addition of RBCs to buffer alone while the positive control by addition of RBCs 

to deionised water. The testing was performed in triplicates with number of 

samples for each data point equal to n = 3. The percentage of haemolysis was 

analysed using the following equation:  
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Relative hemolysis⁡(%)=
(Test sample absorbance) - (negative control absorbance)

(Positive control absorbance)
×100 

 

2.6 Cell culture 
 

All of the cell cultures were maintained in a humidified incubator at 37 oC with 

5% CO2.  

HeLa (human cervical cancer), A549 (human lung carcinoma) and RAW 264.7 

(murine macrophages) were grown in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% (v/v) FBS, 100 U mL-1 penicillin and 100 µg 

mL-1 streptomycin. CHO (Chinese hamster ovary) cells were cultured in DMEM 

supplemented with 1% non-essential amino acids, 10% (v/v) FBS, 100 U mL-1 

penicillin and 100 µg mL-1 streptomycin.  

SU-DHL-8 (human lymph node B lymphocytes) were grown in suspension in 

Roswell Park Memorial Institute (RPMI-1640) medium supplemented with 10% 

(v/v) FBS, 100 U mL-1 penicillin and 100 µg mL-1 streptomycin. 

Human mesenchymal stem cells (hMSCs) and MC 3t3 (murine osteoblast 

precursor) cells were grown in alpha-modified MEM culture medium 

supplemented with 10% (v/v) hMSC-grade FBS, 100 U mL-1 penicillin and 100 

µg mL-1 streptomycin. hMSCs were donated by Dr Spencer Crowder. 

MES-SA (human uterus cells) and the Dox-resistant version of this cell line, 

MES-SA/Dx5 (The European Collection of Authenticated Cell Cultures) 

(Angelini et al., 2010), were grown in McCoy’s 5A culture medium supplemented 

with 10% (v/v) FBS, 100 U mL-1 penicillin and 100 µg mL-1 streptomycin. 

HeLa, A549, CHO and hMSC cells were detached using Trypsin-EDTA for 

passaging. MES-SA and MES-SA/Dx5 were detached using EDTA solution for 

passaging (0.8 mM disodium EDTA, 68.5 mM NaCl, 6.7 mM sodium 

bicarbonate, 5.6 mM glucose and 5.4 mM KCl). RAW 264.7 cells were detached 

by scraping using cell culture scrapers. SU-DHL-8 cells were passaged by 

aliquoting. 
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2.7 Laser scanning confocal microscopy 
 

The laser scanning confocal microscopy data show representative images from 

at least 2 separate experiments. 

Confocal microscopy of ovine erythrocytes and ghost cell formation 

The formation of ghost cells (plasma membrane shells obtained following cell 

permeabilisation and haemoglobin leakage) and payload delivery to ovine 

erythrocytes following treatment with PP50 was analysed using laser scanning 

confocal microscopy. Ovine erythrocytes were prepared by washing 3 times with 

150 mM NaCl by centrifugation and resuspended in pH-adjusted buffers 

containing a specified concentration of PP50 (or Rhodamine110-labelled 

PP50), FITC-Dextran and/or 1 µM TexasRed® hydrazide. Ca. 107 erythrocytes 

were used in each sample of 1 mL. The solutions were transferred to glass-

bottom dishes (35 mm, MatTek, USA) and analysed using inverted LSM-510 

microscope (Zeiss, Germany). The samples were kept at 37oC within the 

microscope’s heating chamber. FITC (FITC-Dextran) and TexasRed were 

excited at 488 nm and 543 nm, respectively. The images were analysed using 

ImageJ 1.51n. 

 

Time-dependant uptake of PP50-Cy5 

The intracellular fate of PP50 labelled with Cy5 was investigated. Glass bottom 

MatTek dishes containing live HeLa cells seeded at 1 x 105 cells per dish 24 h 

prior the analysis were placed on the inverted Zeiss LSM-510 microscope 

(heated chamber, 37oC). DMEM was replaced with a PP50-Cy5 solution at 0.5 

mg mL-1 (1 mL). Images were then captured every 10 minutes, starting at t = 5 

minutes post-addition, by exciting Cy5 at 633nm. The images were analysed 

using ImageJ 1.51n. 

 

Intracellular delivery of various fluorescent payloads 

Delivery of many different fluorescent materials was tested to assess the 

versatility of the PP50 delivery platform. Those included fluorescent dextrans 

(FITC-Dextran) of various size (10 – 2,000 kDa), green fluorescent protein 

(GFP), FITC-PEG (3.4 kDa) and FITC-IgG (150 kDa). The general protocol for 
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analysis of payload delivery by laser scanning confocal microscopy is presented 

here.  Appropriate cell lines were seeded in collagen coated, glass-bottom 

dishes (MatTek) at 1 x 105 cells per dish and cultured in an incubator with 5% 

CO2 at 37 oC for 24 h. The cells were then treated with magnesium and calcium-

containing D-PBS with a specific concentration of PP50 and the desired 

payload, whose pH had been adjusted to 6.5 or 7.4 and sterile-filtered using 

0.22 µm syringe filters. After treatment for a specific period of time in an 

incubator, the cells were washed three times with D-PBS to remove extracellular 

payload and polymer and were stained with LysoTracker® red DND-99 (50 nM) 

and Hoechst 33342 (1 µg mL-1). 1 mL of growth medium was then added to 

each dish and the cells were analysed using LSM-510 laser scanning inverted 

confocal microscope (Zeiss, Germany). For FITC-containing payload, excitation 

at 488 nm was used.  The images were analysed using ImageJ 1.51n. 

Antibody delivery and cell fixing 

A549 cells were seeded in transparent-bottom, black wall 96 well-plates at 1 x 

104 cells per well and cultured in an incubator with 5% CO2 at 37 oC for 24 h. A 

portion of the cells were then fixed with BD CellFIX and permeabilised with 1% 

Triton-X. Anti non-muscle Myosin IIA antibody (Alexa Fluor 647) (333 nM) was 

added to the fixed/permeabilised cells as well as live cells in a mixture with PP50 

at 0.5 mg mL-1 (pH 6.5) and incubated for 1 h. Following a wash with PBS and 

staining with Hoechst, the delivery of the antibody was compared by confocal 

microscopy by Alexa Fluor647 at 650 nm. The images were analysed using 

ImageJ 1.51n. 

 

2.8 Flow cytometry 
 

1 mL of HeLa cells (3 x 105 cells mL-1) were cultured in 6-well plates for 24 h 

followed by treatment with a PBS solution containing a desired concentration of 

PP50 and FITC-Dextran adjusted to the desired pH. After the treatment, the 

cells were washed three times with D-PBS. After cell detachment using 0.5 mL 

of Trypsin-EDTA (EDTA in case of MES-SA and MES-SA/Dx5 cells, cell 

scraping in case of RAW 264.7 cells) 0.5 mL of serum-free DMEM was added 

to each well and the samples were centrifuged in 2 mL Eppenderf tubes for 5 
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minutes at 950 g. The supernatant was discarded and replaced with 0.5 mL of 

serum-free DMEM. 

 

The samples were filtered using Flowmi™ cell strainers (40 µm) and analysed 

in 5 mL Falcon plastic tubes using a BD LSRFortessa cytometer (BD 

Biosciences, USA). The samples were excited at 488 nm and the emission was 

collected in the 570 - 585/42 nm band. The results were analysed using FlowJo 

v10. 
 

2.9 AlamarBlue cell survival assay 
 

AlamarBlue assay allows to quantify cell viability by using resazurin – a cell 

permeable compound which is turned over to highly fluorescent resorufin upon 

entry to healthy cells. Cells were seeded on black, flat, transparent-bottom 96-

well plate (Corning, USA) at 1 x 104 cells per well in 0.1 mL culture medium and 

incubated for 24 h. The spent medium was replaced with sterile-filtered D-PBS 

containing PP50 or PP50 mixed with Dextran and incubated for a specific period 

of time. The polymer solutions were replaced with DMEM containing 10% (v/v) 

alamarBlue® reagent and further incubated for 4 h, as per the manufacturer’s 

protocol. The fluorescence was measured using a spectrofluorometer 

(GloMax®-Multi Detection System, Promega) at emission wavelength of 580-

640 nm with excitation wavelength of 525 nm. The cytotoxic effect was 

determined by comparison to an untreated control sample. 

 

2.10 CellTiterGlo 2.0 cell survival assay 
 

CellTiterGlo 2.0 Assay enables detection of ATP present in solution allowing for 

quantification of metabolically active cells, which is useful in determining the 

cytotoxic effect of different treatment regiments. Cells were seeded at 1 x 104 

cells per well (0.1 mL) in black, flat, transparent-bottom 96-well plate (Corning, 

USA) and incubated for 24 h. The spent medium was replaced with sterile-

filtered D-PBS containing materials whose cytotoxicity was being tested, such 

as PP50 and Bim and PP50 and scrBim. Following a specified treatment time 

inside a humidified incubator with 5% CO2 at 37 oC, the polymer solutions were 

replaced with FBS and penicllin/streptomycin supplemented DMEM and were 
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cultured for another 24 h. 40 µL of the CellTiterGlo 2.0 reagent was added to 

each well and the luminescence was analysed using an Envision 2100-series 

plate reader (PerkinElmer, USA). The cytotoxic effect was determined by 

comparison to an untreated control sample. 

 

2.11 Dynamic Light Scattering (DLS) and Zeta Potential 
 

Zetasizer Nano ZS (Malvern, UK) instrument was used to characterise the 

hydrodynamic size and zeta potential of PP50 (0.5 mg mL-1), 150 kDa FITC-

Dextran (10 µM) and the two components mixed together. PP50 and FITC-

Dextran were dissolved in PBS at pH 6.5. The hydrodynamic radius was 

measured in 10 mm-wide disposable cuvettes with 173o backscatter angle and 

repeated 3 times for each sample. Zeta potential was analysed in disposable 

capillary cells and repeated 3 times for each sample. 

 

2.12 Spheroids 
 

A549 cells were seeded at 2.5 x 103 cells per well in DMEM in Corning® 96 Well 

Ultra Low Attachment Spheroid Microplates and cultured in an incubator (5% 

CO2 at 37 oC) for 2 days. The spheroids formed at the bottom of the wells were 

treated with 10µM FITC-Dextran at pH 6.5 and 7.4 for 2 h with or without PP50 

(0.5 mg mL-1). The spheroids were subsequently washed 3 times by submerging 

in 10 mL of D-PBS and stained with propidium iodide (1 µg mL-1), after which 

they were characterised using Z-stack imaging with a Zeiss LSM-510 laser 

scanning confocal microscope. The depth of images was 65-90 µm and the 

thickness of individual focal slices was equal to 2 µm. The image analysis was 

performed using Volocity Version 6.3.0. 

 

2.13 Caspase activation assays 
 

A549 cells were seeded on white, flat-bottom, opaque 96-well plate (Corning, 

USA) at 0.5 x 104 cells per well in 0.1 mL culture medium and incubated for 

24 h. The spent medium was replaced with sterile-filtered D-PBS containing 

PP50 and Bim and incubated for 3 h. The solutions were replaced with DMEM 
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and further incubated for 4 h, after which the growth medium was removed and 

replaced with 20 µL of serum free DMEM. 20 µL of Caspase-Glo® 3/7 Assay 

reagent was added to each of the wells and incubated on a plate shaker for 1 h 

at room temperature. The luminescence was measured using a 

spectrofluorometer (GloMax®-Multi Detection System, Promega). The cytotoxic 

effect was determined by comparison to appropriate control samples. 

Corresponding AlamarBlue assays were performed as described above.  

 

2.14 IncuCyte® ZOOM  
 

IncuCyte® ZOOM is an automated fluorescent microscope system which allows 

the imaging of cells growing at 37oC and 5% CO2 over time, enabling collection 

of physiologically relevant data as well as the study of kinetics of various 

biological processes. A549 cells were seeded in black, flat, transparent-bottom 

96-well plates (Corning, USA) at 1 x 104 cells per well in 0.1 mL DMEM and 

incubated for 24 h, followed by the addition of PP50, Bim-Cy7, scrBim-Cy7, 

ABT-737, PP50-Bim-Cy7 or PP50-scrBim-Cy7 at a specific concentration and 

incubated for a specific period of time. The solutions containing the tested 

substances was replaced with 100 µL FBS- and penicillin/streptomycin-

supplemented DMEM containing 5 µM IncuCyte® Caspase-3/7 Green 

Apoptosis Assay Reagent, placed within the incubator chamber of the 

IncuCyte® ZOOM (Welwyn Garden City, Hertfordshire) and imaged every 2 h 

by exciting at 488 nm. The images were analysed using the integrated IncuCyte 

Zoom software v. 2016B. 

 

2.15 Delivery method comparison 
 

A549 cells were cultured in 96 well plates at 2 x 104 cells per well as described 

above. Bim and scrBim (15 μM) was added to the cells with the following delivery 

agents: PP50 (22 μM), PLP (29 μM), PEI 0.6 kDa (1.7 mM), PEI 25 kDa (2 μM), 

Melittin (1 μM), Tat (20 μM) and Penetratin (20 μM). These concentrations were 

determined using literature and experimental optimisation. Peptide delivery 

using BioPORTER®, PULSin® and electroporation was performed using 

manufacturer’s instructions. Treatment time was equal to 4 h in either PBS pH 
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6.5 (PP50 and PLP) or serum free DMEM (remaining chemical agents). Cell 

survival was assessed using CellTiter-Glo® 2.0 by adding 40 μL of the assay 

reagent to each of the wells 24 h after the end of the treatment, and the 

luminescence was analysed using Envision 2100-series plate reader 

(PerkinElmer, USA) and compared to corresponding controls with untreated 

cells. 

 

2.16 EVs – production and loading 
 

Extracellular vesicles were derived from human embryonic kidney cells 293 

(HEK-293) by Christina Schindler (MedImmune) following a sequential three-step 

filtration protocol described by Heinemann and Vykoukal (2017). EVs at the 

concentration of 2.0 x 1012 particles mL-1 obtained thus were placed in PBS, pH 

6.5, for the final aliquot volume equal to 80 µL, and frozen. 

For PP50-mediated peptide loading of EVs, the samples were thawed at room 

temperature and spun for 1 min using a benchtop centrifuge. The EVs were then 

mixed with 10 µL of PP50 stock solution (10 mg mL-1) and 10 µL of Bim stock 

(200 µM) to produce samples with the final volume of 100 µL containing 1 mg mL-

1 and 20 µM of polymer and peptide, respectively. Appropriate polymer-free 

control as well as peptide-free controls were used. The loading was performed at 

37oC (incubator) for 1.5 h. This treatment was followed by partial peptide removal 

by spinning down the samples using a benchtop centrifuge (13.3k g, 15 minutes). 

Bim-Cy7 which is not very stable in aqueous solutions formed a pellet at the 

bottom of the tubes. The second purification step relied on using 

ultracentrifugation to spin the samples at 100k g for 1 h 15 min in thick-walled 

ultracentrifuge tubes. After the procedure the supernatants were collected in 

separate tubes and the EV pellets were re-suspended in 80 μL PBS (fine-filtered).   

 

2.17 EVs - analysis using NanoSight 
 

EV concentration and size were analysed using NanoSight NS300 (Malvern 

Panalytical, UK). Briefly, the EVs were diluted 1000-fold in fine-filtered PBS for 

a final volume of 1 mL and injected into the NanoSight instrument using a 

syringe. NanoSight analysis relies on a microscope and camera-driven 
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detection of scattered light and Brownian motion from nanoparticles passing 

through a laser beam in a liquid solution. The integrated software is then capable 

of calculating the particle concentration and hydrodynamic radius using the 

Stokes-Einstein equation. 

 

2.18 EVs – analysis using flow cytometry 
 

Analysis of PP50-mediated peptide loading into EVs was performed using flow 

cytometry by Christina Schindler (MedImmune). As free EVs are too small for 

detection they had to be immobilised on Dynabeads® magnetic beads coated 

with anti CD9 antibodies, which allows for EV binding on bead surface at a high 

enough concentration for detection using this method. 40 µL of bead slurry was 

mixed with 60 µL of the EV sample and topped up with PBS + 0.1% BSA to the 

total volume of 250 µL. The mixture was left overnight at 8oC, followed by a 3-

step wash and analysis using BD LSRFortessa cytometer, detecting the 

fluorescence of Bim-Cy7. Fresh magnetic beads were used as a negative control. 

 

2.19 PDPH grafting 
 

3-(2-pyridyldithio)propionyl hydrazide (PDPH; 3.2 mg, 0.014 mmol), PP50 (100 

mg, 0.28 mmol [COOH]) and DMAP (20 mg, 20 wt% of PP50) were dissolved 

in anhydrous DMF (400 µL) in a flat bottom, disposable glass tube (5 mL). DCC 

(3 molar equivalents to PDPH) in anhydrous DMF (40 µL) was added to the 

previous solution dropwise. The reaction tube was tightly sealed with parafilm 

and the reaction was left to proceed under magnetic mixing at room temperature 

for 24 h. Centrifugation was used to spin down dicyclohexylurea (DCU, the by-

product of the reaction. The supernatant was collected using a pipette and 

subsequently rapidly poured into 5 volumes of diethyl ether, where precipitation 

of crosslinker-grafted polymer (PP50-PDPH) occurred. The precipitate was 

collected using vacuum filtration and re-dissolved in sodium bicarbonate (0.1 

M). Dialysis was performed in order to remove remaining inorganic salts, 

impurities and solvents using 12-14 kDa MWCO Visking tube membrane 

(Medicell) against deionised water (48 h). To convert it to the acid form, PP50-

PDPH in its sodium salt form was acidified using diluted hydrochloric acid 
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(0.1 M) after dialysis to cause polymer precipitation (pH 3.0-4.0). The precipitate 

was spun down using centrifugation, washed with deionised water and freeze-

dried to yield dry PP50-PDPH powder. In order to convert to back to the sodium 

salt form, the PP50-PDPH was dissolved in sodium bicarbonate. 

 

2.20 PDPH characterisation 
 

PP50-PDPH was dissolved in phosphate buffered saline (PBS; pH 7.4) at 

1 mg mL-1 and its absorbance at 343 nm was measured using a GENESYS 10S 

UV/Vis Spectrophotometer (Thermo Fisher Scientific, USA). The disulphide 

bond in PDPH was reduced by addition of excess 0.1 M DTT, and the reaction 

was allowed to proceed for 90 minutes. The absorbance of 2-mercaptopyridine 

released from reduced crosslinker was measured at the same wavelength. The 

difference between the absorbance before and after DTT reduction was used to 

calculate % grafting with PDPH. 

 

2.21 2-mercaptopyridine release kinetics 
 

The release kinetics of 2-mercapopyridine (small molecule drug model) was 

studied using the GENESYS 10S UV/Vis Spectrophotometer (Thermo Fisher 

Scientific, USA). 0.1 mg mL-1 PP50-PDPH in PBS (pH 7.4) was incubated with 

various concentrations of biological reducing agents, glutathione (GSH) and 

cysteine, at 37oC in order to initiate reduction of disulphide bonds in the PDPH 

crosslinker. The absorbance of 2-mercaptopyridine released from the 

crosslinker was recorded using the GENESYS 10S UV/Vis Spectrophotometer 

at 343 nm over 2 and 24 h periods at chosen time intervals. Reduction with 

excess DTT was used to establish 100% possible release (positive control), 

while addition of no reducing agents constituted the negative control. 

 

2.22 Conjugation of PEG-FITC 
 

Thiol-functionalised PEG-FITC was conjugated to PP50-PDPH by dissolving 

both of the substances in either PBS or DMSO, or a mix of the two to a desired 

final concentration of PP50-PDPH (1 and 0.66 mg mL-1) and mixing them 
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together. The amount of PEG-FITC chosen was so that it was in 0.5:1, 1:1 and 

2:1 molar ratio with the available PDPH molecules. The reaction was left to 

proceed at room temperature for up to 24 h. To characterise conjugation 

effectiveness and kinetics, the GENESYS 10S UV/Vis Spectrophotometer 

(Thermo Fisher Scientific, USA) was used to measure absorbance of the 

released 2-mercaptpyridine. Since the absorbance spectra of 2-mercaptpyridne 

and FITC overlap, a negative control of PEG-FITC at the appropriate 

concentration was used to establish the actual absorbance reading. The excess 

of unconjugated PEG-FITC was removed by dialysis against PBS using 

Spectra-Por® Float-A-Lyzer® G2, 5 mL, MWCO 8-10 kDa dialysis units 

(Spectrum Labs, USA). 

 

2.23 Conjugation of proteins 
 

Modification with N-succinimidyl S-acetylthioacetate (SATA) 

Addition of free sulfhydryl groups on proteins which do not possess free thiols 

readily available for conjugation was performed using SATA crosslinker, which 

is reactive to primary amines. For addition of sulfhydryl groups to IgG antibodies, 

1 mL of 60 µM protein solution dissolved in PBS (pH 7.4) was prepared. SATA 

solution (55 mM, 10 µL) dissolved in DMSO, was added to the IgG solution, the 

samples were placed in a sample rotator and the reaction was allowed to 

proceed for 30 minutes at room temperature. A 5 mL HiTrap desalting column 

(VWR, UK) was used to remove unconjugated SATA and the protein fractions 

were collected and pooled together. Protein concentration was calculated by 

measuring absorbance at 280 nm using GENESYS 10S UV/Vis 

Spectrophotometer (Thermo Fisher Scientific, USA). The protective group of 

SATA was removed by addition of 10 µL of the deacetylation buffer (0.5 M 

hydroxylamine, 25 mM EDTA in PBS, pH 7.5) to 1 mL SATA-modified protein 

sample. The reaction was left to proceed for 2 hours at room temperature, and 

a desalting column was used again to remove hydroxylamine. 

The amount of added thiols was quantified in an Ellman’s Test. Briefly, 50 µL of 

50 mM DTNB was added to 1 M Tris (pH 8.0, 100 µL) and 840 µL dH2O for each 

tested sample. 10 µL of protein solution was added to the previously prepared 
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mixture and left to incubate at room temperature for 5 minutes. Then the 

absorbance of the solution was measured at 412 nm. The thiol grafting was 

determined by comparison to a standard curve which was prepared using 

cysteine.  

Conjugation of PP50 and BSA 

BSA (or SATA-modified BSA) and PP50 grafted with PDPH were each 

dissolved in PBS (pH 7.4) and mixed together so that the final concentration of 

PP50 was 1 mg mL-1. Various amounts of BSA were used, chosen so that they 

were in e.g. 1:1 and 2:1 molar ratio with the available PDPH molecules. The 

reaction was allowed to proceed at room temperature for 24 h. The reaction 

effectiveness was measured by the GENESYS 10S UV/Vis Spectrophotometer 

(Thermo Fisher Scientific, USA), by measuring the absorbance of 2-

mercaptopyridine released from PDPH, separated from the reaction mixture by 

using Amicon Ultra 0.5 mL 10 kDa MWCO centrifugation units. 

Conjugation of PP50 and GFP 

GFP and PP50 grafted with PDPH were each dissolved in PBS (pH 7.4) and 

mixed together so that the final concentration of PP50 was 1 mg mL-1. 1:1 molar 

ratio of GFP to PDPH was used. The reaction was allowed to proceed at room 

temperature for 24 h. GFP loading onto PP50 was measured as described 

above. 

Conjugation of PP50 and IgG 

PDPH-modified PP50 was mixed with SATA-modified IgG at 1:1 ratio of PDPH 

and SATA in 1 mL of PBS (pH 7.4) and a final polymer concentration of 1 mg 

mL-1. The reaction was left to proceed for 24 h at room temperature. The 

reaction effectiveness was measured as described above. 

 

2.24 Conjugation of Bim and scrBim 
 

Bim and scrBim (as well as Bim-Cy7 and scrBim-Cy7) used herein were 

designed to contain a free cysteine which enabled conjugation to PP50 via 

formation of disulphide bonds between the cysteine’s sulfhydryl group and 
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PDPH. 2:1 to 3:1 molar ratios of the peptide to the available PDPH crosslinker 

on PP50 were used. The peptides were dissolved in a small amount of DMSO 

and added to the polymer solution dissolver in PBS and mixed vigorously using 

a benchtop vortex. The Eppendorf tubes containing the materials were mounted 

on a sample rotator and the reaction was left to proceed for 24 h at full rotation 

speed. After 24 h, the reaction efficiency was analysed by measuring the 

amount of 2-mercaptopyridine released from PDPH, separated from the 

reaction mixture by using Amicon Ultra 0.5 mL 10 kDa MWCO centrifugation 

units, and compared to a positive control – PDPH-modified PP50 reduced with 

20x molar excess of DTT. Unconjugated Bim and scrBim were removed via 

dialysis against PBS using Spectra-Por® Float-A-Lyzer® G2, 5 mL, MWCO 8-

10 kDa dialysis units.  

 

2.25 Bim-Cy7 and scrBim-Cy7 removal by dialysis - 

analysis 
 

Following conjugation with PP50, the unconjugated Bim-Cy7 and scrBim-Cy7 

was attempted to be removed by dialysis using Spectra-Por® Float-A-Lyzer® G2, 

5 mL, MWCO 8-10 kDa dialysis units against different buffers for 24 h. The 

peptide content in the original sample as well as the dialysate were analysed 

using an Odyssey® infrared fluorescent scanner (LI-COR, Germany). Briefly, 50 

µL of the samples were added to 96-well plates (black wall) and read using 

Odyssey® at λ= 800 nm. 

 

2.26 High Pressure Size Exclusion Chromatography 

(HPSEC) 
 

High Pressure Size Exclusion Chromatography (HPSEC) was performed Jen 

Spooner (MedImmune) to analyse the size of PP50, Bim/scrBim and the polymer-

peptide conjugates and determine the potential for size-based separation of the 

peptide. HPSEC was performed using Agilent 1260 HPLC system (Agilent, USA), 

equipped with a TSKgel G3000SWXL HPSEC column (5 µm, 7.8 mm x 300 mm; 

Sigma, UK). The flow rate was 1 mL min-1 using 0.1 M sodium phosphate dibasic 
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anhydrous + 0.1 M sodium sulphate, pH 6.8, as the isocratic running buffer. The 

elutes were analysed using absorbance analysis (λ = 280 nm). 

 

2.27 Endotoxin quantification 
 

Quantification of endotoxin content in conjugate samples prior to immunogenicity 

and in vivo studies was performed by Jen Spooner (MedImmune) using the FDA-

approved Limulus Amebocyte Lysate (LAL) Kinetic-QCLTM assay (Lonza 

Biologics, UK). Briefly, this method relies on detection of Gram-negative bacterial 

endotoxin by mixing the sample with LAL substrate which contains an endotoxin-

sensitive enzyme derived from blood of the horseshoe crab (Limulus 

polyphemus) (Young et al., 1972). Upon catalytic activation by endotoxin, the 

enzyme reacts with a synthetic substrate to produce p-nitroaniline turning the 

samples yellow, which can be detected photometrically using a plate reader (λ = 

405 nm) and compared to a set of standard endotoxin solutions in order to 

determine endotoxin concentration. All of the PP50-peptide samples used herein 

had endotoxin level lower than 50 EU mL-1 to prevent toxicity to the animals used 

in the in vivo experiments. 

 

2.28 IL-6 and TNFα ELISAs 
 

Isolation of peripheral blood mononuclear cells (PBMCs) from human blood 

Leukocyte cone blood (25 mL) (Addenbrooke’s Hospital, Cambridge) diluted in 

PBS, if necessary, was layered on top of 14 mL Ficoll in 50 mL Falcon tubes 

and centrifuged for 40 minutes at 400 g. PBMCs were removed from the 

Ficoll/blood interface using a Pasteur pipette and placed in a new 50 mL Falcon 

tube, following topping up with PBS to the final volume of 45 mL and second 

centrifugation step (10 minutes at 200 g) to wash the cells. This step was 

performed two more times. Following the last wash step, PBMC pellet was 

collected and resuspended in ACK Red Blood Cell Lysing Buffer and the 

reaction was left to proceed for 5 minutes at room temperature, following topping 

up with 45 mL PBS and centrifugation at 200 g for 10 minutes. The pellets were 

collected and dissolved in 50 mL fresh PBS and the cell number was established 



86 
 

using a haemocytometer and the cells were stored in 90% foetal bovine serum/ 

10% DMSO at -80oC. 

Incubation with materials 

PBMCs were thawed, spun down to remove DMSO and seeded in a 96 well cell 

culture plate at 5 x 105 cells per well in RPMI supplemented with 10% (v/v) FBS, 

100 U mL-1 penicillin and 100 µg mL-1 streptomycin. PP50, PP50-Bim-Cy7, 

PP50-scrBim-Cy7, Bim-Cy7 and scrBim-Cy7 were added to different cell-

containing wells at specified concentrations. Bacterial lipopolysaccharides 

(LPS) at 10 and 100 ng mL-1 were used as a positive control. The cells mixed 

with different materials were cultured in a humidified incubator at 37 oC with 5% 

CO2 for 24 h, followed by transferring the samples to a U-shaped bottom 96 well 

plate and centrifugation in order to spin down the cells. The supernatants were 

transferred to a new plate and frozen at -80oC. 

ELISA  

Human IL-6 ELISA Duoset and Human TNFα ELSIA Duoset kits were used to 

analyse the expression levels of IL-6 and TNFα, respectively.  

Capture antibody was diluted 1:180 in PBS, and added to Nunc® MaxiSorp™ 

black 96-well plates (50 µL per well), sealed with a plastic sticker lid and 

incubated overnight at 4oC. The coated plates were then washed 3 times with 

PBS and TWEEN® 20 using a plate washer, following addition of 200 µL of 1% 

Bovine Serum Albumin in PBS (block buffer) and incubation at room 

temperature for 1 h, followed by a wash step with PBS + TWEEN® 20 (3 times). 

The supernatants obtained from treatment of PBMCs with the tested materials 

were thawed and loaded into appropriate wells (50 µL per well). The samples 

added to the plates containing the TNFα capture antibodies were diluted 1:2 in 

PBS before addition. After a 2 h incubation at room temperature, the plates were 

washed 3 times with PBS + TWEEN® 20, followed by addition of biotinylated 

goat anti-human IgG antibodies diluted 1:180 in 1% BSA solution (50 µL per 

well) and incubated for 1h at room temperature. The plates were washed 3 times 

with PBS + TWEEN® 20 and Europium-conjugated streptavidin diluted 1:1000 

in DELFIA® Assay Buffer (PerkinElmer, USA) was added to the wells (100 µL) 

and incubated for another 1 h. The plates were finally washed 7 times with 
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DELFIA® Assay Buffer, followed by addition of the DELFIA® Enhancement 

Solution (PerkinElmer, USA) at room temperature (100 µL per well). The plates 

were shaken for 10 minutes using a rotating plate shaker in the dark. The time-

resolved fluorescence of the wells was measured using Envision 2100-series 

plate reader (PerkinElmer, USA). 

 

2.29 In vivo study 
 

CD1-nude mice (Charles River, UK) were used in all the in vivo studies. The 

experiments were performed on females only older than 8 weeks old and with a 

body weight equal to or greater than 18 g. Fabien Garcon (MedImmune) 

supervised the in vivo studies. Experimental design was planned by Fabien 

Garcon and Michal Kopytynski. Michal Kopytynski prepared the conjugate 

samples. Mice handling was performed by skilled technicians possessing Home 

Office licenses for animal work. 

 

Cell harvest and preparation 
 

The cell line used to create the xenografts was A549 (ATCC). Briefly, A549 cells 

were cultured in T175 flasks until reaching 80% confluency and detached using 

Accutase. The detached cells were diluted with PBS in 50 mL Falcon tubes and 

spun down at 170 g for 5 minutes using a centrifuge. Cell number was 

determined using a haemocytometer. 5 x 106 cells were diluted in bijoux tubes 

with PBS and 50% v/v Matrigel Basement Membrane Matrix (Corning, UK) at 

the final volume of 100 μL which was used for implantation. The samples were 

sent on ice to the MedImmune animal house (Babraham Research Campus, 

Cambridgeshire, UK). 

 

Cell Implantation and tumour measurement 
 

Cell implantation was performed by licensed technicians. Briefly, A549 cells, in 

a volume of 100 µL were implanted subcutaneously in shaved flanks of the CD-

1 nude mice. Tumours were measured using graduated callipers taking 2 

perpendicular measurements in millimetres (the longest diameter is measured 

first). Depth of tumour growth is not normally measured. Measurements were 

performed 3 times a week (usually Monday, Wednesday, Friday). Tumour 
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volume was calculated to generate a tumour growth curve. Generally, volume = 

(length x width2)/ 2. Tumour diameter, which was defined as an average of the 

length and width, was minimum 15 mm.  

 

Tolerability studies 

PP50, PP50-Bim-Cy7 and PP50-scrBim-Cy7 were injected intravenously in tail 

vein in a volume of 100 µL at a specified concentration. The mice were checked 

for adverse effect for a period of 60-120 minutes post-injection by observation 

of the animal behaviour. Usual occurrence is mouse being subdued post-

injection, but still being responsive to touch. Full recovery should normally take 

place within 45 minutes. For the tolerability study, mouse body mass was 

measured using an electronic scale once a day for 7 days following the last 

injection. 

 

Non-invasive imaging 

The animals were anaesthetised with isoflurane and placed in IVIS Spectrum 

(PerkinElmer) for imaging of the biodistribution of PP50-Bim-Cy7 and PP50-

scrBim-Cy7 administered as an intravenous injection into the tail. The 

anaesthesia was maintained for the duration of the imaging session. At the 

endpoint of the study, the animals were culled and different organs were 

harvested and imaged. 

 

2.30 Statistical analysis 
 

Statistical analysis was performed using GraphPad Prism 7.04. Student’s t-tests 

and ANOVA with Tukey’s multiple comparison tests were performed where 

appropriate. Statistical significance was assigned as follows: P-value ≥ 0.05 – 

not significant (ns), P-value = 0.01-0.05 – significant (*), P-value = 0.001-0.01 – 

very significant (**), P-value = 0.0001-0.001 – highly significant (***), P-value < 

0.0001 – extremely significant (****). 
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3. Chapter 3 - Payload delivery by co-incubation 

with PP50: mechanism and delivery 

characterisation 

 

3.1 Introduction 
 

PP50 is a pH-responsive, bio-inspired, amphiphilic polymer which can cause 

membrane permeabilisation when protonated in a mildly acidic pH environment, 

enabling payload delivery to the cell interior (Chen et al., 2009c; Lynch et al., 

2010). In the cellular milieu, the endosomal pathway, in which endosomes 

acidify progressively as they mature from early endosomes towards lysosomes, 

provides an opportunity to trigger pH-responsive delivery agents, such as PP50. 

This strategy has been previously shown to be capable of delivering siRNA 

conjugated to another PP-family polymer, PP75, for potential cancer therapy 

applications (Khormaee et al., 2013).   

In contrast, the work in this chapter focuses on another approach in which the 

pH of the extracellular environment in vitro is changed to a mildly acidic one, in 

order to protonate and activate the polymer before it is internalised by the cell. 

This approach was used by Lynch et al. (2011), who investigated PP50-

mediated delivery of the small molecule trehalose to human erythrocytes for cell 

preservation applications by simple co-incubation of the polymer with this cargo 

at mildly acidic pH.  

This chapter aims to discuss the mechanism in which PP50 interacts with and 

permeabilises biological phospholipid bilayers, building on previous work which 

investigated the interaction of PP50 with artificial DOPC lipid bilayers 

(Ramadurai et al., 2017), human erythrocytes (Lynch et al., 2011) as well as 

nucleated mammalian cells (Mercado and Slater, 2016b) and will place these 

findings in the context of developing PP50 as a universal delivery agent capable 

of permeabilising the cell membranes in a controlled way, using pH as the 

trigger. A deeper understanding of the way in which PP50 interacts with 

biological membranes will help to inform about the capabilities as well as the 

limitation of this delivery system.  
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To achieve this, ovine erythrocytes and HeLa cells were used to study the 

behaviour of fluorescently labelled polymer as well as that of the fluorescent 

small molecule dye TexasRed and macromolecular dextran, which acted as 

model payloads. In addition, the effects of the extracellular pH, temperature and 

the importance of the endosomal acidification on payload delivery into the 

cytosol were investigated. The analysis was performed by confocal microscopy, 

flow cytometry and haemolysis assay. This helped to build an explanation of the 

proposed mechanism underlying payload delivery by simple co-incubation with 

PP50, which will be discussed. 

Furthermore, the delivery process of a fluorescent model payload to HeLa cells 

was characterised in detail as a function of a number of different parameters. 

Treatment time, concentration of both the polymer and the cargo as well as the 

environmental pH are key factors which dictate the delivery efficiency and 

therefore the amount of payload delivered intracellularly. Here 150 kDa FITC-

Dextran was used as the model macromolecular cargo, and the effects of the 

delivery were analysed using flow cytometry and confocal microscopy.   

Understanding the interaction between PP50 and biological membranes, 

leading to membrane permeabilisation, as well as the characterisation of the 

delivery efficiency and the crucial parameters ruling the delivery process will 

help in optimising future experiments whose aim will be to establish PP50-

mediated delivery as a platform technology, compatible with different payloads 

and cell types. This will be further discussed in the following chapter. 
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3.2 Results and Discussion 
 

3.2.1 pH-responsive interaction with biological membranes 
 

Here, ovine erythrocytes were used as a simplified model of the more complex 

nucleated mammalian cells. Some of the main differences between these two 

cell categories include the lack of nucleus and organelles in the erythrocytes as 

well as low levels of endocytosis, unless chemically induced, compared to 

nucleated cells (Ginn et al., 1969; Bourgeaux et al., 2016). Erythrocytes are also 

generally less robust than nucleated cells due to the lack of the intracellular 

structures, which allows travel though narrow blood vessels and capillaries. It is 

also interesting to note that red blood cells have been proposed as a potential 

drug delivery vehicle, and so the ability to load them with the desired payloads 

possessing biological functions could find clinical uses (Bourgeaux et al., 2016). 

Building on the results reported by Lynch et al (2011), the interaction between 

PP50 and the erythrocyte plasma membrane in the context of payload delivery 

into the cell interior was investigated. A small molecule (fluorescent dye) was 

used to enable easy detection by microscopy.  
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Figure 3-1. (A) Haemolysis of ovine erythrocytes after incubation with PP50 (100 μg mL-1) for 

1 h in a shaking water bath at 37oC in 7 different pH environments in the range of pH 4.5-7.4. 

(B) Delivery of TexasRed dye (0.62 kDa, 1 μM) to ovine erythrocytes by co-incubation with PP50 

(50 μg mL-1) at pH 6.0, 6.5, 7.0 and 7.4, as analysed by confocal microscopy. Scale bar = 20 

μm. 

A haemolysis assay was performed to determine the optimal buffer pH for the 

treatment of erythrocytes. Incubation of red blood cells with PP50 at pH 6.5 

resulted in the highest level of haemoglobin release, compared to pH 4.5, 5.0, 

5.5, 6.0, 7.0 and 7.4 (Figure 3-1 A), leading to 90% haemoglobin release, and 

A 

B 
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thus it was concluded that at this pH value PP50 was the most efficient at 

permeabilising the erythrocyte plasma membrane and chose it for the following 

delivery experiments. TexasRed dye (0.62 kDa, Ex 596/ Em 615) was used as 

a small molecule model for delivery to ovine erythrocytes. TexasRed has been 

described to bind to the membrane of erythrocytes permeabilised by pH-

responsive hyperbranched polymers with high affinity, forming a visible ring, but 

did not interact with intact erythrocyte membranes (Hughes et al., 2014; Wang 

and Chen, 2017), thus enabling easy detection of cells modified by membrane 

permeabilising polymers, such as PP50. The same number of ovine 

erythrocytes were co-incubated with TexasRed and PP50 at pH 6.0, 6.5, 7.0 

and 7.4 for 30 minutes and were subsequently analysed by confocal microscopy 

(Figure 3-1 B). The treatment with PP50 at pH 6.5 resulted in the highest number 

of cells bound to by TexasRed as a sub-population of the total cell number, 

characterised by the clearly visible red ring around the cells. This was in clear 

contrast to the intact cells which remained impermeable to the dye and 

appeared as black circles. This is consistent with previously reported results 

(Chen et al., 2009c; Lynch et al., 2011) showing that pH 6.5 is the optimal pH at 

which PP50 is in its most membrane-active state due to the protonation and 

exposure of the hydrophobic pendant groups.  

The pH-dependant membrane binding ability was also investigated by 

Ramadurai et al. (2017), who used microcavity supported lipid bilayers 

composed of 1,2-Dioleyl-sn-glycerophosphocholine (DOPC) as substrate-

supported synthetic models of the biological phospholipid bilayer, which offer 

lipid fluidity similar to that of liposomes. In their study, fluorescently labelled 

PP50 was incubated with DOPC membranes at pH 7.5, pH 7.05 and pH 6.5, 

respectively, corresponding to the polymer’s deprotonated, partly protonated 

and fully protonated state, for up to 4 h, and analysed using fluorescence 

correlation spectroscopy and electrochemical impedance spectroscopy. The 

results showed that at all the studied pH values PP50 associated with the lipid 

membrane and diffused along the membrane’s aqueous interface, leading to a 

retardation of lipid diffusion. However, the lipid retardation effect and the 

increase in film impedance were the strongest and most immediate at pH 6.5, 

followed by pH 7.05 and pH 7.5, where the effect was weaker and more 
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temporary, suggesting that more polymer bound to the bilayer in its fully 

protonated state, the interaction is stronger or that the polymer is more spread 

out on the membrane surface at pH 6.5.  

Furthermore, the study of the electrochemical resistance across the membrane 

indicated a notable rise after treatment with PP50, suggesting that the polymer 

did not produce defects or pores in the membrane which would lead to lower 

resistance. This contrasts with other synthetic delivery agents, such as PEI or 

poly(L-lysine) (Hong et al., 2006; Wang et al., 2014). These findings also 

suggest that PP50 does not penetrate deeply into hydrophobic core or span the 

bilayer, but instead can modify the membrane fluidity by binding on the external 

leaflet, modifying surface roughness and thickness.  

This was also corroborated by Lynch et al. (2011), who visualised the plasma 

membrane of human erythrocytes after incubation with PP50 at a mildly acidic 

pH using atomic force microscopy. They observed discrete regions of polymer 

build-up, increasing the apparent plasma membrane thickness, and 

presumably, resistivity, as reported by Ramadurai et al. (2017). These regions 

were surrounded by areas of the membrane whose thickness was depressed 

by ca. 3 nm, or 35-40% of the total erythrocyte bilayer thickness (Hochmuth et 

al., 1983; Lynch et al., 2011). The mechanism responsible for this localised 

membrane thinning was hypothesised to rely on the initial binding of PP50 being 

mediated by the hydrophilic phase of the polymer binding onto the external, 

polar regions of the bilayer. This binding leads to a formation of an energetically 

unstable void in the hydrocarbon chain region, which is quickly eliminated by 

hydrocarbon tails via trans-gauche isomerisation and chain bends. This 

promotes the interaction between the hydrophobic core and the hydrophobic 

phase of PP50, which in turn leads to membrane thinning via disruption of the 

original bilayer architecture. These areas of localised membrane thinning, or 

creation of associated membrane perturbations, could be responsible for the 

reported non-Stokesian diffusion of molecules of interest into the cytosol (i.e. 

payload delivery). The membrane thinning effect has been also reported upon 

binding of certain antimicrobial peptides (Ludtke et al., 1995; Mecke et al., 

2005). 
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3.2.2 Formation of ghost cells 
 

There are two possible formats of payload delivery to erythrocytes: (i) delivery 

to intact cells, with no membrane collapse or (ii) cargo transport to the inside of 

the erythrocyte ghosts, i.e. membrane shells or cells whose intracellular content 

has leaked out (Hamidi and Tajerzadeh, 2003; Muzykantov, 2010). Lynch et al., 

who wanted to deliver trehalose for potential cryopreservation applications, 

focused on payload transport to red blood cells without causing major 

haemolysis, which would be highly disadvantageous in the cell preservation 

context. In experiments presented here, however, the delivery occurred mainly 

via formation of erythrocyte ghosts.  

 

Figure 3-2. Delivery of TexasRed (1 μM) to ovine erythrocytes by co-incubation with PP50 (50 

μg mL-1) at pH 6.5 for 30 min in a shaking water bath (37
o
C), compared to polymer-free control 

sample, as analysed by confocal microscopy. Red channel represents TexasRed. Differential 

interference contrast (DIC) is also shown. Scale bar = 20 μm. 

 

To confirm the formation of ghost cells, a more thorough analysis of the cell 

morphology and a comparison to a suitable negative control was performed 

After a 30-minute treatment with PP50 mixed with TexasRed at pH 6.5, the 

samples were visualised using confocal microscopy (Figure 3-2). The formation 
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of erythrocyte ghosts in the samples treated with the polymer was observed. 

The ghost cells displayed binding of the small molecule dye on the membrane, 

resulting in an apparent bright fluorescent ring when observed within a set focal 

plane, as well as the penetration of the dye into the cell interior. In addition, 

ghost cells displayed low contrast in the DIC images compared to intact cells, 

due to the lack of cytosolic haemoglobin. These changes were not observed in 

the corresponding, polymer-free controls. In addition, TexasRed delivery to 

intact erythrocytes in the polymer-containing samples was not observed, 

instead, it appeared that under the studied parameters the full permeabilisation 

and leakage of cytosolic haemoglobin was a necessary step enabling 

subsequent molecule delivery in an all-or-nothing manner. 

 

Figure 3-3. Binding of PP50 labelled with fluorescent dye Rhodamine110 (Ex 498/ Em 521 

nm) on the membrane of ovine erythrocytes following a 3-minute treatment at 37oC with the 

polymer at the concertation of 50 μg mL-1. Analysed by confocal microscopy. Scale bar = 20 

μm. 

 

Furthermore, PP50 grafted with fluorescent dye Rhodamine110 (Ex 498/ Em 

521 nm) was used to observe the behaviour of the polymer and its interaction 

with red blood cells (Figure 3-3). Following a 30-minute treatment a green ring 
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forming on a sub-population of the erythrocytes in the sample was observed, 

which could indicate the polymer binding onto the plasma membrane leading to 

ghost cell formation and loading of the cells with the molecules present in the 

extracellular buffer. These findings are also supported by previous results in 

which fluorescently labelled PP50 was observed to localise on the erythrocyte 

membrane, creating fluorescent rings, which were significantly brighter at mildly 

acidic pH, compared to pH 7.4 (Lynch et al., 2011).  

 

3.2.3 Delivery of FITC-Dextran to erythrocyte ghosts 
 

In order to expand the scope of potential applications of PP50, macromolecules 

were attempted to be delivered into ovine erythrocytes. Here, 10 and 150 kDa 

FITC-Dextran (Ex 490/ Em 525 nm) were used as surrogate of a small 

protein/peptide and an IgG antibody, respectively. It was discovered that while 

10 kDa FITC-Dextran could penetrate inside the cells, the larger 150 kDa FITC-

Dextran did not diffuse in as efficiently under the parameters used in the 

experiment (Figure 3-4). This might be explained by the potential slower 

diffusion rate of the larger dextran, or by the existence of a size threshold of the 

PP50-permeabilised erythrocyte membrane, which would allow for release of 

haemoglobin (64.5 kDa) from the cytosol and the delivery of the smaller, 10 kDa 

FITC-Dextran, but would limit the membrane crossing of any larger molecules.  

The results above confirm previously published results reporting delivery of a 

small molecule to red blood cells and provide new evidence that delivery of 

larger molecules to erythrocyte ghosts is also possible. Further experiments 

could be carried out to optimise the number of ghost cells formed by varying 

parameters such as the treatment time as well as the polymer concentration and 

the polymer/cell ratio. In addition, it could also be possible to deliver 

macromolecules to erythrocytes without causing the leakage of haemoglobin 

and membrane collapse, associated with the formation of ghost cells, which 

would be more advantageous from the therapeutic perspective. Such delivery 

mode was not observed in the experiments discussed here, however, it was 

reported by Lynch et al. (2011), who delivered trehalose to intact human 

erythrocytes by using a higher proportion of red blood cells per available PP50. 
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Thus, the polymer/cell ratio was a crucial parameter in PP50-mediated payload 

delivery to erythrocytes, whereby a low polymer/cell ratio led to delivery into 

intact cells and a high polymer/cell ratio resulted in payload delivery via 

formation of ghost cells. 

 

Figure 3-4. Delivery of 10 and 150 kDa FITC-Dextran (10 μM) to ovine erythrocytes following a 

30-minute co-incubation with PP50 (100 μg mL-1) at pH 6.5. Analysed by confocal microscopy. 

Scale bar = 10 μm. 

 

3.2.4 Interaction between PP50 and nucleated mammalian 

cells 
 

Successful transport of macromolecules to the cytosol of nucleated mammalian 

cells would be a major advantage of the PP50 delivery platform. In order to 

investigate how PP50 interacts with such cells, HeLa cells were treated with 

PP50 labelled with fluorescent dye Cy5 (Ex 633/ Em 647 nm) at pH 6.5. 

Confocal microscopy pictures obtained at the interval of 10 minutes following 

the addition of the polymer showed very quick initial PP50-Cy5 binding to the 

plasma membrane (≤5 minutes after addition) (Figure 3-5 A). The red 

fluorescent outline of the cells, which was brighter than the surrounding solution, 

suggesting that PP50-Cy5 binds preferably to the plasma membrane where it 

reached a concentration sufficient to produce this enhanced signal. It was then 
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possible to observe progressive migration of the fluorescent signal towards the 

centre of the cell as well as the gradual appearance of bright spots inside the 

cells, which could correspond to vesicle-based polymer internalisation or 

polymer aggregates present in the cytosol. 

As reported by Mercado et al. (2016), PP50 is capable of cell entry by escaping 

the endosomal pathway following incubation at neutral pH in Soas-2 cells. In 

their study, Mercado et al. blocked specific endocytosis routes, such as clathrin-

dependant endocytosis (using hypertonic sucrose), caveloin-mediated 

endocytosis (using mβcd and nystatin) as well as macropinocytosis (using 

rottlerin) and observed an inhibition of 30%, 50% and 26% in calcein uptake 

when co-incubated with PP50, respectively. The only partial inhibition of the 3 

endocytosis pathways indicates that PP50 is internalised through multiple 

routes. This combination of cell entry mechanisms is also characteristic of cell 

penetrating peptides (Fonseca et al., 2009). In addition, Mercado et al. also 

observed that uptake of 150 kDa dextran, a marker of macropinocytosis, was 

increased by 35% when co-incubated with PP50 at neutral pH, compared to 

treatment with dextran alone. They also suggested that PP50 might be affecting 

the fluidity of the plasma membrane by changing the lipid bilayer viscosity or 

thickness, which has been reported to increase dextran transport (Ben-Dov and 

Korenstein, 2015; Mercado et al., 2016). Conducting the treatment at mildly 

acidic pH could have a synergistic effect of promoting direct membrane 

permeabilisation due to the earlier triggering of the polymer in the extracellular 

environment, compared to relying on the endosomal acidification for activating 

PP50.  

As shown in Figure 3-5 B, treatment of HeLa cells with PP50-Cy5 for 1 h at pH 

6.5 and pH 7.4 resulted in a similar pattern suggesting membrane binding and 

high levels of internalisation at both studied pH conditions. This is consistent 

with the findings of Ramadurai et al. (2017) discussed earlier, which reported 

that PP50 can bind to artificial membranes at both neutral and mildly acidic pH. 

More characterisation should be performed, such as the use of atomic force 

microscopy, to understand the precise polymer-membrane interactions and to 

explain how the polymer appears to be more membrane permeabilising at mildly 

acidic pH. 
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Figure 3-5. Polymer uptake by HeLa cells: (A) Uptake of PP50-Cy5 (0.5 mg mL-1) over a period 

of 50 minutes after the addition of the polymer at extracellular pH 6.5, visualised by confocal 

microscopy. Scale bar = 20 μm. (B) Uptake of PP50-Cy5 (1 mg mL-1) following a 1 h treatment 

at pH 6.5 or pH 7.4 and a further 30 min incubation period in serum-supplemented DMEM 

following a wash with PBS. Scale bar = 10 μm. 

 

A 

B 
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3.2.5 PP50 mediated delivery of FITC-Dextran to HeLa cells 
 

Building on the previously described results indicating a level of delivery of the 

macromolecular dextran to erythrocytes treated with PP50 at pH 6.5, it was 

hypothesised that co-incubation of nucleated mammalian cells with a mixture of 

the polymer and this fluorescent payload should also result in payload delivery 

to the cytosol. In this instance, HeLa cells were co-incubated with FITC-Dextran 

and PP50-Cy5 at pH 6.5 for 1 h, after which the cells were analysed by confocal 

microscopy (Figure 3-6).   

FITC-Dextran was used as the model payload as fluorescent dextrans are often 

used to investigate the permeability of the plasma membrane thanks to their 

properties such as the weak negative charge, contributing to low non-specific 

cell surface binding, the ease of detection using methods such as flow cytometry 

and confocal microscopy, as well as the availability of dextran with different 

molecular weights at a low cost (Sharei et al., 2013; Li et al., 2015b). To serve 

as a surrogate for protein delivery, a 150 kDa FITC-Dextran was used in the 

initial characterisation. This molecular weight corresponds to that of IgG 

antibodies.  

One disadvantage of using FITC as a molecular probe is its pH-sensitive 

property (Hermanson, 2013). The fluorescence of FITC has been reported to 

decrease with lowering pH environment, with fluoresence yield obtained at pH 

7.4 higher than that at the midly acidic pH equal to 6.0 (Lorenz and Gruenstein, 

1999). This can lead to the underestimation of the fluorescent signal of FITC-

Dextran present in endosomes and lysosomes, which exhibit lower pH 

compared to the neutral cytosol and shoul be taken into account when analysing 

the data presented herein. 
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Figure 3-6. Delivery of 150 kDa FITC-Dextran (10 μM) to HeLa cells following co-incubation 

with Cy5-labelled PP50 (1 mg mL-1) for 1 h at pH 6.5, visualised by confocal microscopy. Scale 

bar = 20 μm 

The green fluorescence signal corresponding to FITC-Dextran was found to be 

diffused throughout the cytosol, suggesting successful delivery across the 

plasma membrane. Interestingly, the model payload was consistently found to 

co-localise with Hoechst. Moreover, the green signal in the nuclear area can be 

distinguished from the green fluorescence in the cytosol as it appears more 

dense and brighter. The reason for this was not clear.  
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Figure 3-7. (A) Intracellular delivery of 150 kDa FITC-Dextran (10 μM) to HeLa cells by co-

incubation with PP50 (0.5 mg mL-1) at pH 7.4 and pH 6.5 for a period of 30 minutes and 

corresponding polymer-free negative controls (FITC-Dextran only) visualised by confocal 

microscopy (scale bar = 10 μm) and (B) fluorescence intensity profiles in the cross-sectional 

area indicated by the yellow lines in the green, red and blue channels, created using ImageJ. 

 

Based on the previously reported findings on the enhanced interaction of PP50 

with the membrane at mildly acidic pH, the delivery efficiency was hypothesised 

to be higher at a lower pH, such as pH 6.5, than at neutral pH. To test this, HeLa 

cells were co-incubated with 150 kDa FITC-Dextran in either polymer-containing 

or polymer-free PBS at pH 6.5 and pH 7.4 and analysed using confocal 

microscopy after a 30-minute treatment (Figure 3-7). The images suggest that 
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in both tested pH environments the intracellular delivery of FITC-Dextran was 

successful compared to the polymer-free controls, manifesting in a diffused 

green fluorescent signal in the cytosol. The uniformity of the cytosolic green 

fluorescence and the fact that it was not present in the same punctate pattern 

as the endosomal-lysosomal stain LysotrackerRed (red channel) is indicative of 

a high level of endosomal escape, or that the problem of endosomal entrapment 

is overcome in another manner, such as via direct permeabilisation of the 

plasma membrane (Martens et al., 2014; Erazo-Oliveras et al., 2014). 

As expected, treatment at the mildly acidic pH produced a stronger fluorescent 

signal than that at the neutral pH, which was further confirmed by flow cytometry 

showing a trend of increased cell brightness when comparing the cells treated 

at pH 6.5 and pH 7.4 (Figure 3-8). Again, co-localisation of the fluorescent 

dextran with Hoechst at both pH 7.4 and pH 6.5 was observed, suggesting 

presence of FITC in the nuclear area. This trend was more pronounced at pH 

6.5. This was further confirmed by creation of Z-stack 3D projections showing 

localisation of the green fluorescent signal inside the nucleus. (Figure 3-9).  

 

Figure 3-8. Flow cytometry analysis of HeLa cells illustrating fluorescence intensity of 

intracellular FITC after delivery of FITC-Dextran (5 μM) to HeLa cells by co-incubation with PP50 

(0.5 mg mL-1) at pH 6.5 and pH 7.4 for 30 minutes. Results are based on a minimum of 10,000 

events analysed. 
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Figure 3-9. 3D projection created using Z-stack obtained via confocal microscopy illustrating 

the diffused nature of the fluorescent signal throughout the cytosol and the nucleus and the co-

localisation of the green signal with blue DNA stain Hoechst following the intracellular delivery 

of 150 kDa FITC-Dextran (10 μM) to HeLa cells by co-incubation with PP50 (0.5 mg mL-1) at pH 

6.5 for 30 minutes. 



106 
 

3.2.6 The effect of temperature on the PP50-mediated delivery 

 

Figure 3-10. (A) Delivery of 150 kDa FITC-Dextran (10 μM) to HeLa cells by co-incubation with 

PP50-Cy5 (1 mg mL-1) at pH 6.5 for 30 minutes on ice, visualised by confocal microscopy. Scale 

bar = 10 μm. (B) Haemolysis of ovine erythrocytes following a 1 h incubation with PP50 (100 μg 

mL-1) at 37oC (water bath), room temperature (20oC, benchtop) as well as on ice. Mean ± 

standard deviation (SD), n = 3. 

 

It has been reported that a temperature below 37oC can inhibit or  block energy-

dependent transport processes across the plasma membrane, including the 

endosomal pathway (Punnonen et al., 1998). When HeLa cells were treated 

with FITC-Dextran and PP50-Cy5 on ice, no evidence of successful delivery of 

the payload to the cytosol was observed (Figure 3-10). Punctate areas observed 

in the green channel were observed, which could correspond to FITC-Dextran 

taken up by the cells after the treatment on ice had finished due to a potential 

incomplete wash with PBS. In contrast, no membrane binding or internalisation 

of the fluorescent PP50 was observed. This could suggest that PP50 

internalisation is an energy-dependant process. 
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To elucidate this, a further experiment was designed in which ovine erythrocytes 

were treated with PP50 at 37oC, room temperature and on ice. Only the 

treatment at 37oC, corresponding to the temperature used for delivery to HeLa 

cells in the previously described figures, caused significant, pH-sensitive 

haemolysis, reaching up to 90% at pH 6.5. There was no detectable haemolysis 

in the samples treated with the polymer at room temperature and on ice, 

compared to appropriate positive controls. It has been reported that endocytotic 

pathways become inhibited at a temperature below 26oC (Punnonen et al., 

1998), which could potentially explain the lack of cytosolic payload delivery in 

HeLa cells, assuming the process relies heavily on endocytosis, as no FITC-

Dextran and PP50-Cy5 were taken up together during the treatment on ice. 

However, as the levels of endocytosis in mature erythrocytes are normally low, 

the fact that no haemolysis occurred at room temperature could also suggest 

that in addition to pH sensitive behaviour, PP50 could also display a thermo-

sensitive behaviour in which it does not cause membrane permeabilisation at 

lower temperatures. This could be reliant on the properties of the phospholipid 

bilayer since it has been reported that lipid diffusion retardation, which is 

associated with polymer binding, is directly proportional to temperature in 

studies of the interactions of a triblock copolymer with synthetic membrane 

models (Rossi et al., 2011; Ramadurai et al., 2017). In addition, naturally 

occurring lateral lipid diffusion is also a function of temperature (Bag et al., 

2014). It is therefore possible that the decreased membrane fluidity and 

increased stiffness could be one of the factors preventing membrane 

permeabilisation, as remodelling of local lipid architecture upon polymer binding 

is crucial to the proposed permeabilisation by membrane thinning, as described 

above. 

 

 

 

 

 



108 
 

3.2.7 The importance of endosomal acidifaction on PP50-

mediated deliviery 
 

 

Figure 3-11. Delviery of FITC-Dextran (10 μM) to HeLa cells by co-incubation with PP50 (1 mg 

mL-1) in 1 h treatment at pH 6.5 and pH 7.4 and with- or without blocking the endosomal 

acidification by addition of 10 μM NH4Cl 1 h prior to the treatment, during the treatment, and 

subsequent to the treatment duirng analysis. The cells were visualised by confocal microscopy. 

Scale bar = 20 μm. 

 

The delivery pathway was further investigated by blocking the acidification by 

addition of ammonium chloride prior to, during and following the treatment with 

FITC-Dextran and PP50 and the results were analysed by confocal microscopy 

(Figure 3-11). It was observed that the blocking of the endosomal acidification 

pathway did not contribute substantially to preventing the delivery of FITC-

Dextran using PP50 at pH 6.5, as a diffuse green fluorescent signal was 

observed in the cytosol of both cells incubated with or without ammonium 

chloride. This could suggest that under the studied conditions dextran delivery 
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relies to a considerable extent on a pathway which does not require endosomal 

acidity for activation of the membrane permeabilising activity of PP50.  

One can therefore theorise that the efficient intracellular delivery of 

macromolecular dextran observed at pH 6.5 is most likely attributed to (i) binding 

to the plasma membrane, causing localised membrane thinning and direct 

membrane permeabilisation, (ii), efficient endosomal escape, whereby PP50 

binds to the plasma membrane and is taken up in its membrane active form, 

leading to rapid destabilisation of the endosomal vesicles and leakage of their 

content into the cytosol, or (iii), a combination of these two routes. In the case 

of route (ii), standard endosomal acidification is not quintessential to allow 

PP50-mediated membrane permeabilisatiion, as the polymer will have been 

protonated in the mildly acidic extracellular space and retain this characteristic 

upon being engulfed into endosomes. When taken up at pH 7.4, the polymer 

might rely more heavily on the various endocytosis pathways for delivery, and 

thus requires a longer time until its protonation in the progressively more acidic 

endosomes. In addition, the strength of the fluorescent signal in the samples 

with normal endosomal acidification obtained here was weaker than that 

reported in Figure 3-6, despite using the same delivery parameters. This was 

thought to be the result of batch-to-bath variation of biological samples.  

 

3.2.8 The effect of payload concentration 
 

The parameters such as treatment time, polymer and payload concentration as 

well the as buffer pH could have an important effect on the delivery process and 

thus should be studied in more detail. First, the effect of the extracellular 

concentrations of the fluorescent payload FITC-Dextran within the range of 0.1-

10 μM on the amount of intracellular signal produced after PP50-mediated 

delivery to HeLa cells was investigated. Unsurprisingly, the strength of the 

fluorescent signal, determined by flow cytometry, was proportional to the 

concentration of FITC-Dextran present during the co-incubation with PP50 

(Figure 3-12). As described previously, the delivery process was more effective 

at pH 6.5 than at pH 7.4, which was also observed in this experiment. This 

enhanced delivery effect in mildly acidic pH scaled down with the payload 
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concentration, and was still observable at the FITC-Dextram` concentration of 

0.1 μM. This experiment illustrates the ability to influence and to some extent, 

control, the intracellular concentration of the desired payload by varying its 

extracellular concentration during the delivery process. As the delivery protocol 

relies on simple co-incubation of the two components, rather than covalent 

conjugation, this can be done independently of modulating the polymer 

concentration. 

 

Figure 3-12. Relative median cell fluorescence, analysed by flow cytometry, following a 

treatment with 150 kDa FITC-Dextran at various concentrations using a fixed concentration of 

PP50 (0.5 mg mL-1) and a treatment time of 30 minutes. Delivery at pH 6.5 and 7.4, as well as 

corresponding polymer-free controls, are compared. Mean ± SD, n = 3. Statistical comparison 

between cells treated with FITC-Dextran and PP50 at pH 7.4 and pH 6.5 at the set payload 

concentrations was performed using two-tailed unpaired Student’s t-test. 

3.2.9 The effect of polymer concentration  
 

Another crucial factor determining delivery efficiency is the concentration of the 

delivery agent. Higher polymer concentration should provide increased 

membrane binding and permeabilisation (Chen et al., 2009c). Such proportional 

relationship has been previously reported for other delivery agents, such as 

poly(acrylic acid)s (Murthy et al., 1999) as well as cell penetrating peptides (Lee 
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et al., 2010). To test the correlation between PP50 concentration and delivery 

efficiency, HeLa cells were co-incubated with 150 kDa FITC-Dextran and a 

polymer concentration range between 50-2000 μg mL-1 (Figure 3-13). 

Interestingly, even the treatment with the lowest concentration of PP50 used 

here, 50 μg mL-1, resulted in a detectable intracellular fluorescence which was 

2-fold brighter at mildly acidic pH than that at neutral pH.  

As expected, the median value of cell fluorescence is dependent on polymer 

concentration and continues increasing up until the polymer concentration of 1 

mg mL-1, whereby a plateau is reached. This suggests that under specific 

conditions there exist a polymer saturation concentration and increasing the 

amount of polymer in solution will not have a further delivery enhancement 

effect. This point might be when most of the polymer binds to all of the space 

available on the plasma membrane initially and would therefore depend on the 

cell seeding density, cell shape and type, as some cell types might turn over the 

bound polymer faster than others. 
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Figure 3-13. Relative median cell fluorescence, analysed by flow cytometry, following a 30-minute 

treatment with a fixed concentration of FITC-Dextran (10 μM) and PP50 concentration within the 

range of 50-2000 μg mL-1. Delivery at pH 6.5 and 7.4 is compared. Mean ± SD, n = 3. 
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3.2.10 The effect of treatment time 
 

The treatment time and its influence on delivery efficiency of FITC-Dextran was 

also studied (Figure 3-14). The delivery process was observed to be the most 

efficient within the first 1 h, and it only took between 5-15 minutes for the 

fluorescent signal to be present at detectable levels in the intracellular space. 

This fast appearance of such signal suggests that the mechanism responsible 

for delivery acts very quickly, and could rely on the previously described 

permeabilisation directly at the plasma membrane or very efficient escape from 

the endosomal vesicles. The strength of the fluorescent signal was further 

enhanced by increasing the treatment time up to 3 h and could perhaps be 

enhanced even further, however, the potential starvation effect of keeping the 

cells in PBS, which lacks nutrients, for longer periods of time could prevent 

extending the treatment time considerably. 
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Figure 3-14. Intracellular fluorescence visualised by confocal microscopy, following treatment 

with a mixture of PP50 (0.5 μg mL-) and 150 kDa FITC-Dextran (2.5 μM) at pH 6.5 for different 

time periods within the range of 15-180 minutes, compared to polymer-free samples. Scale bar 

= 10 μm.  (B) Relative median cell fluorescence, analysed by flow cytometry, following delivery 

of 150 kDa FITC-Dextran at pH 6.5 using PP50 (0.5 μg mL-1) and different treatment times. 

Mean ± SD, n = 3. 
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3.2.11 The effect of extracellular pH 
 

Lynch et al. (2011) decided to use pH 7.05 to promote mild, yet efficient delivery 

of small molecule sugar, trehalose, to ovine erythrocytes. In the majority of the 

presented experiments pH 6.5 was used, which corresponds to the pH of 

maturing endosomes and some hypoxic tumours, to trigger the membrane-

permeabilising ability of the polymer (Kneipp et al., 2010; Anderson et al., 2016). 

It was demonstrated, however, that lowering the extracellular pH further to pH 

5.5-6.0 can further enhance the delivery process to nucleated cells (Figure 

3-15). In contrast to the standard cell penetrating peptides, which require 

additional modifications to become pH-responsive, extracellular pH can be used 

as a trigger and enhancer of the PP50-mediated payload delivery, with pH lower 

than pH 6.5 being used in certain circumstances to further increase delivery 

efficiency. The pH of the PP50- and payload-containing buffer or medium 

applied to the cells is however limited by its potential cytotoxicity. Mildly acidic 

pH 6.3 buffer was shown to affect protein synthesis in fibroblast cells, and more 

acidic buffers with pH equal to pH 5.2 and pH 3.8 were demonstrated to cause 

47% and 90% cell death after 3 hours of incubation (Lan et al., 1999). 

Increasingly acidic buffers can also cause PP50 precipitation (Chen et al., 

2009c), limiting the availably of the polymer in solution and potentially causing 

unwanted, cytotoxic interactions with the cells. 
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Figure 3-15. Relative median cell fluorescence, analysed by flow cytometry, following delivery of 

150 kDa FITC-Dextran (5 μM) using PP50 (0.5 mg mL -1) in different pH environments ranging from 

pH 5.5 to 7.4. Polymer-containing and polymer-free samples are compared. Mean ± SD, n = 3. 
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3.2.12 Cytotoxicity of PP50-mediated delivery 
 

Finally, safety and lack of cytotoxicity are one of the main requirements for a 

successful delivery system. As PP50 might deliver the desired cargo by direct 

membrane permeabilisation or by disrupting endosomes, the cytotoxic effects 

of this delivery system should be investigated, especially since endosomal 

leakage has been linked to apoptosis (Erazo-Oliveras et al., 2014).   

As reported elsewhere (Chen et al., 2009c; Mercado and Slater, 2016a), PP50 

is majorly non-cytotoxic to mammalian cells at neutral pH. In a thorough study 

on the cellular effects of PP50 on Saos-2 cells, Mercado and Slater (2016a) 

used various analysis methods, such as trypan blue, MTS, LDS and Annexin V 

assays as well as microscopy and reported that incubation with the polymer did 

not bring about any major cytotoxic or morphological effects on the tested 

osteosarcoma cells at the concentrations used. The reported non-cytotoxicity at 

neutral pH was also confirmed here by incubating HeLa cells with PP50 at 

various concentrations for 24 h in DMEM, and by analysing cell survival using 

AlamarBlue assay (Figure 3-16 A). 

In addition, it was necessary to show if the delivery process in which a model 

payload is introduced and the growth medium is replaced with a harsher, serum-

free PBS at a mildly acidic pH 6.5 would have any obvious negative effects on 

the cells. Using HeLa cells and 10 μM 150 kDa Dextran with a varied PP50 

concentration minimal cytotoxicity at both pH 6.5 and pH 7.4 was observed, 

which were compared here, including at the highest polymer concentration 

tested of 2000 μg mL-1 (Figure 3-16 B). The cell survival dropped to 93% and 

87% for pH 7.4 and pH 6.5, respectively, after a prolonged treatment time of 3 h 

(Figure 3-16 C). These results suggest that PP50-mediated delivery of 

macromolecules is generally well tolerated by HeLa cells.  As opposed to ovine 

erythrocytes, treatment of nucleated cells with PP50 did not lead to a complete 

collapse of the plasma membrane which is associated with haemolysis. In 

contrast, the binding of the polymer on the plasma membrane appeared not to 

affect the cellular architecture in any major way which could result in cell death.  
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Figure 3-16. (A) Cell survival after a 24 h treatment of HeLa cells with different concentrations 

of PP50 in DMEM (neutral pH), analysed with AlamarBlue assay (B) Cytotoxicity of the delivery 

process of 150 kDa Dextran (10 μM) after incubation with PP50 (different concentrations used) 

for 30 minutes (PBS, pH 6.5 and pH 7.4), determined using AlamarBlue assay and (C) 

cytotoxicity of the delivery process determined using AlamarBlue assay after incubation with 

PP50 (1 mg mL-1) and 150 kDa Dextran (10 μM) at pH 6.5 and 7.4, comparing different treatment 

times (PBS, pH 6.5 and pH 7.4). Mean ± SD, n = 3. 
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 3.2.13 The interaction between PP50 and model payload 
 

 

Figure 3-17. Hydrodynamic particle size of FITC-Dextran (150 kDa), PP50 and FITC-Dextran + 

PP50 mixture at pH 6.5, determined via dynamic light scattering. PP50 concentration was 0.5 mg 

mL-1 and FITC-Dextran concentration was 10 μM. 

 

Table 3-1. Summary of data by analysis of FITC-Dextran (150 kDa) and PP50 using dynamic 

light scattering and Zeta potential. PP50 concentration was 0.5 mg mL-1 and FITC-Dextran 

concentration was 10 μM. 

Sample 
Diameter 

 (nm)  

Polydispersity 

(PDI)  

Zeta Potential 

(mV) 

FITC-Dextran 94.9 0.268 - 8.8 ± 1.0 

PP50 41.9 0.203 - 16.8 ± 2.3 

PP50 + FITC-Dextran 
55.0 (average of 

two peaks) 
0.456 -13.9 ± 1.9 

 

It was important to characterise the interaction between the delivery agent, 

PP50, and the macromolecular cargo. The interaction between PP50 and FITC-

Dextran was measured using DLS, by comparing the hydrodynamic sizes of 

PP50 (0.5 mg mL-1) mixed with FIC-Dextran (5 μM) in aqueous solution to those 

of the two components alone.  
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The analysis of the size distribution by intensity revealed that the average 

hydrodynamic size of PP50 and FITC-Dextran was equal to 41.9 (PDI 0.203) 

and 94.9 (PDI 0.268), respectively (Table 3-1). The average size of the particles 

in the mixture of those two components was equal to 55.0 (PDI 0.456). The size 

distribution and the shape of the profile of the PP50 + FITC-Dextran mixture 

closely resembled the size profiles of the two components alone, with distinct 

peaks around 30 and 105 nm (Figure 3-17). Along with the increased 

polydispersity index, this could suggest that there was limited interaction 

between PP50 and FITC-Dextran subsequent to mixing and the two 

components were present in the solution without associating or forming 

complexes which would lead to a more radical change in the particle size and 

distribution. 

This effect could arise due to the electrostatic repulsion between FITC-Dextan 

and PP50. Zeta potential analysis of both components confirmed their negative 

charge, which was equal to -8.8 ± 1.0 mV and -16.8 ± 2.3 mV for FITC-Dextran 

and PP50, respectively (Table 3-1). Interestingly, this did not prevent successful 

intracellular delivery and overcoming the barrier posed by the plasma 

membrane, which also harbours a net negative charge.  

These results, however, might require confirmation via complimentary methods, 

such as electron microscopy to elucidate the structure of PP50 and any potential 

polymer-payload interactions when mixed together. PP50 might interact with 

different payloads in different ways, based on their size, 

hydrophobicity/hydrophilicity, charge and a number of other chemical and 

physical properties. Considering the myriad of possible payloads which the 

polymer could be used to deliver, it might be beneficial to investigate such 

interactions by the end user to establish compatibility.  
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3.3 Conclusions 
 

This chapter aimed to investigate the interaction between PP50 and the plasma 

membrane in the context of intracellular delivery, as well as to investigate the 

parameters influencing the delivery process.  

Firstly, PP50 was shown to interact with ovine erythrocytes and to bring about 

the formation of ghost cells at the mildly acidic pH 6.5, where PP50 as shown 

to have the highest membrane permeabilising activity, as illustrated by the 

haemolysis assay. Delivery of the small molecule dye TexasRed as well as 

macromolecular FITC-Dextran to ovine erythrocytes was also demonstrated.  

Secondly, PP50 labelled with the fluorescent label Cy5 was shown to be 

internalised by the cells. Treatment of HeLa cells with a mixture of PP50 and 

150 kDa FITC-Dextran resulted in intracellular delivery of the fluorescent 

macromolecule and the delivery efficiency was higher at mildly acidic pH, 

perhaps due to a direct permeabilisation of the plasma membrane by PP50 

activated by the extracellular pH. The transient mildly acidic extracellular pH 

during the treatment can enable for a level of delivery control in potential future 

experimental design. This enhanced delivery in mildly acidic extracellular 

environment can be further investigated for development of polymer-drug 

conjugates for targeted in vivo delivery to hypoxic tumours, as will be discussed 

in the following chapters. 

Finally, a number of different parameters which dictate the efficiency of the 

delivery process were studied. PP50-mediated delivery was shown to cause 

minimal cell perturbation and toxicity while enabling fast and efficient delivery. 

In addition, intracellular concentration of the desired payload can be controlled 

by changing the payload concentration present during the treatment, 

independently of PP50 concentration. PP50 concentration or treatment time can 

also be varied to achieve a desired level of intracellular delivery 

The findings presented in this chapter provided a foundation for the following 

experiments in which payload delivery to nucleated mammalian cells was made 

possible by co-incubation with a mixture of PP50 and the cargo while utilising 

the pH effect to enhance the delivery efficiency.  
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4. Chapter 4 - Delivery by co-incubation – 

technology versatility and investigation of 

possible uses 

 

4.1 Introduction 
 

Efficient delivery of macromolecules to the intracellular compartments for in vitro 

and ex vivo applications remains a challenge, mostly due to the difficult task of 

overcoming the barriers posed by the plasma and endosomal membranes and 

degradation in lysosomes (Canton and Battaglia, 2012; Stewart et al., 2016b). 

Many delivery systems have been proposed in the last decades, however, most 

lack versatility or efficiency to become widely applicable (Khalil et al., 2006; 

Stewart et al., 2016b). Solving the problem of the rate-limiting entrapment of 

macromolecular cargo in the endosomal pathway, leading to their ultimate 

degradation in lysosomes, would unlock a large number of potential uses in the 

fields of fundamental biology and medicine (Stewart et al., 2016b). 

A universal and versatile next generation delivery agent would therefore prove 

hugely useful. Such delivery agent should possess seven characteristics, as 

proposed by Stewart et al. (2016b): (i) compatibility with various cell lines, (ii) 

compatibility with many different payloads i.e. material independence, (iii) the 

ability to allow for intracellular targeting, (iv) possibility of dosage control, (v) lack 

of cytotoxicity, (vi) potential and ease of scalability and (vii) low cost. In addition, 

traits such as trigger-sensitivity and excellent performance for delivery of 

proteins, which remain a problematic cargo, would be highly desirable  (Guillard 

et al., 2015). 

PP-polymers have been successfully used for delivery of siRNA by conjugation 

(Khormaee et al., 2013), functionalization of liposomal membranes (Chen and 

Chen, 2016) and delivery of an apoptotic protein by inducing endosomal escape 

(Liechty et al., 2009). PP50, a member of the PP-family, has been used to 

deliver trehalose to human erythrocytes and osteosarcoma cells at a mildly 
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acidic pH for cryo-preservation applications, while causing minimal cytotoxicity 

(Lynch et al., 2011; Mercado and Slater, 2016b). The previous chapter 

discussed the mechanisms responsible for the efficient intracellular delivery of 

model macromolecules by co-incubation with PP50 and the characterisation 

and optimisation of this process. This chapter will focus on investigating the 

versatility of the PP50-platform as an in vitro and ex vivo delivery agent.  

Delivery of a model, antibody-sized fluorescent payload to different cell types 

will be discussed, followed by experiments on delivery to 3D multicellular 

spheroids and delivery of macromolecular payloads of different type and size. 

The effect of serum on the delivery process will be also investigated. 

Furthermore, PP50-mediated intracellular delivery of an apoptotic peptide and 

its effect will be studied in detail and compared to other commonly used delivery 

technologies, which will aim to place the PP50 platform in a wider context. 

Finally, PP-mediated payload loading of extracellular vesicles for potential in 

vivo drug carrier applications will be assessed. The presented results will 

provide information and aid in development of PP50 as a potential bio-inspired, 

multi-use, next generation delivery agent, compatible with many model and 

functional macromolecular payloads and enabling cytosolic delivery to different 

cell types.  

 

4.2 Results and Discussion  

 

4.2.1 Delivery to different cell lines 
 

In order to prove wide applicability of PP50 as a delivery agent the polymer’s 

ability to deliver a model payload into a number of nucleated mammalian cell 

types, possessing different characteristics, such as adherent and suspension 

cell lines, cancerous and non-cancerous cells, stem cells as well as drug 

resistant cell lines were investigated. In this case, delivery of IgG antibody-sized 

FITC-Dextran (150 kDa) was tested in 9 cell types by co-incubation with PP50 

in mildly acidic condition (pH 6.5) to activate the polymer and analysed using 

confocal microscopy. The cell types used in this experiment are shown below in 

Table 4-1. 
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Table 4-1. Cells types used for PP50-mediated delivery of FITC-Dextran and their details. 

Name Origin Cell type Tissue and cell morphology 

HeLa Human Adherent cancerous Cervix, epithelial 

A549 Human Adherent cancerous Lung, epithelial 

MES-SA Human Adherent cancerous Uterus, epithelial 

MC 3t3 Mouse Immortalised, 

suspension 

Bone/calvaria, 

preosteoblast 

CHO Chinese 

hamster 

Adherent, immortalised 

non-cancerous 

Ovary, epithelial 

MES-SA/Dx5 Human Adherent cancerous, 

Dox resistant 

Uterus, epithelial 

SU-DHL-8 Human Immortalised, 

suspension, non-

cancerous 

B-lymphocytes, 

lymphoblast 

RAW 264.7 Mouse Immortalised, mixed 

adherent and 

suspension, non-

cancerous 

macrophage/monocytes 

hMSC Human Primary, stem cells Bone marrow, stem cell 

 

 

The co-incubation with PP50 at pH 6.5 resulted in successful delivery of 150 

kDa FITC-Dextran to the cytosol in all 9 of the cell types used in the experiment, 

manifesting in a uniform, diffused green fluorescent signal in the cytosol (Figure 

4-1).  Some of the cell types, such as CHO and RAW 264.7 exhibited spots in 

the cytosolic space in the green channel, which co-localised with the 

endosomal-lysosomal dye LysotrackerRED, resulting in the appearance of 

small, punctate yellow or orange areas when the green and red channels were 

merged. This suggested that some of the fluorescent cargo was trapped in the 

endosomal pathway, which, however, did not prevent successful and efficient 

payload delivery to the interior of the cells with as suggested by the strong 

cytosolic signal in all 9 cell types. 
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Figure 4-1. Delivery of 150 kDa FITC-Dextran (10 μM) to 9 different cell types using PP50 (1 mg mL-1) using a 1 h treatment (HeLa, A549, MC 3t3, SU-DHL-8, 

CHO, hMSCs) or the same-sized FITC-Dextran at the concentration equal to 5 μM in 0.5 h treatment using the same polymer concentration (RAW 264.7, MES-

SA, MES-SA/Dx5) at pH 6.5. FITC-Dextran and Lysotracker are presented in greyscale. The merged images depict green (FITC-Dextran), red (Lysotracker) and 

blue (Hoechst) channels. Scale bar = 20 μm. 
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FITC-Dextran delivery to 9 different cell types was further quantified by flow 

cytometry, comparing delivery efficiency at pH 7.4 and pH 6.5 (Figure 4-2). The 

PP50-mediated payload delivery at pH 6.5 was clearly more efficient than that 

at pH 7.4 and in corresponding polymer-free samples in all but two cell lines: 

RAW 264.7 and MES-SA. The mean fluorescent intensity of A549 cells 

incubated with FITC-Dextran and PP50 at 1 mg mL-1 was 4 times brighter at pH 

6.5 than the cells treated at pH 7.4, which was the largest fold increase between 

cells incubated at neutral and mildly acidic pH. For A549 cells, payload delivery 

at neutral pH 7.4 was also similar to polymer-free samples at both pH 6.5 and 

pH 7.4, illustrating that the extracellular activation of the polymer has a dramatic 

effect on delivery efficiency in some cell lines. A similar effect was observed for 

SU-DHL-8 cells and hMSCs. Delivery to HeLa, MC 3t3 and CHO cells was 1.5, 

1.75 and 1.45 more efficient at pH 6.5 and pH 7.4, respectively. In these cell 

lines, however, the delivery at pH 7.4 also occurred to a certain extent, with 

HeLa, MC 3t3 and CHO cells incubated in the presence of polymer being 5.9, 

2.8 and 4.2 brighter than those in the polymer-free samples, which could be 

illustrating the delivery following endosomal uptake and acidification which 

activates the polymer and enables endosomal escape following internalisation. 

Efficient payload uptake via endosomal pathway could play even a more crucial 

role in RAW 264.7 and MES-SA cells, explaining why extracellular activation of 

the polymer seems to be having only a small boost effect. 

Finally, the cytotoxic effect of the delivery process on the 9 cell types was 

investigated using AlamarBlue assay following a treatment with 10 μM dextran 

(150 kDa) and 1 mg mL-1 PP50 (Figure 4-3). The delivery of antibody-sized 

dextran was well tolerated by all the cell types used in the experiment and 

delivery at pH 6.5 did not have an immediate deleterious effect over delivery at 

pH 7.4, with cell survival reaching over 90% in majority of the samples. These 

results confirm the findings discussed in the previous chapter suggesting that 

PP50-mediated delivery is majorly non-cytotoxic under the parameters required 

for efficient intracellular delivery. 

Based on the confocal microscopy images combined with flow cytometry and 

cytotoxicity data it was concluded that PP50-mediated delivery has the potential 
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to be widely applicable across many different cell types, including stem cells and 

immune cells which remain difficult targets for payload delivery, and that this 

process is non-cytotoxic and reproducible and can be enhanced in a trigger-

sensitive manner by lowering the extracellular pH. 

 

Figure 4-2. Fluorescence intensity of the 9 different cell types after delivery of 10 μM FITC-

Dextran using PP50 at the concentration of 1 mg mL-1 in 1h treatment. Cells were treated in the 

absence or presence of polymer at pH 7.4 (“pH 7.4-” and “pH 7.4+”, respectively) and at pH 6.5 

(“pH 6.5-” and “pH 6.5+”, respectively). Mean ± SD, n = 3. One-way ANOVA and Tukey’s tests 

were performed to compare different treatments. Different letters represent statistically 

significant difference with p-values < 0.5. 
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Figure 4-3. Cytotoxicity of the delivery process of 10 μM Dextran using PP50 (1 mg mL-1) to 

different cell types at pH 7.4 and pH 6.5 following a 1 h treatment as analysed by AlamarBlue 

assay. Mean ± SD, n = 3. 

4.2.2. Delivery to multicellular A549 spheroids 
 

Multicellular spheroids are 3-dimensional, spherical aggregates of cells which 

can serve as models of tumours and tissues as they accurately mirror their 

cellular heterogeneity and organisation in layers, gene expression and growth 

kinetics, the presence of physical barriers, such as the extracellular matrix as 

well as the oxygen gradient and the distribution of some key metabolites, 

including glucose, lactate and ATP (Hirschhaeuser et al., 2010; Costa et al., 

2016). This complexity makes spheroids a better model of natural in vivo 

environments, compared to 2D cell monolayers, and enables their usage as a 

relevant tool to study drug development and delivery as well as aspects of 

cancer and fundamental biology. (Zanoni et al., 2016). The ability to deliver 

macromolecular cargo, such as proteins and peptides, to spheroids could 

therefore find many uses in these fields. 

Here, 150 kDa FITC-Dextran was attempted to be delivered to A549 spheroids 

by co-incubation with PP50 at mildly acidic pH 6.5, which was analysed using 

confocal microscopy (Figure 4-4). 2-day old spheroids were treated with PP50 

(0.5 mg mL
-1

) and 10 μM solution of the fluorescent dextran for a period of 2 h. 

Successful delivery of FITC-Dextran to the cell interior was observed in the 

spheroids treated with the polymer and cargo at pH 6.5, where the green 
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fluorescent signal was uniform and diffused in the cytosol of the spheroid cells, 

consistent with the previous findings on successful cytosolic delivery of FITC-

Dextran reported herein. This was a substantial improvement in comparison to 

delivery of a fluorescent small molecule mediated by another PP-family polymer 

at pH 7.4, which was presumed to rely on endosomal disruption for cytosolic 

entry (Ho et al., 2011).  

In addition, this experiment corroborates the enhancement effect of mildly acidic 

extracellular pH in PP50-mediated delivery. Co-treatment with dextran and the 

polymer at neutral pH 7.4 resulted in only a very small relative proportion of cells 

having the bright, diffused fluorescent signal in their cytosol. These were also 

localised on the external edge of the spheroids only. In contrast, PP50-mediated 

delivery at pH 6.5 resulted in bright green cells being localised throughout the 

spheroid, which confirms that this strategy is more efficient and provides better 

penetration.  

In addition, the small number of cells displaying red fluorescent signal as a result 

of being stained with the dead cell marker propidium iodide in all of the samples, 

including the spheroids treated with PP50, provides further evidence that the 

delivery process was majorly non-cytotoxic and is consistent with expected cell 

viability reported for A549 spheroids (Amann et al., 2014). 

This experiment provides some evidence that PP50-mediated delivery could be 

employed for in vivo applications with maximising the therapeutic potential of 

macromolecular drugs while minimising unwanted side effects. This is because 

the polymer would not cause delivery to healthy tissues at neutral pH during the 

circulation in the bloodstream, but could become activated upon reaching the 

more acidic tumour microenvironment and facilitate drug transport directly into 

tumour cells.  
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Figure 4-4. Z-stack projections obtained using confocal microscopy illustrating delivery of 150 

kDa FITC-Dextran (10 μM) to the A549 spheroids by co-incubation with PP50 (0.5 mg mL
-1

) for 

a period of 2 h. Delivery at pH 6.5 and pH 7.4 were compared, in addition to corresponding 

polymer-free controls. The 3D projections were shown from the top and were a merge of green 

channel (FITC-Dextran) and red channel (PI stain of dead cells). The insets show bright field 

images of the corresponding spheroid. Scale bar = 200 μm. 

 

4.2.3 Delivery of different-sized FITC-Dextran 
 

The potential ability of PP50 to facilitate the delivery of payloads of different size 

would be a hugely advantageous trait of this potential delivery platform. To 

assess the versatility of PP50 in the aspect, HeLa cells were treated with PP50 

and FITC-Dextran with molecular sizes of 10, 70, 150, 500 and 2000 kDa. This 

size range of the model payload covers a wide range of potential 

macromolecular cargo, including peptides, protein, siRNAs, antibodies as well 

as certain nanoparticles and plasmids (Watkins and Chen, 2015). A fixed mass 

concentration of FITC-Dextran of 0.15 mg mL-1 was used to ensure a consistent 

strength of the fluorescent signal. 

Analysis via confocal microscopy revealed that a short, 30-minute treatment at 

pH 6.5 was enough to obtain a clear cytosolic and nuclear green fluorescent 

signal, with little evidence of endocytotic entrapment, suggesting successful 
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delivery (Figure 4-5). Additional confirmation of the delivery was obtained using 

flow cytometry to quantify the strength of the fluorescent signal. Cells treated 

with PP50 and different-sized dextran were on average 4.2 ± 0.7 brighter 

compared to the corresponding polymer-free control samples, suggesting that 

the payload delivery was due to the contribution of PP50 (Figure 4-6). 

The strength of the fluorescent signal of HeLa cells delivered with different-sized 

FITC-Dextran at a fixed payload and polymer mass concentration varied, with 

larger dextrans, in general, producing a weaker signal. This could be explained 

by the fact that larger macromolecules would diffuse through the permeabilised 

plasma membrane less efficiently than smaller molecules. In addition, since the 

delivery mechanism could also, to some extent, rely on PP50-mediated 

endosomal escape, the potential effects of payload size on the internalisation 

pathway should also be considered. Li et al. (2015) showed that different-sized 

dextrans might use differing endosomal pathways for internalisation, with small 

dextrans (10 kDa) seeming to internalise via multiple routes, including micro- 

and macropinocytosis, but larger dextrans switching more towards clathrin- and 

dynamin-independent macropinocytosis, which might not be as efficient in terms 

of internalisation throughput (Li et al., 2015b). A surprising exception to this 

pattern was the largest dextran used herein (2,000 kDa), which produced a very 

bright intracellular signal, compared to the other dextrans used here. This 

reproducible effect could be due to a higher degree of grafting with the 

fluorophore FITC, which was stated to be within 0.003-0.020 mol FITC per mol 

glucose for all of the dextrans used here and could therefore exhibit batch-to-

batch variance, making the largest dextran relatively brighter. These results 

suggest that PP50 can be used for delivery of dextrans of various size which 

rely on different endosomal pathways for internalisation, either by polymer-

mediated endosomal escape or direct membrane permeabilisation to by-pass 

the endosomal entrapment altogether.  

In agreement with the previous results reported herein, a consistent co-

localisation of the green signal with the nuclear marker Hoechst was observed. 

In some cases the green signal in the nucleus was distinctively stronger than 

the surrounding cytosolic fluorescence, suggesting accumulation of the cargo 

fluorescent molecules in the nucleus at a higher concentration than in the 
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cytosol. It is generally believed that the nuclear pores greatly limit transport of 

macromolecules which are larger than 50 kDa, with reports that 70 kDa 

fluorescent dextran, which was transported into the cytosol using a CPP, did not 

penetrate the nuclear envelope (Gasiorowski and Dean, 2003; Lee et al., 2010; 

Sui et al., 2011). The data showed here illustrates that even the largest of the 

tested FITC-Dextran, with the molecular weight of 2,000 kDa, was co-localised 

inside the nuclei of HeLa cells after co-treatment with PP50 at pH 6.5. 

Furthermore, since large, 485 kDa, FITC-Dextran has been reported of being 

stable inside the cell, and not being able of crossing between the cytosol and 

the nucleus, following injection to either, it was hypothesised that the apparent 

nuclear delivery is due to the action of PP50 rather than intracellular degradation 

of the dextran or dye detachment (Ludtke et al., 2002). The precise mechanism 

by which this occurs is not yet understood and requires further investigation, but 

could be associated with localisation of PP50 in the perinuclear area of the cell, 

as reported in the previous chapter, which is also characteristic of certain DNA 

viruses (Suh et al., 2003; Mercado and Slater, 2016b).   

It is also worth noting that whereas all the tested sizes of the FITC-Dextran were 

successfully delivered to the nucleated cells in the presence of PP50, the 

delivery of 150 kDa dextran, and presumably any other dextran of similar or 

larger size, to ovine erythrocytes was much less efficient (See Figure 3-4). This 

might be a result of different properties of nucleated cells and erythrocytes. One 

of such differences is the composition of the lipid membrane, which could affect 

the PP50-membrane interactions, depending on cell type, and leading to the 

transient membrane permeabilisation whose extent might vary between 

different cell types, thus affecting cargo delivery rate or even imposing a size 

limitation (Binder et al., 2003; Lu and Liu, 2007). Other potential explanation is 

that since mature erytrocytes are believed to lack endocytosis, they would only 

be able to be delivered with molecules capable of passing through the 

permeabilised plasma membrane, which might have a size limitation (Marchesi 

et al., 1976). This contrasts with nucleated cells, whereby macromolecular cargo 

could be delivered to the cytosol via a combined effect of direct membrane 

permeabilisation, which might be more efficient for delivery of smaller molecules 
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(<150 kDa), as well as through PP50-mediated endosomal escape following 

cargo internalisation in the endosomal vesicles.  

Figure 4-5. Confocal microscopy illustrating delivery of 10, 70, 150 and 2000 kDa FITC-Dextran 

(0.15 mg mL-1) using PP50 (0.5 mg mL-1) at pH 6.5 in a 30-minute treatment. The merged pictures 

combine green (FITC-Dextran), red (Lysotracker) and blue (Hoechst) channels. Scale bar = 10 

μm. 
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Figure 4-6. Strength of the fluorescent signal of cells as analysed by flow cytometry following a 

treatment with PP50 (0.5 mg mL-1) and FITC-Dex (0.15 mg mL-1). Treatment time was equal to 

1 h. Mean ± SD, n = 3.  
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4.2.4 Delivery of green fluorescent protein 
 

Green fluorescent protein (GFP) is a 26.9 kDa protein possessing natural 

fluorescing properties (Ex 488/ Em 510), which has been extensively used in 

the field of genetics and molecular biology (Prendergast and Mann, 1978; 

Stepanenko et al., 2008). Here, GFP was used as another model payload to 

test the versatility of PP50-mediated delivery which is more relevant to potential 

real lab uses compared to dextran (Figure 4-7). GFP (2 μM) was applied to HeLa 

cells in the presence or absence of PP50 (0.25 mg mL-1) for 1h and the cells 

were analysed with confocal microscopy, which resulted in a uniform, diffused 

signal in the green channel in the cargo- and polymer-positive sample and pH 

6.5, suggesting that the protein was successfully delivered to the cells. In 

contrast, treatment of cells with GFP only at pH 6.5 resulted very limited 

internalisation, whereas co-treatment with the model protein and PP50 at pH 

7.4 produced signal characteristic of endosomal entrapment, which was 

confirmed using LysotrakcerRed. This experiment provided evidence that on top 

of being capable of dextran delivery, the PP50 platform was also compatible 

with payloads with different properties, such as fluorescent proteins. 

 

Figure 4-7. Delivery of GFP (2 μM) to HeLa cells using PP50 (0.25 mg mL-1) at pH 6.5 and pH 

7.4 following 1 h of treatment. Scale bar = 20 μm. 
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4.2.5 Delivery in the presence of serum  
 

One of the biggest limitations for many potential delivery platforms is their 

inhibition by undesired interaction with serum proteins, mainly serum albumin, 

which could lead to total loss of the membrane permeabilisation activity (Yang 

et al., 2014; Xu et al., 2018). This can occur when the desired buffer or medium 

used for the delivery contains foetal bovine serum, or similar, and can prevent 

successful transition of this technology from ex vivo to in vivo applications. It is 

therefore necessary to investigate the effect of serum on PP50-mediated 

delivery.  

To test this, HeLa cells were treated with 10 μM FITC-Dextran and PP50 (0.5 

mg mL-1) at pH 6.5 and pH 7.4 in the presence or absence of 10% FBS, and 

payload delivery was analysed using confocal microscopy (Figure 4-8). The 

relatively long treatment time of 3 h resulted in efficient delivery of the 

fluorescent dextran at both pH 6.5 and pH 7.4 in the serum-free samples, with 

the cells treated at pH 6.5 being noticeably brighter, which is consistent with the 

results described above. When the cells were treated in PBS containing 10% 

FBS, however, there was no payload delivery observed at neutral pH, while 

delivery at pH 6.5 was still possible and resulted in a diffused fluorescent signal 

throughout the cells, albeit the signal was weaker in comparison to serum-free 

samples at the same pH. This was most likely due to inhibition of the polymer 

by serum proteins, which decreases delivery efficiency. As delivery at pH 6.5 

has been shown to be more efficient than at neutral pH, the inhibition effect is 

not sufficient to fully prevent intracellular delivery. Another potential reason 

contributing to the observed difference between the serum-free and serum-

containing samples could be increased endocytosis in serum-starved cells as a 

means of scavenging for nutrients by the cells (Muranen et al., 2017). 

It is possible that the delivery efficiency can be further enhance by prolonging 

the treatment time or by increasing the polymer/serum ratio. The latter was 

tested by treating HeLa cells with dextran and polymer concentration at 0.5, 1 

and 2 mg mL-1 in the presence of 10% FBS, and compared to delivery in serum-

free PBS using 0.5 mg mL-1 PP50 (Figure 4-9). While addition of serum to the 

system seems to half the delivery efficiency at a set polymer concentration, it 
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was possible to restore it up to 85% of the original value by increasing the 

polymer concentration from 0.5 to 2 mg mL-1, as analysed by flow cytometry. 

This experiment demonstrates that PP50-mediated delivery can be applicable 

to serum-containing environments at mildly acidic conditions, although with a 

decreased efficiency. Thus, PP50 could be applicable for in vivo applications. 

 

 

 

Figure 4-8. Delivery of 150 kDa FITC-Dextran (10 μM) to HeLa cells by co-incubation with PP50 

(0.5 mg mL-1) in a 3 h treatment, analysed by confocal microscopy. The merged pictures 

combine green (FITC-Dextran), red (Lysotracker) and blue (Hoechst) channels. Scale bar = 20 

μm. 
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Figure 4-9. Flow cytometry of HeLa cells following a 4 h treatment with PP50 and 150 kDa 

FITC-Dextran (5 μM) at pH 6.5 with or without FBS at 10% v/v. Mean ± SD, n = 3. 

 

4.2.6 Strength of intracellular fluorescence over time and 

topping-up 
 

The stability of the fluorescent signal inside the cells post-delivery using PP50 

was also investigated. While this could be very payload- and cell type-

dependent, the current study focused on using HeLa cells and FITC-Dextran 

(150 kDa). Following a delivery of this model payload in a short, 30-minute 

treatment with PP50 in PBS at pH 6.5 and pH 7.4, cell fluorescence was 

analysed using confocal microscopy (Figure 4-10 A) and flow cytometry (Figure 

4-10 B and C) at 0.5, 6 and 24 h after a wash and return to regular growing 

medium, in this case DMEM supplemented with 10% FBS. 

Both analysis methods revealed that HeLa cells treated at pH 6.5 started with 

higher initial strength of the fluorescent signal, consistent with previous findings. 

Subsequent to that, both of the cell groups started to lose their fluorescence 

signal, approximately by half between 0.5 and 6 h and again, between 6 h and 

24 h. By the last analysis at 24 h post-treatment, the cells treated originally at 

pH 7.4 lost almost all of the cytosolic FITC signal detectable by fluorescent 

microscopy, while the cells treated at pH 6.5 still possessed a clear, diffused 

green fluorescent signal.  
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This was confirmed by the analysis of the percentage of fluorescent cells as a 

subpopulation of all the cells present in the sample (Figure 4-10 C). This 

analysis revealed that in both treatment groups 100% of the cells were classed 

as possessing a detectable level of intracellular fluorescence, as compared to a 

FITC-Dextran and PP50-negative control group, and nearly 100% of the cells 

treated at pH 6.5 retained detectable fluorescence by 24 h post-treatment while 

the percentage of fluorescent cells in the pH 7.4 group dropped by 40%. It is 

further possible that this fluorescent signal in the pH 7.4 group was contributed 

by the punctuate green areas observed in the microscopy images, rather than 

the uniform, diffused fluorescent signal which would suggest presence of the 

model payload in the cytosol. This difference arises most likely due to the higher 

degree of loading with FITC-Dextran during the treatment at mildly acidic pH, 

which enabled delivery of more of the payload to the cytosol and therefore the 

decrease of the fluorescent signal, most likely due to removal of FITC-Dextran 

by the cell, occurs more slowly. 

This effect is theorised to arise due to the exocytosis of the delivered FITC-

Dextran. Post-delivery exocytosis of nanoparticles has been widely reported for 

various molecules and nanoparticle types, and its efficiency is thought to 

depend on a number of parameters, such as the cell type and particle size, 

shape and surface properties, and can range from ~ 30 minutes for poly lactic-

co-glycolic acid (PLGA), 4 – 12 h for gold and mesoporous silica of various size 

and a minimum of 6 days for nanodiamonds (Fang et al., 2011; Slowing et al., 

2011; Sakhtianchi et al., 2013; Yanes et al., 2013; Oh and Park, 2014). In 

addition, it has been reported that nanoparticles which leave the 

exosome/lysosome system and translocate to the cytosol can take a longer time 

to be exocytosed (Stayton et al., 2009) 

The potential ability to increase the strength of cytosolic fluorescent signal post-

treatment by subjecting the cells to another co-treatment with PP50 and FITC-

Dextran, or “topping-up”, were also investigated (Figure 4-11). The fluorescence 

profile obtained using flow cytometry demonstrated that the cytosolic levels of 

FITC-Dextran, which was lost in the period of 24 h following PP50-mediated 

delivery at pH 6.5, was restored to the levels directly following the original 

treatment by subsequent topping-up treatment. Furthermore, this process was 
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proven to be repeatable, with at least 3 treatments possible, each delivering a 

very similar amount of the model payload to the cells without causing critical cell 

damage. This property of the PP50-platform could be useful in application 

whereby a target cell population needs to be repeatedly delivered with a desired 

protein or other macromolecular cargo to ensure high cytosolic levels.  

 

Figure 4-10. Cytosolic fluorescence of HeLa cells delivered with 150 kDa FITC-Dextran (10 μM) 

in a 30-minutes treatment with PP50 (0.5 mg mL-1) in PBS at pH 6.5 and pH 7.4. (A) Analysed 

by confocal microscopy at 0.5, 6 and 24 h post-treatment, scale bar = 10 μm, and analysed by 

flow cytometry at the same time points and expressed as (B) Median fluorescence intensity of 

the cells and (C), percentage of fluorescent cells compared to a negative control. Mean ± SD, n 

= 3. 
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Figure 4-11. Multiple dosing of 150 kDa FITC-Dextran (10 μM) in HeLa cells by repeated 

delivery with PP50 (0.5 mg mL-1) in a 30-minute treatment at pH 6.5, compared to a polymer-

free control, analysed by flow cytometry. Mean ± SD, n = 3. 

 

4.2.7 Antibody delivery 
 

The ability to deliver antibodies would be another big advantage of the PP50 

platform. Here, the delivery of Anti-non-muscle myosin IIA antibody labelled with 

AF647 (Ex 650/ Em 665) using PP50 at pH 6.5 was tested and compared to 

delivery of the same amount of the antibody to fixed and permeabilised cells 

and analysed using confocal microscopy (Figure 4-12). The difference between 

the two treatment groups was obvious, with the fixed and permeabilised cells 

displaying clear and bright staining of the myosin network whereas the 

fluorescence inside the live cells treated with the polymer and this payload 

displayed a much more punctate fluorescent pattern with partial binding to the 

myosin network in some of the cells (indicated by white arrows). This suggests 

that PP50 has a potential to deliver functional antibodies to the cell interior but 

the precise protocol might require further optimisation to establish the most 

optimal parameters to improve the efficiency of this process.   
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Figure 4-12. Delivery of Anti-non-muscle Myosin IIA antibody (Alexa Fluor® 647) to A549 cells: 

comparison of PP50-mediated delivery (0.5 mg mL-1) of the antibody (50 μg mL-1or 333 nM) in 

a 1 h treatment at pH 6.5 against passive delivery to fixed and permeabilised cells of the same 

antibody concentration in 1 h treatment. Scale bar = 10 μm. 

 

4.2.8 Plasmid delivery  
 

Delivery of nucleic acids, including plasmid DNA, for genetic engineering of cells 

and gene therapy remains a challenging task. Here, dsRed plasmid was 

attempted to be delivered to HeLa cells by co-incubation with PP50 at pH 6.5 

for 2 h and the expression of the encoded reporter protein, red fluorescent 

protein (RFP; Ex 558/ Em 583nm) was quantified using laser scanning confocal 

microscopy. As illustrated in Figure 4-13, the expression of RFP following the 

treatment with the plasmid and PP50 did not reach detectable levels and was 

similar to the background signal obtained from analysing HeLa cells which had 

not been treated. This suggests that the intracellular delivery of dsRed was not 

successful. Different treatment regimens (such as pre-treatment with PP50 

alone, followed by a wash and addition of either dsRed or dsRed mixed with 

PP50) and increasing the further incubation period up to 24 h following the 

treatment were attempted but plasmid delivery did not appear to have been 

achieved by varying those parameters (data not shown). The difficulty with 
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PP50-mediated delivery of nucleic acids using the co-incubation approach can 

arise from the fact that both the payload and the cargo have negative charge, 

which can result in electrostatic repulsion and inhibition of membrane binding 

and internalisation of these two components.  

 

 

Figure 4-13. Delivery of dsRED (1 μg mL-1) to HeLa cells by co-incubation with PP50 (0.5 mg mL-1) 

at pH 6.5. Treatment time was equal to 2 h. Scale bar = 10 μm. 

 

4.2.9 Delivery of Bim  
 

The ability to deliver functional payloads to the cell interior with preserving its 

function is a pre-requisite for any versatile delivery platform candidate, such as 

PP50. To investigate this aspect of the PP50-platform and to expand the work 

on model payloads pro-apoptotic peptide, Bim, was used as the functional cargo 

in the following experiments. Bim is a 3 kDa peptide which can interact with Bcl-

2 proteins – a protein family localised on the nuclear envelope, endoplasmic 

reticulum as well as the external mitochondrial membrane and playing an 

important role in regulating the progression of cell death via apoptosis 

(O'Connor et al., 1998; Strasser et al., 2000). A specific region of the Bim 

peptide, called BH3, is capable of interacting with the proteins in the Bcl-2 family 

leading to their inactivation and initiation of apoptosis utilising the Caspase 9 

pathway (Strasser et al., 2000). 
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4.2.9.1 Caspase activation and cell survival 
 

First, delivery of Bim was tested by co-treatment of A549 cells with the peptide 

and PP50 at pH 6.5 and pH 7.4, for comparison, and the functional activity of 

the payload, i.e. apoptosis, was analysed by detection of Caspase 9 and 

Caspase 3/7, which are known as apoptosis executioners. Furthermore, the cell 

survival post-delivery was also assessed using an AlamarBlue assay.  

Bim (20 μM) co-incubated with PP50 (1 mg mL-1) at the mildly acidic pH, but not 

at neutral pH, was capable of inducing a strong Caspase 3/7 and 9 activation 

response (Figure 4-14). This is consistent with the results discussed above 

noting that the extracellular activation of PP50 greatly enhanced its delivery 

potential. The PP50-mediated delivery of Bim was compared to a number of 

controls to ensure validity of this result. Treatment of A549 cells with Bim alone, 

PP50 alone or a mixture of PP50 and inactive version of Bim peptide (scrBim) 

did not induce caspase activation. In addition, small molecule, membrane 

permeable Bcl-2 inhibitor and BH3 mimic, ABT-737, were used as a positive 

control (van Delft et al., 2006). In both cases of Caspase 9 and Caspase 3/7, 

the PP50-mediated response fell within the same order of magnitude as that 

induced by the small molecule, with the differences between the two arising 

potentially due to their action working in different time frames because of 

different dynamics.   

In addition, the cell survival following a 24 h period of further incubation after the 

treatment, a PBS wash and media exchange was analysed by AlamarBlue 

assay (Figure 4-15). The cell survival profile corresponded to the caspase 

activation results, with only 37% of the cells treated with PP50 and Bim at pH 

6.5 surviving, but no major decrease in cell survival the experimental sample at 

pH 7.4 nor in any of the negative controls, as compared to untreated cells. 

Surprisingly, delivery of ABT-737 did not seem to decrease cell survival in such 

a dramatic way as PP50-mediated delivery of Bim, causing 77% cell survival, 

even though their caspase activation was similar. This might arise due to the 

ABT-737 response being more short-lived and requiring constant presence of 

the small molecule in the growth medium for a prolonged period of time, as 
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opposed to PP50-mediated delivery, which relies on short and efficient 

permeabilisation leading to the internalisation of the cargo. 

Figure 4-14. Caspase activation after delivery of Bim (20 μM) by co-incubation with PP50 (1 mg 

mL-1) for a period of 3 h at pH 6.5 and pH 7.4, as compared to controls: PP50 mediated delivery 

of scrambled Bim, and cells incubated with Bim, PP50 or PBS alone, analysed using (A) 

Caspase 9 Glo and (B) Caspase 3/7 Glo assays. Membrane permeable small molecule Bim 

mimetic, ABT-737 (20 μM), was used as a positive control. Mean ± SD, n = 3. Two-way ANOVA 

and Tukey’s tests were performed to compare the cells treated with the different materials to 

PBS-treated cells. 
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Figure 4-15. Survival of cells after delivery of Bim (20 μM) by co-incubation with PP50 (1 mg 

mL-1) for a period of 3 h at pH 6.5 and pH 7.4 following a further incubation period of 24 h, 

analysed using AlamarBlue assay. Mean ± SD, n = 3. Two-way ANOVA and Tukey’s test was 

performed to compare the cells treated with the different materials to PBS-treated cells.  
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4.2.9.2 Delivery of Bim – time  
 

In order to investigate the dynamics of PP50-mediated delivery of Bim, as well 

as to elucidate the difference in the apoptosis induction speed by Bim and by 

ABT-737, a time-course study was performed using IncuCyte®. A549 cells were 

either delivered with 20 uM Bim in a 4 h treatment with PP50 at pH 6.5, followed 

by a wash and media replacement, or treated with the same concentration of 

ABT-737 throughout the duration of the IncuCyte® experiment. The samples 

were then supplemented with IncuCyte® Caspase-3/7 Green Apoptosis Assay 

reagent and analysed every 2 hours (Figure 4-16). Cells treated with the peptide 

were observed to change their morphology from spread out to rounded very 

quickly and this was obvious at the time of the first scan post-treatment (t = 0 h). 

The cells then followed the apoptotic pathway and became stained with the 

assay reagent detecting high levels of Caspase 3/7, which results in green 

fluorescence. This was most efficient within the first 8 hours, as quantified by 

the IncuCyte® (Figure 4-17), and resulted in a visibly decreased cell survival 

leading to lower confluency by t = 18 h, as compared to cells treated with PBS 

only. Treatment with ABT-737 also led to rapid rounding of A549 cells, but failed 

to push them onto the apoptotic route, as indicated by the assay, up until t = 18-

20 h, where an increase in green fluorescence was observed. Along with the 

previous results this indicates that the mode of action of ABT-737 is slower than 

PP50-mediated Bim delivery. 
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Figure 4-16. Cell morphology and death followed by delivery of Bim (20 μM) by co-incubation 

with PP50 (1 mg mL-1) at pH 6.5 in a 4 h treatment compared to cell death caused by continuous 

treatment with ABT-737 (20 μM), analysed in IncuCyte® using Caspase-3/7 Green Apoptosis 

Assay. 
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Figure 4-17. Number of apoptotic cells following delivery of Bim (20 μM) by co-incubation with 

PP50 (1 mg mL-1) at pH 6.5 in a 4 h treatment compared to cell death caused by continuous 

treatment with ABT-737 (20 μM), analysed in IncuCyte® using Caspase-3/7 Green Apoptosis 

Assay over a 20 h period. Mean ± SD, n = 3. 



145 
 

4.2.9.3 Delivery of Bim – dose titration 
 

To further characterise the PP50-mediated delivery of Bim, a dose titration study 

of the peptide was performed at a fixed polymer concentration of 0.5 mg mL-1 

(Figure 4-18). The extracellular concentrations of Bim and scrBim, used for 

comparison, were equal to 0.1, 0.5, 1, 5, 10 and 20 μM. The initial Caspase 3/7 

response was detected at 5 μM, and further increased 3-fold for 10 μM 

extracellular Bim. No obvious Caspase 3/7 activation was observed for the 

scrBim delivered via PP50. These findings are in line with reports about delivery 

of Tat-Bim conjugates, whereby the apoptosis activation was recorded after 

treatment with 2-5 μM of the constructs, depending on cell type (Kashiwagi et 

al., 2007). Like previously, the Caspase activation assay was performed in 

parallel to an AlamarBlue cell survival assay after a further 24 h period post-

treatment (Figure 4-19). As expected, the cell survival was highly dependent on 

the peptide concentration used during the treatment, with half maximal effective 

concentration (EC50) of Bim delivered using PP50, as defined by the 

percentage of dead cells, equal to 11.2 μM. This also illustrates that for PP50-

mediated delivery of this peptide, caspase activation is a good predictor of cell 

survival. In comparison, Caspase activation induced by the treatment with ABT-

737 was not a reliable indicator of cell survival, as was shown in Figure 4-14 

and Figure 4-15. 
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Figure 4-18. Caspase 3/7 activation following a treatment with PP50 (0.5 mg mL-1) and either 

Bim or scrBim in the concentration range of 0.1-20 μM at pH 6.5. Treatment time was equal to 

3 h, followed by a wash and 4 h of further incubation and analysis using the Caspase 3/7 Glo 

Assay. Mean ± SD, n = 3. 

 

 

Figure 4-19. Survival of cells following a treatment with PP50 (0.5 mg mL-1) and either Bim or 

scrBim in the concentration range of 0.1-20 μM at pH 6.5 or treatment with ABT-737 in the same 

concentration range. Treatment time was equal to 3 h, followed by a wash and analysis using 

AlamarBlue assay 24 h post-treatment. Mean ± SD, n = 3. 
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4.2.9.4 Delivery of Bim-Cy7 
 

To provide further evidence for intracellular delivery of Bim, a Cy7 (Ex 750/ Em 

773) labelled version of this peptide was used, along with the inactive control, 

scrBim-Cy7, to quantify the PP50-mediated delivery to A549 cells (Figure 4-20). 

Following a 1 h treatment with the polymer and the peptides at pH 6.5, or 

peptides alone, the cells were characterised using flow cytometry. In both cases 

of Bim-Cy7 and scrBim-Cy7 there was a clear effect of co-treatment with 

polymer, which resulted in brighter cells, compared to the polymer-free samples. 

This suggests that both of the peptides were being delivered to the cell interior 

but, as shown in previous figures, only Bim was capable of inducing apoptosis, 

which further validated scrBim as a valid, inactive control in the experiments 

presented herein. 

 

Figure 4-20. Flow cytometry of A549 cells following a 1 h treatment with PP50 (1 mg mL-1) and 

either Bim-Cy7 or scrBim-Cy7 (10 μM) at pH 6.5. Corresponding polymer-free controls were 

used for comparison.  
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4.2.9.5 Delivery of Bim - comparison against other delivery 

methods 
 

In order to place the PP50-mediated payload delivery in a wider context, the 

delivery of Bim and scrBim using this platform was compared against 8 other 

delivery technologies and the results were analysed in terms of cell survival 

following the treatment. Bim and scrBim (15 μM) were attempted to be delivered 

via the techniques listed in Table 4-2. In each case, optimal concentration and 

treatment time were established via literature research and optimisation 

experiments (data not shown). 

Table 4-2. Delivery techniques used in the comparison study. 

Delivery 

technique 

Carrier 

Type 

Molar 

concentration 

Mass 

concentration 

Reference 

PP50 Polymer 22 μM 

 

1 mg mL-1 (Chen et al., 2009c; 

Mercado and Slater, 

2016b) 

PLP Polymer 29 μM 1 mg mL-1 (Eccleston et al., 

2000; Eccleston et al., 

2005) 

PEI 0.6 kDa Polymer 1.7 mM 1 mg mL-1 (Godbey et al., 1999a; 

Wiseman et al., 2003) 

PEI 25 kDa Polymer 10 μM 0.25 mg mL-1 (Godbey et al., 1999a; 

Wiseman et al., 2003) 

Melittin CPP 1 μM 2.85 μg mL-1 (Kyung et al., 2018) 

Tat CPP 20 μM 31 μg mL-1 (Erazo-Oliveras et al., 

2014) 

Penetratin CPP 20 μM 47 μg mL-1 (Derossi et al., 1994; 

Weill et al., 2008) 

PULSin® Commercial 

kit 

Unknown Unknown  

BioPORTER® Commercial 

kit 

Unknown Unknown (Bottger et al., 2010) 

Electroporation Physical 

method 

N/A N/A (Ma et al., 2014) 
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In all cases, cell survival was analysed 24h post-treatment using the CellTiter 

Glo 2.0 assay, which quantifies ATP and therefore the presence of metabolically 

active cells in the samples. The results showed that PP50-mediated delivery 

performed best out of all the techniques used as comparison, resulting in 21.4 

± 1.5% cell survival in the cell samples treated with Bim, compared to 89.7 ± 

3.3% survival in the cells delivered with the scrBim control (Figure 4-21). This 

method significantly outperformed the runner-up technique which was the 

delivery using 25 kDa PEI which resulted in a cell survival equal to 65.2 ± 5.9% 

and 52.7 ± 7.5% for Bim and scrBim, respectively. The high level of cell death 

observed when delivering scrBim using PEI (25 kDa) suggests a level of 

cytotoxicity of this delivery agent which was the most likely cause of cell death, 

rather than the action of delivered Bim. This comparison provides evidence that 

the PP50 platform is clearly a more potent delivery agent than some commonly 

used CPPs, PEI, electroporation and even two commercially available protein 

delivery kits, PULSin® and BioPORTER®, at peptide delivery by using the 

simple co-incubation strategy.  
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Figure 4-21. Comparison of cell death caused by the delivery of 15 μM Bim(Cy7) using different 

delivery methods. For the chemical delivery agents, the treatment time was equal to 4h. Cell 

survival was quantified using CellTiter-Glo 2.0 assay 24 h after the end of the treatment. Mean 

± SD, n = 3. Statistical comparison between PP50-mediated delivery of Bim-Cy7 and scrBim-

Cy7, as well as between PP50 and PEI 25 kDa (delivery of Bim-Cy7) was performed using two-

tailed unpaired Student’s t-test. 



150 
 

4.2.10 Delivery to extracellular vesicles 

  

Extracellular vesicles are nanovesicles which can be produced by many 

different cell types including blood cells, stem cells and tumour cells, and occur 

naturally (Gangadaran et al., 2018). EVs play an important role in mediating 

long-distance intercellular communication as they can transfer different 

macromolecules, including nucleic acids (DNA, mRNA, non-coding RNA), lipids, 

receptors and proteins (Ha et al., 2016; Guo et al., 2017).  

EVs are currenly being intensively studied as a potential drug carrier for in vivo 

applications and have already been shown of being capable of delivering small 

molecule anti-cancer drugs, proteins and nucleic acids (Ha et al., 2016). In 

contrast to liposomes and polymeric nanoparticles, EVs have a lower chance of 

inducing an immunogenic response due the similarity of membrane composition 

to that of the rest of the cells in the body when used autologously (Ha et al., 

2016). In addition, EVs have been suggested to offer good tissue penetration 

and long systemic circulation due to negative charge and evasion of degradation 

(Gangadaran et al., 2018).  

Currently used techniques for drug loading of EVs can be used either prior to 

extracellular isolation, most commonly via transfection of the desired cargo, or 

after isolation of the vesciles, via physical methods such as extrusion, sonication 

and electroporation (Vader et al., 2016). Here, the PP50-platform was 

investigated as a means of using a polymeric delivery agent for EV loading 

subseuent to their isolation from cells. EVs were kindly donated by Dr Christina 

Schindler (MedImmune) who also performed the analysis by flow cytometry. 

Initial steps included charaterisation of the effects which PP50-mediated 

delivery has on EVs and confirmation of the delivery outcome. EVs obtained 

from HEK293 cells were incubated with 20 μM Bim-Cy7 for 1 h at pH 6.5 in the 

presence and absence of PP50 (1 mg mL-1), followed by EV isolation using 

ultracentrifugation, which produced a good yield of 75% as analysed via 

NanoSight (Figure 4-22). This analysis also revealed that the treatment with the 

polymer and peptide did not affect the EV size, which stayed at ca. 130 nm 
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(Figure 4-23). These results indicate that PP50 does not have a disruptive effect 

on the vesicles. 

The outcome of PP50-mediated delviery of Bim-Cy7 was analysed using flow 

cytometry. EVs incubated with the polymer and peptide using the same 

paramteres and isolation as above were immobilised on magnetic beads coated 

with anti-CD9 antibody, which concentrated the vesicles and allowed their 

visualisation using flow cytometry (Figure 4-24). The EVs incubated in the 

presence of both the peptide and the polymer were over 2-fold brighter than 

those in the polymer-negative samples, which suggests succseful loading of the 

fluorescent peptide into the vesciles. Interestingly, PP50-negative samples 

displayed a noticeable increase in fluorescence over the samples containing 

beads only, suggesting a level of membrane binding of the peptide on EV 

surface, passive loading or, most likely, incomplete peptide removal in the 

process of EV isolation which should therefore be further optimised.   

Finally, the apoptotic effect of EVs loaded with Bim-Cy7 was assessed by 

treatment of A549 cells for 24 h, followed by cells survival analysis using 

CellTiter Glo2.0 assay. The EV samples containing 1.5 x 1012 vesicles per mL 

were dilluted 10-fold in DMEM and applied to A549 cells grown in 96-well plates. 

Iterestingly, the cell survival in the cells treated with EVs loaded with Bim-Cy7 

in the presence of PP50 dropped by 20%, compared to the cell treated with EVs 

which had been incubated in the presence of the peptide alone. This promising 

result indicates that PP50 could have the ability to load EVs with an apoptotic 

macromomolecue, following by use of the vesicles as a a drug carrier. However, 

both the laoding and the cell treatment parts of the experiment need furhter 

optimisation to produce lower cell survival.   

In addition, further studies need to be performed to evaluate and compare 

PP50-mediated delviery of Bim to EVs with other methods of EV loading, 

including sonication and extrusion (Vader et al., 2016). In addition, it might be 

possible to load the desired cargo to EV-producing cells prior to isoloation to 

ensure their incorporation into the vesicles, assuming the payload does not have 

an immediate deleterious effect on the producer cell, such as the apoptoic Bim 
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peptide. The payload concentration in the cytosol can be then kept at high level 

by periodic topping-up, as demonstrated earlier.  

 

 Figure 4-22. (A) concentration and (B) means size of EVs following loading of Bim-Cy7 (20 μM) 

by co-incubation with PP50 (1 mg mL-1) at pH 6.5 for 1.5 h and EV isolation by 

ultracentrifugation, compared to the original EV concentration and size, analysed by NanoSight. 

Mean ± SD, n = 3. One-way ANOVA and Tukey’s tests were performed for comparison. Different 

letters represent statistically significant difference with p-values < 0.5. 

 

 

Figure 4-23. Fluorescence of EVs concentrated on magnetic beads following loading of Bim-

Cy7 (20 μM) by co-incubation with PP50 (1 mg mL-1) at pH 6.5 for 1.5 h and EV isolation by 

ultracentrifugation, analysed by flow cytometry. Flow cytometry of EVs was performed by 

Christina Schindler (MedImmune). 
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Figure 4-24. Survival of A549 cells treated with EVs loaded with Bim-Cy7 using PP50 at pH 6.5, 

following a continous treatment over 24 h, analysed using CellTiterGlo 2.0 Assay. Mean ± SD, 

n = 3.  P-values were calculated using unpaired Student’s t-test.  

 

4.3 Conclusions 
 

This chapter investigated the use of PP50 – a trigger responsive, membrane 

permeabilising polymer – as a versatile delivery agent for intracellular delivery 

of macromolecules. Based on the presented results, PP50 appears to be a good 

candidate to become a potential verstaile, next generation delivery agent with 

many potential uses in vitro and ex vivo  (Stewart et al., 2016b). 

It was demonstrated that treatment of nucleated mammalian cells with the 

polymer and a model antibody-sized payload in a simple, 2-step protocol, 

resulted in delivery to all 9 of the cell lines tested, including delivery to hard-to-

transfect human mesenchymal stem cells. Based on this, PP50-mediated 

delivery is assumed to be compatible with many more cell lines. Furthermore, 

the PP50 platform performed well in delivery of a fluorescent model payload to 

3D spheroids. This could allow to study cells and tumour models in a more 

unperturbed state, in contrast to payload delivery achieved by cell squeezing 

and other mechanical methods, which are often compatible only with single cell 

suspensions. Payload delivery to extracellular vesicles also appeared to be 

possible, but requires further optimisation. EVs loaded with the help of PP50 

could be potentially used as drug carriers in in vivo applications. 
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PP50 sucesfully delivered various payload types, including a wide size range of 

fluorescent dextrans, proteins and a peptide. Additional studies are needed to 

fully asses the potential of PP50 to deliver nucleic acids by co-incubation, 

however, a PP-family polymer has already been reported to sucesfully deliver 

siRNA by conjugation for cancer therapy applications (Khormaee et al., 2013). 

Importantly, PP50 enabled the delivery of an apoptotic peptide, resulting in 

considerable cell death in a process which proved to be more efficient than 

some major competing technologies, such as CPPs and electroporation. 

Since PP50 was shown to be capable of cytosolic delivery of macromolecules, 

it is therefore compatible with intracellular targeting strategies. The 

concentration of the desired payload in the cytosol can be controlled to certain 

extent by multiple delivery when necessary, as was demonstrated. The co-

incubation protocol, in contrast to covalent conjugation, ensures that 

macromolecules delivered with the use of PP50 retain their functional properties 

upon cell entry. In addition, the consistent co-localisation of FITC-Dextran with 

the nuclear dye Hoechst suggest that PP50 might be capable of nuclear 

delivery. If this is confirmed, PP50 could allow for cell modification using the 

CRISPR/Cas9 system for genome editing (Li et al., 2015a).  

Finally, the PP50 platform could be easily scaled up and could perform just as 

well with a small and large number of cells, with the restricting factors being the 

materials supply and the size of the cell culture vessel, in contrast to microfluidic-

based delivery devices, which can be prone to clogging, limiting their 

throughput. In addition, PP50 is obtained using well established organic 

chemistry and has a low cost of production compared to cell penetrating 

peptides which require more complex synthesis. 

In conclusion, PP50 has been shown to be a versatile platform technology which 

is compatible with different macromolecular cargo of different size and with 

different chemical and physical properties as well as suitable for delivery to 

different cell lines and to cells grown in different formats, and one which is 

potentially a more efficient delivery agent than a number of commonly used 

chemical and physical delivery techniques. 
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5. Chapter 5 - Payload delivery by conjugation 

with PP50 

 

5.1 Introduction 
 

The second mode of PP50-mediated intracellular delivery investigated is by 

payload conjugation to the polymer.  In general, linkage of a cargo molecule to 

the delivery agent has a number of advantages over delivery by simple mixing, 

especially in in vivo settings. Firstly, payload conjugation prevents passive 

diffusion of drugs in the blood stream and their separation from the delivery 

agent, which can be pertinent for their intracellular delivery (Lee et al., 2017b). 

This is especially important for molecules which have inherent off-target effects 

and cytotoxicity, and therefore whose spread throughout the body should be 

avoided. Secondly, payload conjugation to a delivery agent can decrease the 

amount of the required drug by increasing its local concentration. This might 

allow the use of drugs which otherwise have low bioavailability, resulting in a 

low therapeutic utility (Bareford and Swaan, 2007). Thirdly, conjugation can 

increase the circulation time and drug stability in the blood stream (Suk et al., 

2016).  

PP-polymers have been used for payload delivery by conjugation before. 

Khormaee et al. (2013) conjugated thiol-modified siRNA onto PP75, a PP-family 

polymer with a 67% stoichiometric ratio of L-phenylalanine grafting. In their 

study, succinimidyl 3-(2-pyridyldithio)propionate (SPDP) was used as the 

crosslinker. The current work replaced this approach with conjugation using a 

disulphide containing crosslinker 3-(2-pyridyldithio)propionyl hydrazide (PDPH). 

This was built on expertise existing in the group. The cleavable nature of the 

crosslinker should enable payload release following reduction of the disulphide 

bond between the polymer and the macromolecular cargo in the intracellular 

environment. 

This chapter describes the development of novel conjugate constructs 

containing the PP50 polymer linked to different-sized model payloads via 
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disulphide bond formation. First, 3.4 kDa PEG-FTIC was used as a model of a 

peptide-sized payload. Aspects of the conjugation reaction, such as the 

efficiencyynamics and payload release, using a small molecule model, were 

investigated. This was followed by the development and optimisation of PP50-

protein conjugation procedure which used the inexpensive and readily available, 

medium-sized BSA as a model. Based on this newly developed conjugation 

protocol, green fluorescent protein (GFP) and immunoglobulin G (IgG) antibody, 

which were used as surrogates of small and large therapeutic proteins, 

respectively, were linked to PP50 via PDPH. Intracellular payload delivery was 

analysed using confocal fluorescent microscopy, which was made possible by 

using PEG and IgG antibody labelled with the fluorescent dye FITC and by using 

the intrinsic fluorescence of GFP. 

The data presented herein illustrate the potential as well as the limitations of 

cargo delivery following conjugation to PP50, especially due to the payload size. 

The shown work also informs the development of polymer conjugates with 

functional payloads, which will be discussed in the following chapter.  

 

5.2 Results and Discussion 
 

5.2.1 PDPH grafting 
 

PP50 was grafted with the thiol reactive crosslinker PDPH via amide bonds to 

enable subsequent polymer-macromolecular cargo conjugation. PDPH has 

been previously used to conjugate IgG antibodies with poly-L-lysine  (Suh et al., 

2001), maleimide-containing liposomes (Ansell et al., 1996) and a small 

molecule drug (Lee et al., 2017a) and for creation of poly(D,L-lactic-co-glycolic 

acid)-siRNA and Doxorubicin-gold conjugates, among others (Lee et al., 2011; 

Lee et al., 2015).  

The crosslinker grafting degree can be defined and controlled by using a specific 

molar ratio of PDPH and the polymer. PDPH contains a protective 2-pyridyldithio 

group, which can be easily reduced by a thiol-contacting payload or a reducing 

agent to allow formation of a new disulphide bond. This results in the 
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displacement of 2-mercaptopyridine from the crosslinker, whose absorbance 

can be measured, enabling quantitative characterisation of the PDPH amount 

in solution, and thus the crosslinker grafting efficiency.  

The level of grafting was determined using the following equation based on the 

Lambert-Beer Law:  

         moles⁡of⁡PDPH⁡addition⁡per⁡moles⁡polymer⁡unit⁡ =
∆A

ε
×

Mw⁡polymer⁡unit

conc.
 

    

where: 

  ∆A is the change of absorbance at 343 nm before and after DTT addition, as 

determined by UV-Vis spectrophotmotery (∆A= (Average A343 after DTT) – 

(Average A343 before DTT) 

 ε is the molar extinction coefficient of 2-mercaptopyridine in PBS and at 343 nm 

is equal to 8.08 x 103 M-1cm-1 (as per manufacturer’s manual). 

 Mw of PP50 unit is equal to 354 g mol-1. 

 Conc. is the concentration of PP50-PDPH used in the UV-Vis study and here is 

equal to 1 mg mL-1. 

 

In the first instance, the stoichiometric ratio of PDPH and the polymer of 5%, 

was used during the grafting reaction. This was assumed of being able to 

provide a sufficient number of 2-pyridyldithio groups on the polymer to enable 

payload conjugation. The actual degree of PDPH grafting on PP50 was 

established to be 2.86% ± 0.46% (n = 5). This means that ca. 2.86% of the 

available carboxyl groups located in the PP50 monomer units formed an amide 

bond with the crosslinker. With the desired grafting level of 5%, the efficiency of 

the grafting reaction was ca. 60 %. Knowledge of the PDPH grafting reaction 

efficiency was helpful in designing batches of polymer with a specific number of 

crosslinkers per polymer chain, as dictated by the needs of the payload being 

used. 
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5.2.2 Membrane disruptive ability of PP50-PDPH vs PP50 
 

Since grafting of extra molecules onto PP50 might alter its properties, the 

membrane disruptive ability of the crosslinker-modified polymer was 

investigated. The membrane lytic capacities of PDPH-modified PP50 was 

compared to that of the original PP50 polymer. This analysis was performed 

using a haemolysis assay employing ovine erythrocytes, as described above. 

The haemolytic capacities were investigated at the polymer concentration of 0.1 

mg mL-1 (Figure 5-1). 

The pH-dependent membrane disruptive profile of PP50 was similar to 

previously published results, describing the membrane lytic ability of PP75 

(Chen et al., 2009c). PP50-induced relative haemolysis peaked at pH 6.5, 

reaching a value of 90%.  

The membrane disruptive profile of PP50-PDPH as a function of environmental 

pH showed high similarity to that of PP50 alone, with the highest level of relative 

haemolysis (ca. 85%) recorded at pH 6.5 for both PP50 with 0.9% and 1.7% 

grafting with PDPH. As pH 6.5 is typical of early endosomes, this can ensure 

release of engulfed materials in the early stages of endosomal trafficking to 

prevent degradation in lysosomes (Gao et al., 2010). The apparent drop of 

membrane lytic ability, noticeable especially at pH 6.0 and pH 7.4, might result 

from reduction in the number of free carboxyl groups, replaced with PDPH via 

amide bonding and is not surprising as changes in the carboxyl/hydrophobic 

group ratio of membrane-active polymers have been linked with substantial 

changes in their haemolytic properties (El-Sayed et al., 2005). However, due to 

the overall similarity and the high level of haemolysis achieved, it is possible to 

conclude that grafting with the PDPH crosslinker at ca. 2% substitution rate 

should not have a negative effect on overall polymer functionality and that the 

PP50-PDPH construct could be used in further payload delivery studies. 
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Figure 5-1. Relative haemolysis of red blood cells using PP50 and PP50-PDPH at 100 μg mL-1. 

Incubation time = 1 h, temperature = 37oC. Mean ± SD, n = 3. 

5.2.3 Release of 2-mercaptpyridine – a small molecule drug 

model 
 

Polymer-payload conjugates should be stable during circulation in the 

bloodstream, while remaining sensitive to the intracellular environment and 

being capable of releasing the active substance inside the targeted cells. 

Glutathione (GSH) is a thiol-containing, biological antioxidant, abundantly 

present in the cytosol (Kurtoglu et al., 2009). The cytosolic concentration of 

glutathione is 0.5 – 10 mM, while plasma concentration is much lower, at around 

2 μM (Maher, 2005; Lushchak, 2012). In addition, GSH concentration is also 

elevated in certain tumour types, including breast, ovarian and lung cancer 

(Gamcsik et al., 2012). Similarly, cysteine (Cys), which is another important 

biological reducing agent, shows a clear difference between the cytosol and 

plasma concentrations which are equal to 20 μM and 100 μM, respectively 

(Dröge et al., 1991; Lu, 1999). This gradient of redox conditions enables usage 

of crosslinkers with reducible disulphide bonds, such as PDPH. 

 

2-mercaptopyridine (Mw = 111.16 g mol-1) is a structural part of PDPH (Figure 

5-2) where it acts as a protective component, preventing the thiol group from 

unwanted side reactions. In this set of experiments, 2-mercaptopyridine was 
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treated as a small molecule drug model conjugated to the crosslinker via a 

cleavable disulphide bond. 

 

 

Figure 5-2. Structure of PDPH with 2-mercaptopyridine highlighted. 

The release profiles of 2-mercaptopryridine from PDPH-modified PP50 in redox 

conditions at physiological pH 7.4 were studied using GSH and Cys as the 

reducing agents. The results are presented in Figure 5-3 and Figure 5-4. At the 

average blood concentration of GSH (2 μM), PP50-PDPH was stable with barely 

any detectable release of 2-mercaptopyridine. 25% and 58% of the total pool of 

the small molecule was however readily released at the concentrations 

corresponding to the lowest and highest limits of the intracellular concentration 

of GSH, respectively, following 2 h of incubation. Similarly, the release of 2-

mercaptopyridine following incubation with Cys was higher at the intracellular 

concentration of this amino acid (25%), compared to that at the plasma-like 

concentration (10%). These results indicate that at intracellular concentrations, 

GSH was more efficient at reducing the disulphide bond of PDPH and releasing 

2-mercaptopyridine than Cys. 

 

In order to study a prolonged time-dependant profile of 2-mercaptopyridine 

release, the observation time was extended to 24 h.  As before, the trends 

suggesting lower release levels in the environments mimicking the extracellular 

concentrations of GSH and cysteine and higher release levels in the 

environment mimicking the cytosol concentrations of these reducing agents 

were apparent. Furthermore, it was noticed that the initial release of the small 

molecule drug model was very rapid, with the majority of 2-mercaptopyridine 

released within the first 15 minutes, and was followed by a period of slower 

release until a plateau is reached between 2-6 hours of incubation, with 78% 

and 35% total release at the end of the 24 h observation period in the samples 

treated with GSH and Cys, respectively. The rapid release of the model payload 

is in line with the values reported for GSH-induced peptide-small molecule drug 
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conjugate disulphide cleavage (Lee et al., 2012). The reason why 100% release 

was not obtained here was not clear. A complementary technique, such as the 

measurement of payload fluorescence, could be performed to validate the 

model cargo release data. 

 

The results presented in this section illustrate that the PP50-payload conjugates 

linked by disulphide bonds should remain stable in the bloodstream, but allow 

rapid payload release from the polymer once localised in the cytosol due to the 

high local concentration of the reducing agents such as glutathione and, to a 

lesser extent, cysteine. 
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Figure 5-3. Release of 2-mercaptopyrine from PP50-PDPH using the cytosol (0.5 and/or 10 

mM) and plasma (2 μM) concentrations of GSH (A) over a period of 2 h and (B) 24 h from the 

start of the reaction. Mean ± SD, n = 3.  

 

 

 

A 
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Figure 5-4. Release of 2-mercaptopyrine from PP50-PDPH using the cytosol (100 μM) and 

plasma (20 μM) concentrations of cysteine (A) over a period of 2 h and (B) 24 h from the start of 

the reaction. Mean ± SD, n = 3.  
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5.2.4 Conjugation and delivery of PEG-FITC  
 

PEG-FITC is a poly(ethylene glycol) (PEG) polymer conjugated with a 

fluorescein (FITC) molecule, which enables tracking in cellular studies, as well 

as functionalised with a thiol group, allowing conjugation to other molecules via 

a cleavable disulphide bond (Figure 5-5). The molecular weight of the PEG-

FITC used in this study was equal to 3.4 kDa, with the aim of using this 

fluorescent cargo as a peptide-sized model payload. In addition, non-

fluorescent, thiol-functionalised PEGs with the molecular weight of 2 and 6 kDa 

were used in the haemolysis and cell toxicity study, in order to avoid potential 

interference with these measurements.  

 

 

Figure 5-5. Structure of PEG-FITC 

 

5.2.4.1 Conjugation efficiency and kinetics 
 

Conjugation efficiency, defined as the ratio of payload molecules loaded onto a 

delivery agent to the total number of crosslinker sites available for binding, is of 

great interest in the process of preparation of polymer-payload conjugates. High 

conjugation efficiency simplifies the subsequent purification process, or 

removes a need for one altogether in scenarios when the reaction is nearly 

100% efficient. Furthermore, since therapeutic payloads are often expensive, 

high conjugation efficiency lies in economic interest. Here, two parameters 

which dictate the efficiency of payload loading were studied: (i) the molar ratio 

of payload to crosslinker as well as (ii) the composition of the solution in which 

the reaction took place.  

Firstly, the conjugation kinetics and efficiency of PEG-FITC onto PDPH-modified 

PP50 using 3 different molar ratios of the payload to the crosslinker were 

investigated. The molar ratios of PEG-FITC to PDPH used were equal to 0.5:1, 

1:1 and 2:1. The results are presented in Figure 5-6 and Figure 5-7. As 
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suggested by the sharp slope of the three curves in the initial 5 minutes, the 

conjugation process occurred very rapidly, with the majority of the possible 

conjugation taking place before the first measurement was taken. This was 

followed by a period with a slower increase in payload loading observed at the 

0.5:1 and 1:1 molar ratios, after which the conjugation reaction reached a 

plateau. Unsurprisingly, it was observed that the speed and the final level of 

conjugation were directly proportional to the molar ratio of the payload to the 

available PDPH crosslinkers used in the reaction, with the highest conjugation 

effectiveness following a 24 h reaction equal to 73%, followed by 62% and 39% 

for 2:1, 1:1 and 0.5:1 molar ratios, respectively. The thiol exchange kinetics 

shown here were similar to those reported by the group of Ansell et al. (1996) 

who used PDPH for protein-liposome conjugation, observing the majority of the 

reaction occurring within the first 1 h.   
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Figure 5-6. Kinetics of the conjugation of FITC-PEG-Thiol onto PP50-PDPH in PBS (pH 7.4) at 

0.5:1, 1:1 and 2:1 molar ratios of payload to PDPH over 2.5 hours at room temperature. Mean 

± SD, n = 3. 
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Figure 5-7. Kinetics of the conjugation of FITC-PEG-Thiol on PP50-PDPH in PBS (pH 7.4) at 

0.5:1, 1:1 and 2:1 molar ratios of the payload to PDPH over 22 hours at room temperature. 

Mean ± SD, n = 3. 

In addition, the effect of the reaction environment on reaction efficiency was also 

studied (Figure 5-8). The presented results suggest that the use of a 

PBS/DMSO mixture could further enhance the conjugation efficiency. Higher 

proportions of DMSO exceeding 50% were seemingly worse for conjugation 

effectiveness than buffers containing 50% DMSO. It is possible that a mixed 

solvent system, containing 50% DMSO/50% PBS could be most potent for a 

desirable reaction efficiency for some payloads. This effect was perhaps due to 

a more open structure of both the PP50 and the PEG-FITC payload in these 

conditions, which promotes the interaction between the thiol on the payload and 

the crosslinker, encouraging efficient formation of disulphide bonds. 

These experiments suggest that it is possible to increase the efficiency of the 

conjugation reaction between PDPH-modified PP50 and a peptide-sized, thiol 

containing payloads by modulating their molar ratio as well as changing the 

reaction environment. They also provided base knowledge about the 

conjugation kinetics between the two components which can prove useful in 

future conjugation experiments, especially when designing their timing. In the 
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following experiments, the 2:1 ratio of payload to crosslinker was used to ensure 

high conjugation efficiency and the excess PEG was removed by dialysis.  
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Figure 5-8. The efficiency of the conjugation reaction between PEG-FITC and PP50-PDPH in 

different reaction environments at a 1:1 molar ratio of the payload to the crosslinker, measured 

by quantifying the release of 2-mercaptopyridine by UV-Vis spectroscopy. The conjugation was 

performed at room temperature, t = 5 h. PP50-PDPH concentration = 1 mg mL-1. Mean ± SD, n 

= 3. 

5.2.4.2 Membrane permeabilisation by PP50-PEG conjugates – 

haemolysis assay  
 

The membrane permeabilising ability of PP50 conjugated to PEG was 

characterised in a haemolysis assay (Figure 5-9). PP50 conjugated to either 2 

kDa or 6 kDa PEG at one payload per polymer chain were used. Molarity was 

used to describe conjugate concentration, based on the average Mw of PP50 = 

46 kDa (Chen et al., 2009c; Lynch et al., 2010). The profile of haemoglobin 

release from ovine erythrocytes following 1 h treatment in 7 different pH 

environments was similar to that of PP50 alone, with an average decrease of 

14% in terms of haemolysis efficiency for the conjugates. This difference was 

most evident at pH 6.0, where the relative haemolysis for PP50 was equal 62% 
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but only 24% for PP50-PEG. Nevertheless, the conjugates achieved a very high 

level of haemoglobin release at pH 6.5 of 74% and 80% for the conjugates with 

6 kDa and 2 kDa PEG, respectively. This high level of membrane activity leading 

to haemolysis at mildly acidic pH values, typical of early endosomes, would 

enable payload release before potential degradation in lysosomes.  
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Figure 5-9. Relative haemolysis of PP50 and PP50-PEG (PEG size equal to 2 or 6 kDa, one PEG 

payload conjugated per 1 polymer chain). Polymer concentration was equal to 100 μg mL-1 (2.2 μM) 

and conjugate concentration was 2.2 μM. The incubation time was 1 h. The treatment was performed 

at 37oC in a shaking water bath. Mean ± SD, n = 3. 

 

5.2.4.3 Cytotoxicity of PP50-PEG conjugates 
 

Before imaging of the delivery to nucleated mammalian cells, the cytotoxic effect 

of the PP50 conjugates with the peptide-sized 2kDa PEG payload on HeLa cells 

was quantified. HeLa cells used in this study were treated with PP50 alone, 

PDPH-modified PP50, or PP50-PEG2k at concentrations in the range of 0.05 to 

1 mg mL-1 for 24 h, and the cell survival was determined using the AlamarBlue 

assay (Figure 5-10). The results showed very high cell survival for all of the 

samples, as compared to untreated cells, indicating that neither the PP50 nor 

the PP50-PEG2k conjugate should pose a major risk in terms of cytotoxicity to 

the cells during the delivery process. 
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Figure 5-10. Survival of HeLa cells, determined by AlamarBlue assay, following a 24 h treatment 

with various concentrations of PP50, PP50-PDPH and PP50-PEG2k (1.3 PEG molecules per 1 

polymer chain) at equivalent PP50 concentrations. Mean ± SD, n = 3. 

 

5.2.4.4 Intracellular delivery of PP50-PEG conjugates 
 

The ability to deliver a fluorescent, peptide-sized PEG by PP50 was 

investigated. PP50-PEG-FITC was applied to HeLa cells at pH 7.4 and pH 6.5 

and analysed with confocal microscopy (Figure 5-11). The delivery efficiency 

was also compared to cells treated with PEG-FITC alone at both pH 7.4 and pH 

6.5.  

As illustrated in the green channel, the delivery of the peptide-sized payload 

was successful following conjugation to PP50, resulting in a presence of a 

diffused green fluorescence signal in the intracellular space, indicative of 

intracellular delivery of the payload. This was in obvious contrast to the cells 

treated with PEG-FITC alone, which did not result in a detectable fluorescent 

signal following washing and did not stimulate endocytosis to the same extent 

as the treatment with PP50-PEG-FITC, as illustrated by LysotrackerRED (red 

channel).  
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Successful delivery of PEG-FITC by conjugation with PP50 was observed at 

both pH 6.5 and pH 7.4. In addition, presence of bright green spots in the green 

channel, which colocalised with LysotrackerRED, suggests partial entrapment 

in the endosomes, which did not however prevent intracellular delivery. This 

fluorescence pattern contrasts with delivery achieved by mixing PP50 with 

fluorescent payloads in two ways: (i) following delivery of fluorescent dextrans 

by co-incubation, there was no obvious endosomal entrapment as indicated by 

bright spots and (ii) payload delivery at pH 6.5 appeared to be much more 

efficient than at pH 7.4. These changes could be explained by the fact that 

payload conjugation to PP50 might affects its ability to permeabilise the plasma 

membrane. Such effect was reported for cationic CPPs which were conjugated 

to a cargo oligonucleotide, resulting in switching of the uptake route from fast 

direct penetration to a slower, endosome-mediated internalisation (Räägel et 

al., 2010).  

It is therefore possible that covalently linking a payload, such as PEG-FITC, to 

the PP50 polymer would also have a similar effect, with the consequence being 

internalisation via the less efficient endosomal route. This effect could greatly 

depend on the size and properties of the conjugated cargo, and not all payloads 

might dampen the delivery efficiency in such manner. This will be illustrated in 

the following chapter.  
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Figure 5-11. Delivery of PP50-PEG-FITC (11 μM) to HeLa, as analysed by confocal microscopy. 

2 PEG-FTIC molecules were conjugation via the PDPH crosslinker per each one PP50 chain. 

Cells were treated in the absence or presence of polymer at pH 7.4 (“pH 7.4 PP50-” and “pH 

7.4 PP50+”, respectively) and at pH 6.5 (“pH 6.5 PP50-” and “pH 6.5 PP50+”, respectively) for 

1 h, which was followed by cell washing and 3 h of further incubation in serum-supplemented 

DMEM. Channels: Red = LysoTracker, Blue = Hoechst33342, Green = FITC-PEG. Scale bar = 

10 μm. 

 

5.2.5 Conjugation and delivery of proteins 
 

Proteins are large macromolecules composed of amino acids and exist in many 

different sizes and with various properties and functions, including their potential 

to be used as therapeutics. A number of FDA-approved protein therapeutics are 

covalently linked to PEG to improve their half-life in the bloodstream (Pelegri-

O’Day et al., 2014). Polymeric substitutes of poly(ethylene glycol) for protein 

conjugation have also been developed to counteract possible problems of PEG, 

such as tissue accumulation and immune response promotion (Pelegri-O’Day 
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et al., 2014), while improving or introducing new properties to the protein, such 

as increased stability or functional activity (Keefe and Jiang, 2011; Lee et al., 

2013). In this chapter, proteins were attempted to be conjugated to PP50 via the 

PDPH crosslinker and be delivered to the interior of HeLa cells via the polymer-

induced membrane permeabilisation.  

 

5.2.5.1 Conjugation of Bovine Serum Albumin  
 

BSA is an inexpensive protein with Mw of 66.5 kDa, which was used as a model 

of a medium-sized functional protein. It has one free thiol group on Cysteine 34 

(Figure 5-12), which can react with PDPH-grafted PP50 to form a cleavable 

disulphide link. Here, the reaction efficiency between BSA and PP50-PDPH was 

investigated using different molar ratios of the protein and the crosslinker-

grafted polymer, different polymer concentrations, inclusion of DMSO in the 

reaction solution, as well as by increasing the number of free thiols on BSA by 

grafting with N-succinimidyl S-acetylthioacetate (SATA). BSA conjugation to 

PP50 was used as a model to inform about the crucial parameters dictating the 

efficiency of PP50-protein conjugation and to help with design of protocols for 

conjugation of other proteins which are more relevant in the context of payload 

delivery, such as IgG and GFP, whose intracellular delivery was investigated in 

the following experiments.   

 

 

 

Figure 5-12. The structure of Albumin with free cysteine highlighted. Modified from Kim and Lee 

(2012). 
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Firstly, different molar ratios of PP50-PDPH and BSA were used (Figure 5-13 

A). The effectiveness of the conjugation reaction was equal to 19 % at 0.5:1 

molar ratio of BSA to the available PDPH molecules, 37 % at 1:1 and 41 % at 

2:1. Interestingly, the reaction effectiveness recorded at 1:1 and 2:1 were very 

similar, suggesting that increasing the molar excess of BSA over PDPH might 

not result in a better efficiency of the reaction. 

In an attempt to increase the efficiency of the conjugation reaction, the 

concentration of PP50-PDPH was increased from 1 to 2 and 5 mg mL-1 (the 

concentration of BSA was increased accordingly to match the 1:1 molar ratio of 

BSA to available PDPH). As shown in Figure 5-13 B, the increase in 

concentration did not cause a corresponding increase in conjugation 

effectiveness, with maximum detected conjugation levels just below 40% for all 

the studied concentrations. The limited protein loading might be a result of the 

large size of BSA which could lead to steric hindrance, preventing sufficient 

levels of interaction with other large sized molecules, such as the polymer used 

(Veronese et al., 2009). 

The following step included addition of extra sulfhydryl groups using the SATA 

crosslinker. Introduction of sulfhydryl groups has been suggested in the 

literature for enabling or improving the development of protein-polymer 

conjugates (Gauthier and Klok, 2008). SATA, which binds to primary amines of 

proteins, introduced 1.5 moles of sulfhydryl per 1 mole of BSA, for the total of 

2.5 sulfhydryl groups per BSA molecule, as detected by Ellman's reaction. The 

following conjugation reaction with PP50-PDPH at a 1:1 ratio of BSA to PDPH 

resulted in 84% protein loading, compared to 40% for unmodified BSA (Figure 

5-13). These results suggest that addition of extra sulfhydryl groups on protein 

might increase the efficiency of the conjugation reaction.  

Finally, the conjugation efficiency of PP50 to the SATA-modified BSA was 

compared to the conjugation efficiency of unmodified BSA in a solution 

containing 50% DMSO, which was shown to increase the PEG conjugation 

efficiency. As illustrated in Figure 5-13 D, both SATA-modified BSA and BSA 

conjugated in a solution containing 50% DMSO achieved high levels of loading 

onto PP50 which was equal to 76% and 85%, respectively. This might be a 
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result of partial or complete unfolding of the protein structure subjected to the 

organic solvent, leading to a high level of exposure of BSA’s free thiol (Ashok et 

al., 2013). Since protein unfolding can lead to loss of function, this approach is 

however not recommended for this type of macromolecular payloads unless 

refolding is a viable option after removal of DMSO. 

 

 

Figure 5-13. The efficiency of BSA conjugation to PDPH-modified PP50, analysed by the 2-

mercaptopyridine release assay: (A) Conjugation of BSA to PP50-PDPH at 0.5, 1:1 and 2:1 

molar ratios of BSA to PDPH. Concentration of PP50-PDPH = 1 mg mL-1. (B) Conjugation of 

BSA to PP50-PDPH at 1:1 protein to PDPH molar ratio. Concentration of PP50-PDPH = 1, 2 

and 5 mg mL-1. (C) Conjugation efficiency of PP50-PDPH to SATA-modified BSA compared to 

conjugation of unmodified BSA in PBS. Concentration of PP50-PDPH = 1 mg mL-1 (D) 

Conjugation efficiency of PP50-PDPH to SATA-modified BSA in PBS compared to conjugation 

of unmodified SATA in 50%DMSO/50% PBS. Concentration of PP50-PDPH = 1 mg mL-1. All 

reactions were performed at room temperature. Reaction time was equal to 24 hours. Mean ± 

SD, n = 3.  
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5.2.5.2 Conjugation and delivery of green fluorescent protein 
 

GFP (Mw = 26.9 kDa) was used as a model of small-sized proteins and its 

intracellular delivery was investigated by conjugation to PP50. GFP is a 

chromophore-containing protein, with excitation and emission peaks at 395 nm 

and 509 nm, respectively. GFP also possess a free cysteine at the position 48 

which is exposed to the solvent. (Inouye and Tsuji, 1994; Ormo et al., 1996). 

The thiol group of the free cysteine was used here as a point of attachment via 

the PDPH crosslinker to the polymer, as described above. The conjugation 

reaction resulted in approximately 1.1 GFP molecule per polymer chain, as 

analysed using the 2-mercapotpyridine release assay. 

Preliminary experiments were then carried out to test the general deliverability 

of PP50-GFP at pH 7.4 to HeLa cells and characterised by confocal microscopy. 

Cells treated with PP50-GFP for 1 h in serum-free DMEM (pH 7.4), followed by 

a wash and a period of 6 h of further incubation were compared to cells treated 

with GFP alone under the same conditions. The confocal microscopy images 

presented in Figure 5-14 illustrate successful delivery of GFP following 

conjugation with PP50, which resulted in a clear diffused green fluorescent 

signal throughout the cell. However, a high level of colocalization with the 

endosome-lysosome marker LysotrackerRED evident by the yellow 

fluorescence observed in the merged channel, suggests a level of endosomal 

entrapment which could have, to a certain extent, inhibited the delivery 

efficiency. This pattern, however, suggested a higher level of cytosolic delivery 

than GFP delivered by conjugation to CPPs, such as Tat and Hepta-arginine 

(Fu et al., 2014; Nischan et al., 2015).  In contrast to PP50-GFP, GFP alone 

appeared only to internalise in endosomes and was not capable of cytosolic 

entry.  

These results suggest that PP50 is able of delivering small-sized proteins, such 

as GFP, by conjugation. Further experiments could be carried out to test the 

potential synergistic effect of GFP delivery by conjugation to PP50 and of the 

mildly acidic extracellular pH which could further enhance delivery efficiency.  
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Figure 5-14. Delivery of GFP to HeLa cells following conjugation to PDPH-modified PP50, 

analysed by confocal microscopy. GFP was conjugated to PP50-PDPH at 1.1 protein per 1 

polymer chain (PP50-GFP concentration = 24 μM) and compared to delivery of GFP alone (4.6 

μM). The materials were applied in serum-free DMEM for 1 h, followed by cell washing and 6 h 

of further incubation in serum-complemented DMEM. Channels: Green = GFP; Merge = Green 

channel + Red (LysoTrackerRED) and Blue (Hoechst33342). Scale bar = 10 μm.                                                           

 

5.2.5.3 Conjugation and delivery of IgG 
 

PP50 was conjugated to IgG labelled with FITC. As IgG antibodies do not 

possess free thiols which are readily available for conjugation, additional thiols 

were added to the antibodies using SATA. SATA-modified IgG antibodies were 

subsequently conjugated to PP50 grafted with the thiol-containing crosslinker, 

PDPH, resulting in addition of ca. 4 polymer chains per 1 IgG molecule.   

The membrane activity of the PP50-IgG conjugate was investigated via a 

haemolysis assay (Figure 5-15). Following incubation with ovine red blood cells 

at 6 different pH values, the absorbance of the released haemoglobin was 
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analysed. The PP50-IgG conjugate achieved >95% haemolysis at mildly acidic 

pH values between pH 6.5-7.0. The haemolysis profile was similar to that of a 

mixture of PP50 and IgG, which was used for comparison. This suggested that 

the polymer-antibody conjugates had high membrane permeabilisation 

potential. 
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Figure 5-15. Relative haemolysis of PP50-IgG (0.27 μM, 4 polymer chains per IgG) and IgG 

mixed with PP50 (IgG concentration was equal to 0.27 μM, PP50 concentration was 50 μg mL-

1 or 1.1 μM). Mean ± SD, n = 3.                                                                                                                                                                    

The preliminary deliverability of the PP50-IgG-FITC conjugate to HeLa cells at 

neutral pH was analysed using confocal microscopy. The delivery of the 

conjugate was compared to an unconjugated mixture of PP50 and IgG-FITC. 

As illustrated in Figure 5-16, the treatment with the conjugate produced a pattern 

of fluorescent green spots, which co-localised with the endosomal-lysosomal 

dye (red channel). In contrast, the mixture of PP50 and the fluorescent antibody 

resulted in a diffused green signal in the cytosol of the treated cells. These 

results suggest that the polymer-antibody conjugate was unable to escape the 

endosomal entrapment under the conditions tested. The feat of endosomal 

escape by a construct consisting of poly(propylacrylic acid) conjugated to a 

monoclonal antibody was reported by Berguig et al. (2012), who used a 

ratiometirc fluorescence approach to note that 45% of their antibody-polymer 
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conjugate was localised in the cytosol after a 6 h treatment. The unsatisfactory 

cytosolic localisation of PP50-IgG-FITC might be a result of a diminished 

membrane permeabilising potential of PP50 following conjugation. Further 

optimisation, such as the use of a mildly acidic pH or increasing the treatment 

time, could be performed to try to counteract this. 

Interestingly, the confocal microscopy data contrasts with the haemolysis results 

shown, which suggested that the conjugate was efficient at permeabilising the 

membranes of ovine erythrocytes leading to haemoglobin release. This 

highlights the important difference between the erythrocyte and the nucleated 

cell models, suggesting caution when trying to apply result from one of those 

systems to the other, as they might not be directly transferable.  

 

Figure 5-16. Delivery of IgG-FITC to HeLa cells following conjugation to PP50-PDPH, analysed 

by confocal microscopy. IgG-FITC was conjugated to PP50-PDPH at 4 polymer chains per 1 

IgG molecule (PP50-IgG-FITC concentration was equal to 5.4 μM) and compared to delivery of 

IgG-FITC mixed with PP50 (polymer conc. = 1 mg mL-1 or 22 μM, IgG-FITC conc. = 4.8 μM). 

The materials were applied in serum-free DMEM for 1 h, followed by cell washing and 6 h of 

further incubation in serum-supplemented DMEM. Channels: Green = GFP, Red = 

LysoTrackerRED, Blue = Hoechst33342. Scale bar = 10 μm.      
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5.3 Conclusions  
 

Grafting of PDPH crosslinker onto pendant carboxylic groups of the PP50 

polymer via amide bonds has been achieved. The efficiency of the reaction was 

estimated to be 60%, which is helpful in designing polymer constructs with a 

specific number of attachment points available for the cargo. Using a 

haemolysis assay, it was shown that grafting with PDPH had negligible effects 

on the desired, membrane disruptive properties of PP50 as a function of pH.  

Release profiles of 2-mercaptopyrdine which was treated as a small-molecule 

model drug from PP50-PDPH under reducing conditions was investigated, 

showing a negligible release of the model payload in samples mimicking plasma 

concentration of GSH and Cys, and a high release in samples mimicking 

intracellular concentrations of those reducing agents; up to 78% after 24h 

incubation with GSH. This suggested that payloads loaded on PP50 would be 

efficiently realised following internalisation. 

The PDPH crosslinker allowed conjugation of various model macromolecular 

payloads of differing size to PP50 such as PEG-FITC, GFP and IgG, enabling 

synthesis of novel polymer-payload constructs. The conjugation reaction was 

shown to be rapid, with majority of the conjugates being formed in the first 15 

minutes. The reaction efficiency can be increased by increasing the molar 

excess of payload over crosslinker, addition of extra sulfhydryls on the payload 

or by including an organic solvent, such as DMSO, in the reaction environment, 

as was demonstrated by using BSA as a model in the conjugation reaction. The 

first two methods are better suited for creation of conjugates with proteins due 

to the potential effects of DMSO. 

The preliminary confocal microscopy analysis of the deliverability of GFP and 

IgG-FITC conjugated to PP50 suggests that that delivery of proteins might be 

possible but requires further optimisation, especially in the case of the larger 

IgG which exhibited endosomal entrapment. The encountered problems might 

be a result of steric hindrance, whereby the large macromolecules limit or inhibit 

the conformational change of PP50 following conjugation, which in turns lowers 

the efficiency with which PP50 can permeabilise the cell or endosomal 
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membrane. Thus, payload size might be a critical parameter dictating the 

efficiency and the outcome of delivery by conjugation to PP50. 

This work provides a new understanding of the capacity of PP50 to form 

conjugates with various, different-sized model molecules as well as its 

membrane disruption and payload release abilities. The delivery of a peptide-

sized model payload was discovered to be the most consistently successful. 

This could suggest that in the current state of the technology PP50 is best suited 

for delivery of smaller macromolecules, such as peptides, which carry a lower 

risk of causing steric hindrance and limiting the membrane permeabilisation.  
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6. Chapter 6 - Development and in vivo delivery 

of PP50-Bim conjugates 

 

6.1 Introduction 
 

Building on the results describing the development of novel conjugates of PP50 

with model payloads, and their delivery, this chapter focuses on the delivery of 

functional payloads by the same method. Specifically, the apoptotic peptide Bim 

was attempted to be delivered to A549 human lung carcinoma cells in vitro and 

in vivo, in a mouse model. 

Bim modified for increased affinity to Bcl-XL, a member of the Bcl-2 family 

proteins, obtained by rational substitution of four residues on the wild type Bim 

with natural and non-natural amino acids, has been used in in vivo experiments 

(Ponassi et al., 2008). The modification also included addition of the 

Antennapedia homeodomain polypeptide– a cationic polypeptide shown to 

translocate through the plasma membrane via macropinocytosis and whose 

third α-helix has been widely used as “Penetratin” (Wu and Gehring, 2014). 

Ponassi et al. (2008) demonstrated that intravenous administration of their 

modified Bim to NOD/SCID mice bearing xenografts of human acute myeloid 

leukaemia cells resulted in no off-target tissue toxicity and a selectivity effect of 

the peptide for cancer cells, leading to a significant delay of leukemic cell growth 

upon treatment. The reason for the selectivity of the peptide for cancer cells, 

which has also been reported for other BH3 mimetics, was not understood, but 

was hypothesised to rely on the higher sensitivity of tumours to BH3-proteins 

and BH3-mimetics due to an abnormal balance of Bcl-2 family proteins in such 

cells, compared to cells in healthy tissues, which makes them “primed for death” 

when exogenous BH3-containing molecules are introduced (Certo et al., 2006). 

In the current study Bim with an unmodified main sequence was attempted to 

be delivered to CD-1 nude mice bearing xenografts of A549 cells (human lung 

carcinoma) – a cell line which was demonstrated herein to be sensitive to Bim-

induced apoptosis.  
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In contrast to payload delivery by co-incubation with PP50, an approach in which 

the mildly acidic buffer was used to trigger the conformational change of the 

polymer, making it membrane permeabilising, a different approach was required 

for in vivo delivery. This is because a small volume of the buffer would become 

diluted in the blood stream post injection, due to the near-neutral pH value of 

blood (Kellum, 2000). One of the solutions to overcome this issue would be to 

rely on the tumour environment to trigger the polymer conformational change. 

The microenvironment of solid tumours is known to be more acidic than that of 

the surrounding healthy tissues (Wike-Hooley et al., 1984; Anderson et al., 

2016). This is due to abnormal metabolism, in which anaerobic glycolysis leads 

to a build-up of lactic acid – so called “Warburg effect” (Warburg et al., 1927; 

Harris, 2002). The mildly acidic environment of tumours could therefore lead to 

triggering of the polymer directly and specifically at the tumour site. This would 

lead to membrane permeabilisation of the cancer cells and internalisation of the 

PP50-Bim conjugates and release of the apoptosis-promoting cargo following 

reduction of the disulphide crosslinker.  

However, a delivery approach relying on such passive targeting of the tumour 

carries a risk of not being sufficient to result in a high enough local concentration 

of the conjugates at the site of the diseased tissue to cause a significant 

apoptotic effect. Another risk is the polymer becoming triggered in other areas 

of the body with lower pH. In such case, the addition of a targeting ligand might 

be considered to enable a more active and specific targeting of the cancer cells. 

This chapter discusses firstly the development of PP50-Bim conjugates and the 

assessment of their apoptotic potential in vitro. The immunogenicity of the 

conjugates is investigated by treatment of human leukocytes. In addition, the 

tolerability of the conjugates is tested in CD-1 nude mice, followed by 

visualisation of the biodistribution of the conjugates in the animals. 

The in vivo work presented in this chapter was supervised by Dr Fabien Garcon 

(MedImmune). Fabien Garcon and Michal Kopytynski designed the 

experiments. Mice handling was performed by skilled technicians possessing 

Home Office licenses for animal work at MedImmune. 
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6.2 Results and Discussion 
 

6.2.1 Conjugation of Bim and scrBim to PP50 
 

The results described in Chapter 5 suggest that conjugation of large payloads, 

such as IgG, might decrease the membrane permeabilising potential of PP50, 

perhaps by blocking the conformational change by the mechanism of steric 

hindrance. To minimise this, PP50 with 0.8 mol% crosslinker grafting was 

synthesised and used in all the experiments described in this chapter. This 

corresponds to approximately 1 crosslinker available per polymer chain of 

average 130 monomer units (Chen et al., 2009c; Lynch et al., 2010).  

PP50 conjugation to Bim and scrBim via PDPH was quantified by measuring 

the absorption of 2-mercaptopyridine released from the crosslinker following 

conjugation, as described above.  Both Bim and scrBim demonstrated efficient 

disulphide exchange leading to 84.0 ± 7.1% and 74.7 ± 15.2% (n = 3) of the 

available crosslinker molecules being conjugated to scrBim and Bim, 

respectively, at molar excess of the peptides to PDPH ranging from 1.5:1 to 3:1. 

The excess, unconjugated peptide was removed by dialysis. 

 

6.2.2 Apoptotic effect of PP50-Bim and PP50-scrBim – 

Caspase 3/7 assay 
 

The potency of the novel PP50-peptide conjugates was assessed by analysis 

of Caspase 3/7 activation in A549 cells. Cells were treated with PP50 alone, 

PP50-Bim and PP50-scrBim at 22, 12 and 17 μM, respectively for 3 hours (pH 

6.5 and pH 7.4), followed by addition of the Caspase-Glo® 3/7 reagent, and the 

luminescence of the samples was quantified.  

The results presented in Figure 6-1 indicate that neither PP50 on its own nor 

PP50-scrBim were capable of eliciting a detectable Caspase 3/7 response in 

A549 cells at both pH 6.5 and pH 7.4. In contrast, the conjugate constructs 

containing the active peptide were efficient at activating Caspase 3/7. This 

suggests that PP50 is capable of delivering Bim to the cell interior, and that the 

peptide retains its functional pro-apoptotic activity following conjugation to the 
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polymer, delivery and intracellular release. Successful delivery of Bim by 

conjugation with PP50 suggest that scrBim was also delivered in a similar 

manner, but as expected, failed to activate the Caspase 3/7 pathway, which 

further validates scrBim as a pertinent negative control.  

Interestingly, PP50-Bim mediated Caspase 3/7 response at pH 6.5 was 2-fold 

higher than that at pH 7.4. This is in contrast to the delivery of FITC-PEG 

reported in Chapter 5, whereby the delivery of the fluorescently labelled PEG 

was comparable at both of these pH environments – an effect which was thought 

to be caused by potential steric hindrance and partial inhibition of the polymer’s 

membrane permeabilising ability, forcing the constructs to rely more on the 

endosomal pathway for internalisation. The fact that PP50-Bim seems to be 

more potent at pH 6.5 might suggest that this effect does not play such a 

significant role in this scenario and supports the hypothesis that the extent of 

the PP50 inhibition by steric hindrance is payload-dependent. The observed 

enhanced delivery at the mildly acidic pH might be exploited for delivery to 

hypoxic, solid tumours with acidic microenvironments (Liu et al., 2014; Tannock 

and Rotin, 1989). 

C
e
ll
s
 o

n
ly

P
P

5
0

P
P

5
0
-s

c
rB

im

P
P

5
0
-B

im

0

1

2

3

4

5

C
a

s
p

a
s

e
 3

/7
 a

c
ti

v
a

ti
o

n
 (

x
1

0
6

 l
.u

.)

p H  6 .5 p H  7 .4

 

Figure 6-1. Caspase 3/7 activation in A549 cells following delivery of Bim and scrBim 

conjugated to PP50 polymer (one PDPH crosslinker per polymer chain). Concentrations of 

PP50, PP50-Bim and PP50-scrBim used in the experiment were equal to 22, 12 and 17 μM, 

respectively. The treatment time was equal to 1.5 h, followed by wash with PBS, replacement 

of DMEM and a 3 h period of further incubation. Mean ± SD, n = 3. 



185 
 

6.2.3 Conjugation of Bim-Cy7 and scrBim-Cy7 to PP50 and 

peptide purification 
 

In preparation for studying the effects of PP50-mediated delivery in vivo, Bim 

and scrBim peptides labelled with a fluorescent dye Cy7 were obtained. Cy7 

fluoresces in the near infra-red part of the spectrum, which enables visualisation 

of biodistribution in mice after injection. 

The conjugation efficiency of Bim-Cy7 and scrBim-Cy7 to PP50 was analysed 

using the 2-mercaptopyridine release assay, following the reaction where 2:1 or 

2.5:1 molar ratio of peptide to PDPH available on PP50 was performed. The 

conjugation efficiency for both peptides exhibited high-batch to batch variation, 

with average peptide loading of 77.3 ± 23.2% and 78.0 ± 28.0% for Bim-Cy7 

and scrBim-Cy7, respectively (n = 6), when being conjugated to PP50 

containing one crosslinker per polymer chain.  

Given that a portion of the unconjugated peptide was present in the solution 

post-reaction, a purification step was attempted. However, in contrast to the 

unlabelled peptides used previously, Bim-Cy7 and scrBim-Cy7 exhibited a 

decreased solubility in a number of tested buffers containing organic solvents, 

manifesting in precipitation of the fluorescent peptide or visibly high turbidity, 

which posed a problem for the purification efficiency. A number of purification 

methods were tested to remove the free peptide, including dialysis, size 

exclusion and anion exchange chromatography, centrifugation using Amicon 

centrifugal filter units as well as desalting columns. During dialysis against a 

number of different buffers, no fluorescent peptide was detected in the dialysate 

as measured by Odyssey, which suggested that the peptide could not cross the 

14 kDa MWCO membrane of the dialysis tube, despite it being nearly 4 times 

larger than the peptide itself (Figure 6-2). Similarly, no membrane crossing was 

observed using centrifugal filter units.  

Following the failure to purify out the unconjugated peptides using membrane and 

filter-based methods, column-based methods were tested. High Performance 

Size Exclusion Chromatography (HPSEC) was first used to characterise the size 

of Bim, PP50 and PP50-Bim conjugates (Figure 6-3). The analysis revealed a 

considerable peak overlap between Bim, PP50 and the conjugate resulting in too 
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poor a resolution to attempt column separation based on size. This could be 

perhaps due to the linear nature of the polymer, which migrates through the 

column faster than globular proteins of similar size, or due to the interaction 

between the polymer or the peptide and the beads, resulting in the materials 

eluting in similar fractions.  

Finally, anion exchange chromatography was tested for peptide purification. In 

this method, the negatively charged PP50 was hoped to bind to the resin, 

allowing to remove the unconjugated peptide. However, all the fluorescent 

material seemed to bind strongly to the resin and proved too difficult to elute to 

make anion exchange chromatography technically feasible for this application 

(data not shown).  

Based on this and in the interest of time, it was decided to proceed without the 

separation of the unconjugated peptide. One problem with this approach is that 

the presence of the unconjugated peptide could result in an overestimation of 

the pro-apoptotic activity. This could arise as a result of the unconjugated 

peptide “piggy backing” on the membrane permeabilisation caused by the 

polymer and being transported to the cell interior. This potential effect, however, 

was not judged to constitute a problem during the planned in vivo studies as the 

unconjugated peptide would get separated from the conjugates in the 

bloodstream. 

 

Figure 6-2. Qualitative analysis of the dialysis efficiency performed by exciting aliquots from the 

dialysate, sample undergoing dialysis and negative control (buffer only) at 800 nm using 

Odyssey. 
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Figure 6-3. Size spectra of Bim-Cy7, PP50 and PP50-Bim-Cy7 obtained by High Performance 

Size Exclusion Chromatography. HPSEC was performed by Jen Spooner (MedImmune). 
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6.2.4 Apoptotic effect of PP50-Bim-Cy7 and PP50-scrBim-Cy7 

– Caspase 3/7 activation 
 

The effect of the novel PP50-Bim-Cy7 and PP50-scrBim-Cy7 conjugates on 

A549 cells was assessed by analysis of Caspase 3/7 activation. Cells were 

treated with PP50-Bim-Cy7 and PP50-scrBim-Cy7 at three different 

concentrations equal to 3, 6 and 12.5 μM for 3 h at pH 6.5. Due to the incomplete 

removal of the unconjugated peptide, the solutions also contained ca. 7, 14 and 

27.5 μM of free Bim-Cy7 and scrBim-Cy7 for the three increasing conjugate 

concentrations mentioned above, respectively (based on 80% reaction 

efficiency at 2.5:1 molar excess of peptide to crosslinker). Therefore, the ratio 

of peptide in the conjugate form to the free peptide in solution was equal to ca. 

0.4:1. 

The treatment was followed by a wash and 3 h of further incubation and addition 

of the Caspase-Glo® 3/7 reagent, and the luminescence of the samples was 

quantified.  The results shown in Figure 6-4 suggest that PP50-Bim-Cy7 induced 

Caspase 3/7 response in A549 cells, compared to PP50-scrBim-Cy7, which did 

not stimulate Caspase 3/7 expression. The PP50-Bim-Cy7-induced Caspase 

3/7 response was most prominent in the cell samples treated the highest 

concentration of the conjugates (12.5 μM). In addition, the delivery of PP50-

Bim-Cy7 and PP50-scrBim-Cy7 at 3 μM was compared to the delivery of the 

same amount of the conjugates supplemented with 0.5 mg mL-1 (or 11 μM) of 

extra, free PP50, which produced a high Caspase 3/7 response in the samples 

containing Bim-Cy7, suggesting that addition of free PP50 can enhance the 

functional delivery of this peptide.  

The magnitude of Caspase 3/7 activation by PP50-Bim-Cy7 shown here was 

lower than that described in Figure 6-1, which was induced by PP50-Bim at a 

similar concentration of 12 μM. This difference could arise from the fact that the 

treatment time used here was 1.5 h longer than before, and thus a different time 

point of the dynamic Caspase 3/7 reaction could have been captured by the 

Caspase-Glo® 3/7 analysis. Another potential explanation is that the addition of 

the dye and the described low solubility of the peptide resulted in a lower 
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effective dose of Bim-Cy7 being delivered to the cells, compares to unlabelled 

Bim. 
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Figure 6-4. Caspase 3/7 activation in A549 cells following delivery of Bim-Cy7 and scrBim-Cy7 

conjugated to PP50 via PDPH (one crosslinker per polymer chain) and a mixture of the 

conjugates and free PP50. PP50-Bim-Cy7 and PP50-scrBim-Cy7 concentrations of 3, 6 and 

12.5 μM were used. Delivery of conjugates at 3 μM was compared to the delivery of the same 

amount of conjugates supplement with free PP50 at 0.5 mg mL-1 (or 11 μM). The treatment was 

performed at pH 6.5 for 3 h, followed by a wash with PBS, replacement of DMEM and a 3 h 

period of further incubation. Mean ± SD, n = 3. One-way ANOVA and Tukey’s tests were 

performed for comparison of samples within the PP50-scrBim-Cy7 and PP50-Bim-Cy7 groups. 

Different letters represent statistically significant difference with P-values < 0.5. 

 

6.2.5 Apoptotic effect of PP50-Bim-Cy7 and PP50-scrBim-Cy7 

– Incucyte analysis 
 

Further analysis of cell survival following treatment with PP50-Bim-Cy7 and 

PP50-scrBim-Cy7 was evaluated using the IncuCyte©, a time dependent 

imaging system for in vitro cell culture. A549 cells cultured in 96-well plates were 

treated with the conjugates at 9, 17 and 35 μM at pH 6.5 and pH 7.4. Again, due 

to the difficulty of removal, there was free Bim-Cy7 and scrBim-Cy7 present in 

the solution at the same ratio as described in Section 6.2.4. 



190 
 

After 1 h of treatment, the conjugate solutions were replaced with DMEM 

containing the IncuCyte©Caspase-3/7 Green Apoptosis reagent, placed inside 

the IncuCyte© chamber and imaged every hour for the first 4 hours, then every 

2 hours up until 24 hours post-treatment. IncuCyte© images illustrating the cells 

treated at pH 6.5 are shown in Figure 6-5. At time t = 0 h, the morphology of the 

cells treated with both conjugates – PP50-Bim-Cy7 and PP50-scrBim-Cy7, 

appeared similar. However, at t = 1 h, while there was no change in the 

morphology of the cells treated with PP50-scrBim-Cy7, those cells treated with 

PP50-Bim-Cy7 became less confluent and visibly shrivelled and rounded up, 

indicative of apoptosis (Häcker, 2000). The altered morphological state of the 

cells persisted at t = 10 h and t = 20 h, with many cells starting to appear green 

due to the reaction with the Caspase 3/7 stain. Again, this was not observed in 

the cells treated with PP50-scrBim-Cy7, which displayed normal, spread out 

morphology throughout the experiment and did not stain with the assay reagent. 

Quantitative analysis of the cells was performed using the integrated IncuCyte© 

software (Figure 6-6). The treatment with PP50-scrBim-Cy7 did not produce a 

notable number of apoptotic cells neither at pH 6.5 nor pH 7.4, as expected. The 

treatment with PP50-Bim-Cy7 at pH 6.5 produced up to approximately 1.8 x 104, 

1.2 x 104 and 6.0 x 103 apoptotic cells per well at the conjugate concentrations 

of 35, 17 and 9 μM, respectively. The appearance of apoptotic cells was the 

fastest within the first 8 h post-treatment, after which a plateau was reached. In 

contrast, the delivery of the active peptide by conjugation to PP50 was less 

potent at pH 7.4, where highest number of apoptotic cells per well was 3 x 103 

for PP50-Bim-Cy7 at 35 μM -  a 6-fold decrease compared to the delivery in the 

mildly acidic environment.  

The IncuCyte© experiments confirmed the ability of the PP50-Bim-Cy7 

conjugates to promote apoptosis, leading to eventual cell death, and provided 

further evidence that the delivery of this payload was more efficient at pH 6.5 

than at pH 7.4, which can be exploited in cancer therapy, as explained in Section 

6.1. One potential issue with this study is that due to the inability to remove the 

unconjugated peptide the potency of the conjugates might have been 

overestimated. This is because some of the Bim-Cy7 which promoted cell death 

in this case could have originated from the pool of the unconjugated peptide 
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present in the solution, rather than from the peptide loaded on the polymer. In 

in vivo scenarios the unconjugated peptide is expected to become separated 

from the conjugates in the blood stream and the pool of the locally available Bim 

might therefore be lower, possibly resulting in lower evident promotion of 

apoptosis at corresponding polymer concentrations. 

 

Figure 6-5. Images of A549 cells following treatment with 35 μM PP50-Bim-Cy7- or PP50-

scrBim-Cy7. The IncuCyte® Caspase-3/7 Green Apoptosis reagent present in the growth 

medium was excited at 488 nm to indicate apoptotic cells. 
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Figure 6-6. Number of apoptotic A549 cells following treatment with different concentrations of 

PP50 conjugated with Bim-Cy7 or scrBim-Cy7 at pH 6.5 (A) or pH 7.4 (B) over a 24 h period 

post-treatment. n = 1. 

 

6.2.6 Immunogenicity of PP50-Bim 

 

In vitro assays can be used to predict the potential immunogenicity of novel 

therapeutics prior to the in vivo testing phase. This is crucial to minimise the 

chance of any significant immune reactions which could lead to an immune 

shock and the death post-injection. Peripheral blood mononucleated cells 

(PBMC)-based assays in particular have been used to characterise the 

immunogenicity of therapeutic proteins and for detection of unwanted product 

quality attributes (Joubert et al., 2016).  
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Quantification of the immunogenic effect can be performed by measurement of 

expression levels of proteins involved in the immune response, such as the 

Tumour Necrosis Factor Alpha (TNFα), which is known as the “master regulator” 

of the cytokine cascade, as well as Interleukin-6 (IL-6) – a cytokine responsible 

for stimulation of the acute immune reaction following injury or infection 

(Parameswaran and Patial, 2010; Tanaka et al., 2014). TNFα is produced 

chiefly by macrophages, whereas IL-6 is secreted by both T-cells and 

macrophages. 

To quantify the immune response to the conjugates, PBMCs isolated from 

human blood (3 different donors) were incubated with PP50 alone, PP50-Bim-

Cy7, PP50-scrBim-Cy7, Bim-Cy7 and scrBim-Cy7 for 24 h. Following the 

incubation, ELISAs were performed to investigate the expression levels of TNFα 

and IL-6. The results illustrated in Figure 6-7 indicate that the expression of the 

two immunity markers following the treatment with the peptides and the novel 

conjugates was similar to the baseline of the negative control (cells only). This 

was in obvious contrast with the expression levels of TNFα and IL-6 stimulated 

by bacterial lipopolysaccharides, which were used as a positive control. These 

results suggest that the chance for an acute and potentially dangerous immune 

response following injection of the materials in vivo is quite low and provided a 

level of confidence regarding the safety profile of the conjugates, allowing for 

progression to studies involving mice.  
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Figure 6-7. In vitro stimulation of the immune response by PP50-Bim-Cy7 and PP50-scrBim-

Cy7 following incubation of human PBMCs, determined by ELISA. Expression of two immunity 

markers was analysed: TNFα (A) and (B) as well as IL-6 (C) and (D). Cells were treated following 

concentrations of materials: PP50 = 11 μM (or 0.5 mg mL-1), Bim-Cy7 and scrBim-Cy7 = 27 μM, 

PP50-Bim-Cy7 and PP50-scrBim-Cy7 = 8 μM in (A) and (C) as well as PP50 = 2.2 μM (or 0.1 

mg mL-1), Bim-Cy7 and scrBim-Cy7 = 5.4 μM, PP50-Bim-Cy7 and PP50-scrBim-Cy7 = 1.6 μM 

in (B) and (D). Mean ± SD, n = 3. 

 

6.2.7 Tolerability studies 
 

6.2.7.1 Tolerability of PP50 
 

The aim of the first in vivo study was to test PP50 tolerability in non-tumour 

bearing CD-1 nude mice. This was to ensure that the polymer on its own would 

not have any deleterious effect on the animals. Polymer tolerability was tested 

by injection of 80 mg kg-1 of the polymer intra-venously to 3 mice. For a 25 g 

mouse, 80 mg kg-1 corresponds to PP50 blood concentration of 1.4 mg mL-1 (or 

30 μM), assuming fast and even distribution in the blood stream. The behaviour 
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and body mass of the animals were subsequently observed in the 7 days 

following the injection (Figure 6-8). The results showed that the body mass of 

the 3 mice did not change in the 7 days following injection with PP50, staying at 

approximately 22 g. In addition, the observations of the animal behaviour did 

not record any abnormal behaviour, such as hunching or convulsing, which 

could be indicative of pain. These results suggest that PP50 was well tolerated 

by the animals.  

 

Figure 6-8. Body weight of mice measured 7 days post-injection with PP50. Mean ± SD, n = 3. 

 

6.2.7.2 Optimisation of buffer formulation for peptide solubilisation 
 

The low solubility of the peptides has a risk of causing unwanted effects in vivo 

due to potential aggregations which could lead to blockage of blood vessels 

resulting in the death of the mice. To avoid this issue, 6 different buffer 

formulations were tested and analysed in respect to their peptide solubilisation 

ability (Table 6-1). Following dissolution in the specific buffer, centrifugation and 

filtration with 0.22 µm syringe-driven filters were performed to remove any 

potential precipitates and aggregates. Figure 6-9 illustrates the peptide 

recovery, suggesting that Formulation 5 was most effective for solubilising Bim-

Cy7 resulting in an only 10% loss of the peptide, followed by Formulation 2, with 

a 35% loss. ScrBim-Cy7 proved to have a worse solubility profile than the active 

peptide, with Formulations 2, 5 and 6 all enabling 45-55% peptide recoveries. 

The critical factor for the improved solubility appeared to be the DMSO content 

– buffers containing 10% DMSO offered better solubility for both Bim-Cy7 and 
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scrBim-Cy7 than those with 2% DMSO. The DMSO content could not be 

increased further due to safety concerns. 

Based on these results, Formulation 5 was chosen and used in the in vivo 

experiments for injection of the novel PP50-peptide conjugates. However, the 

viability of this data is limited due to only one replicate being used here (n = 1) 

and should therefore be used as a guide only. More studies need to be 

performed to optimise the buffer formulation. 

 

Table 6-1. Compositions of the buffer formulations tested for the in vivo study  

Formulation 1  PBS, 2% DMSO   

Formulation 2  PBS, 10% DMSO 

Formulation 3  PBS, 10% DMSO + DTT 

Formulation 4 Phosphate buffer pH 9.0, 2% DMSO, 5% mannitol 

Formulation 5 Phosphate buffer pH 9.0, 10% DMSO. 5% mannitol 

Formulation 6 Phosphate buffer pH 10.0, 10% DMSO, 5% mannitol 
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Figure 6-9. Recovery of Bim-Cy7 and scrBim-Cy7 dissolved in 6 buffers with different 

compositions. Measurement of peptide absorbance at 220 nm followed centrifugation and 

filtration to ensure removal of any precipitates and was compared to the initial absorbance to 

calculate the percentage of peptide recovery. n = 1. 
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6.2.7.3 Tolerability of conjugates - single dose 
 

The tolerability of PP50-Bim-Cy7 and PP50-scrBim-Cy7 was tested by 

intravenous injection of the materials at a conjugate concentration of 17.5 μM 

(equivalent PP50 concentration equal to 60 mg kg-1, or 1 mg mL-1 of blood) into 

non-tumour bearing CD1-nude mice divided into two groups of 6 animals, each 

receiving either the polymer conjugated with the active or the inactive peptide. 

Observation of the animals’ behaviour was performed as described above, 

noting that some of the animals dosed with PP50-scrBim-Cy7 exhibited a 

degree of hunching, while remaining reactive to touch. This issue resolved 

within minutes and was thought to be caused by a level of precipitation of the 

scrambled peptide within the bloodstream. This was not surprising as scrBim-

Cy7 was shown to have a relatively low stability in solution. The mice treated 

with PP50-Bim-Cy7, which was demonstrated to have better solubility, did not 

exhibit any abnormal behaviour. Despite the initial, temporary adverse reaction 

in some of the animals dosed with PP50-scrBim-Cy7, the animals in both groups 

appeared to be healthy and retained their initial body weight in the 7 days 

following the injections (Figure 6-10). Thus, it was concluded that conjugates 

were well tolerated by the CD1-nude mice following a single injection. 

 

 

Figure 6-10. Body weight of mice measured for 7 days following a single injection with PP50-

Bim-Cy7 and PP50-scrBim-Cy7 at 17.5 μM. Mean ± SD, n = 6. 
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6.2.7.4 Tolerability of conjugates - multiple dose 
 

A similar study was performed to evaluate the tolerability of PP50-Bim-Cy7 and 

PP50-scrBim-Cy7 dosed twice within 48 h (Figure 6-11). Multiple injections 

might be required if the pharmacokinetics of the conjugates would indicate very 

fast systemic clearance, in order to ensure a high enough concentration to reach 

the effective dose. Non-tumour bearing CD1-nude mice divided into two groups 

(6 animals each) were dosed with PP50-Bim-Cy7 and PP50-scrBim-Cy7 on day 

0 and day 2. As above, the animals injected with PP50-scrBim-Cy7 exhibited 

mild adverse effect immediately post injection, which resolved within minutes. 

The animal body weight remained consistent in 2 days following the first 

injection and in 7 days after the second injection. These results indicated that 

the conjugates were safe and well tolerated in case a multiple injection strategy 

was needed. 

 

Figure 6-11. Body weight of mice following two injections with PP50-Bim-Cy7 and PP50-scrBim-

Cy7 at 17.5 μM. The first injection was performed on day 0, followed by the second injection on 

day 2. Mean ± SD, n= 6.  

 

6.2.8 Biodistribution  

 

The biodistribution of PP50-Bim-Cy7 and PP50-scrBim-Cy7 was analysed using 

the IVIS Spectrum In Vivo Imaging System. CD-1 nude mice bearing A549 

tumour xenografts on their lower right flank were injected once with either PP50-
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Bim-Cy7 or PP50-scrBim-Cy7 at 17.5 μM (n = 2 for each group). The conjugates 

were administered intravenously into the tails of the animals.  

Shortly after injection with PP50-scrBim-Cy7, the animals started exhibiting signs 

of pain, hunching and laboured breathing which did not subside with time and 

had to be culled for ethical reasons and the treatment with PP50-scrBim-Cy7 was 

discontinued. This was somewhat contrasting with the previously described 

tolerability studies which demonstrated that despite some initial abnormal 

behaviour following treatment with the scrBim conjugate the mice did not suffer 

from any longer-lasting negative effects. Mice treated with PP50-Bim-Cy7 

exhibited similar but milder effects, which shortly subsided. This again was in 

contrast to the previous tolerability study, where PP50-Bim-Cy7-treated mice did 

not show any adverse effects. 

This result could be potentially explained by the fact that tumour-bearing mice 

whose biological systems could have been under more stress due to the 

presence of the tumour were used here, compared to non-tumour bearing mice 

used in the tolerability studies. The adverse effects of the Cy7-labelled Bim and 

scrBim arose most likely due to their poor solubility and tendency to precipitate 

out of aqueous solution, which was observed throughout their use in the 

experiments presented herein. Further investigations, therefore, are needed to 

improve the solubility of these peptides, perhaps by adjusting the buffer 

formulation. In addition, scrBim-Cy7 should be replaced with another peptide 

possessing a similar, scrambled sequence but with a better solubility profile. 

Finally, lower dose during the treatment could be used to limit or prevent the 

appearance of the symptoms described above. 

Following their recovery, the two animals dosed with PP50-Bim-Cy7 were 

imaged using the IVIS Spectrum System 1 h post injection (Figure 6-12). The 

analysis revealed a strong fluorescent Cy7 signal originating from the tumour in 

both mice, which did not appear prior to the treatment, as illustrated in the 

images showing the original tissue autofluorescence. The non-invasive whole-

body imaging of the animals was followed by culling of the two mice and 

harvesting of their internal organs, followed by imaging with the IVIS Spectrum 

(Figure 6-13). Corroborating the results from the whole-body imaging, the 
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harvested tumours exhibited a much stronger fluorescent signal than the 

kidneys, spleen, liver, lungs, heart or brain in both animals. 

These results suggest that the treatment with PP50-Bim-Cy7 resulted in the 

presence of a clear fluorescent signal which appeared to localise in the A549 

tumour xenografts in the studied CD-1 nude mice, suggesting a high local 

concentration of the systemically-administered conjugate only 1 h post-

injection. This discovery suggests that the conjugates are not rapidly cleared 

out from the blood stream, which would have resulted in an accumulation in the 

liver, spleen or kidneys. This advantageous trait can therefore allow PP50 to be 

used as a potential drug carrier in future studied, however, more experiments 

are needed to determine the precise pharmacokinetics profile.   

The observed advantageous tumour accumulation is a result of passive tumour 

targeting only as no targeting ligand was used in this study. It is possible that 

the tumour localisation is a result of (i) passive targeting provided by the pH-

responsive properties of PP50, leading to efficient plasma membrane binding at 

the mildly acidic pH characteristic to the tumour microenvironment and 

intracellular trafficking, (ii) the inherent specificity of Bim for cancer cells, as 

described in Section 6.1 (Ponassi et al., 2008), or (iii) a combination of those 

effects. The precise mechanism can be further elucidated by injection of Bim-

Cy7 alone and observing if the peptide alone also tends to accumulate in the 

tumour. The negative charge of PP50-Bim-Cy7 is thought to play an important 

role in enabling safe and stable passage to the tumour site while avoiding 

interaction with negatively charge serum proteins, in contrast to cationic 

polymers which can interact with anionic proteins and plasma membranes 

during circulation, which  can limit their stability, circulation time and 

biodistribution (Zhang et al., 2007).  

The currently observed preferential accumulation of PP50-Bim-Cy7 in the 

tumour should be followed by tumour growth inhibition experiments in which the 

tumour size in conjugate-dosed mice is measured for a prolonged period of time, 

to determine the therapeutic effect of this novel conjugate and delivery method. 
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Figure 6-12. Distribution of the Cy7 fluorescent signal in tumour-bearing CD-1 nude mice 

(lateral view) 1 h after intravenous injection of PP50-Bim-Cy7 at 17.5 μM. The bright yellow and 

orange areas correspond to a stronger fluorescent signal. The composite image shows the 

tissue autofluorescence in green and the Cy7 specific signal in blue, indicating preferential 

accumulation of the conjugate in the tumours. The minimum and maximum recorded 

fluorescence values are presented in the insets for each image. 

 

Figure 6-13. Distribution of the Cy7 signal in internal organs of two CD-1 mice dosed with PP50-

Bim-Cy7 at 17.5 μM. The organs were harvested and screened following the imaging of whole 

animals at t = 1 h post-injection.   
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6.3 Conclusions 

 

In this work, novel conjugates of the PP50 polymer and the apoptotic peptide 

Bim were synthesised. The conjugates were shown to activate Caspase 3/7 in 

A549 cells in vitro and promote cell death via apoptosis. Conjugates with an 

inactive version of the Bim peptide (scrBim) did not exhibit similar properties and 

were generally well tolerated by the cells.  

These results encouraged the development of PP50 conjugates with Bim and 

scrBim labelled with the near-infrared dye Cy7, which can be used to visualise 

the peptide biodistribution in mice. PP50-Bim-Cy7 and PP50-scrBim-Cy7 were 

demonstrated to promote cell death in a pH dependant manner, with treatments 

in the mildly acidic buffer (pH 6.5) resulting in a 6-fold increase in the number of 

apoptotic cells compared to treatments at neutral pH, as analysed by the 

IncuCyte©, suggesting that the conjugates would be potent in the tumour 

microenvironment. However, the inability to efficiently remove the excess, 

unconjugated peptide from the solution following the conjugation reaction could 

have resulted in an overestimation of the exact apoptotic potency of the 

conjugates. More studies are needed to investigate if it is possible to remove 

the free peptide from the solution. One of potential purification methods would 

be reversed-phase chromatography.  

The conjugates were shown to not promote the expression of TNFα and IL-6 

following incubation with PBMCs in an in vitro assay as well as to be generally 

well tolerated by non-tumour bearing CD-1 nude mice under single and multiple 

injections dosing regimens at 17.5 μM. These studies provided evidence that 

PP50-Bim-Cy7 and PP50-scrBim-Cy7 are non-immunogenic and generally well 

tolerated by healthy mice. Finally, the distribution of PP50-Bim-Cy7 in tumour-

bearing mice was explored, revealing preferential conjugate accumulation in the 

tumour. The observed level of toxicity to tumour-bearing mice was thought to be 

the result of poor peptide solubility and can be potentially counteracted by 

improving the buffer formulation or using a lower conjugate concentration in 

future studies. 



203 
 

The results presented in this chapter verify that mildly-acidic, tumour-like 

extracellular pH can be used to enhance the delivery efficiency of functional 

macromolecules, such as Bim/Bim-Cy7, by conjugation to PP50. In addition, the 

efficient passive targeting of A549 tumour xenografts by PP50-Bim-Cy7 with no 

targeting ligand was shown, which, together with the potent cell-killing activity at 

tumour-like pH, promise a good therapeutic potential of the conjugate. 
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7. Chapter 7 – Conclusions and Future Work 

 

7.1 Research summary and project novelties 
 

Delivery of macromolecules, such as proteins and peptides, across the plasma 

membrane poses a significant challenge. PP50 is a pH responsive polymer 

which is capable of undergoing a coil-to-globule conformation change triggered 

by acidifying environment, and gaining the ability to permeabilise the plasma 

membrane.  

Previously published work introduced PP50 as a promising delivery agent of the 

small molecule cryopreservant trehalose, which was delivered to human 

erythrocytes and an osteosarcoma cancer cell line.  

The goal of the research presented in this thesis was to greatly extend the 

capabilities of PP50 and to establish it as a versatile delivery platform by 

exploring intracellular delivery potential of the polymer in in vitro and in vivo 

scenarios. The research summary and novelties of this project are discussed 

below: 

 

1. PP50 is capable of erythrocyte ghost cell formation  

PP50 synthesised in-house was analysed for its membrane permeabilising 

activity using ovine erythrocytes. The polymer was shown to efficiently release 

haemoglobin from the cells and to promote formation of erythrocyte ghosts – an 

effect which was the most pronounced at the mildly acidic extracellular pH 6.5. 

The formation of ghost cells was also associated with the delivery of the small 

molecule dye TexasRed as well as macromolecular dextran to the cell interior, 

as was demonstrated by confocal microscopy.  

 

2. PP50 enables efficient delivery of a model macromolecule to nucleated 

cells by co-incubation 

The interaction between PP50 and cultured nucleated mammalian cells (HeLa) 

was studied in vitro. Fluorescently labelled PP50 was shown to very rapidly bind 
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to the plasma membrane followed by internalisation. The polymer mixed with 

fluorescent dextran (150 kDa) enabled the delivery of this cargo to the cell 

interior, with fluorescent patterns suggesting very little to none endosomal 

entrapment. Again, this effect was much more evident at the mildly acidic 

extracellular pH as compared to neutral pH. The work presented herein is the 

first to report the PP50-mediated delivery of large model macromolecules using 

mildly acidic extracellular pH to overcome the drawbacks of other delivery 

methods, often resulting in low delivery efficiency due to endosomal entrapment.  

In addition, PP50-mediated payload delivery using the co-incubation approach 

was demonstrated to depend on a number of parameters, such as the cargo 

and polymer concentration, treatment time, the presence or absence of serum 

as well as the extracellular pH. Manipulation of these parameters, in particular 

the treatment time, allows to increase the delivery efficiency.  

 

3. PP50 is a versatile delivery agent compatible with various payloads and 

cell types for intracellular payload delivery by co-incubation 

Novel in vitro applications of PP50 were explored as well as the versatility and 

potential limitations of this delivery approach. PP50-mediated delivery of 150 

kDa FITC-Dextran was successful in 9 different cell lines, including cells grown 

as adherent culture, a suspension as well as 3D spheroids, which mimic solid 

tumours. The delivery process was also shown to be non-toxic and well 

tolerated by different cell lines. Delivery of other payloads, such as GFP and the 

apoptotic peptide Bim, was also achieved by co-incubation with the polymer. 

The delivery of the peptide to A549 cells using PP50 at pH 6.5 resulted in 

activation of Caspases 9 and 3/7 leading to apoptosis and death of 80% of the 

treated cells. PP50-mediated delivery of Bim was also shown to be more potent 

than 9 other delivery methods used for comparison, which either did not produce 

a notable apoptotic effect via delivery of the peptide or exhibited a high level of 

toxicity to the cells.  
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4. PP50 can enable intracellular delivery of macromolecules by 

conjugation 

This project developed novel conjugates of the polymer with different-sized 

model and functional payloads linked by a cleavable crosslinker for in vivo, 

whereby it is desirable to avoid the separation of the delivery agent and the 

cargo in the blood stream. Conjugation of model payloads to PP50 via 

disulphide bonds was achieved using the reducible crosslinker PDPH, which 

had been grafted onto the polymer. The payload loading kinetics and efficiency 

were analysed using different-sized PEG and BSA as model payloads, showing 

that the conjugation occurs rapidly. In addition, payload release kinetics using 

reducing agents indicated that cargo-polymer constructs should remain stable 

during circulation but readily release the payload following internalisation.  

Based on this, novel conjugates between PP50 and either fluorescently labelled 

PEG (3.4 kDa) and IgG (150 kDa) or GFP (26.9 kDa) were synthesised. These 

molecules were chosen as surrogates of various therapeutic macromolecules 

of different size. The delivery of the conjugates was tested in HeLa cells and 

analysed using laser scanning confocal microscopy, which revealed successful 

delivery of PP50-PEG and PP50-GFP resulting in diffused fluorescent signal in 

the cytosol. The delivery efficiency, however, appeared to be lower compared 

to the co-incubation approach, as evident by a high level of colocalisation with 

the endosomal stain LysoTracker. In addition, the delivery of the fluorescent IgG 

following conjugation to PP50 was not successful. This was theorised to be a 

result of steric hindrance.  

 

5. PP50 conjugated to an apoptotic peptide is potent at tumour-like pH and 

shows preferential accumulation in tumour xenografts in vivo 

Finally, novel conjugates of PP50 and the apoptotic peptide Bim and scrBim, as 

well as the Cy7-labelled versions of these peptides, were synthesised and 

tested in vitro, demonstrating a potent cell killing activity at tumour-like pH. 

PP50-Bim-Cy7 and PP50-scrBim-Cy7 conjugates were also demonstrated to 

not upregulate the expression of TNFα and IL-6 in PBMCs, suggesting that the 

novel constructs are not immunogenic.  
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This project is also the first to investigate the systemic tolerability of PP50 in 

vivo following intravenous injection and the biodistribution of PP50-peptide 

conjugates. PP50 as well as the polymer-Bim conjugate exhibited good 

tolerability in non-tumour bearing CD1 nude mice. The biodistribution of PP50-

Bim-Cy7 showed excellent accumulation in A549 tumour xenograft. Together 

with the in vitro studies, this result suggests a good therapeutic potential of 

PP50-Bim-Cy7 but buffer formulation needs to be further improved. 

 

7.2 Future work 
 

7.2.1 Delivery to EVs 
 

Potential for PP50-mediated delivery to extracellular vesicles was demonstrated 

in the current work. A549 cells treated with Bim-loaded EVs exhibited a 

decreased survival, compared to corresponding controls. This effect, however, 

was only marginal. Further work is required to optimise the PP50-mediated 

loading process of EVs in order to find an appropriate apoptotic dose. This could 

be performed by changing the loading parameters such as the concentrations of 

the polymer, Bim or the loading time and pH. Following removal of the unloaded 

peptide, cell treatment and cell survival assays can be used to determine the 

effectiveness of the drug-containing EVs. In addition, other payloads, including 

fluorescent model macromolecules, could be used to analyse the delivery 

effectiveness, kinetics as well as the intracellular fate of the cargo. 

 

7.2.2 Delivery of nucleic acids 
 

Delivery of nucleic acids using PP50 should be further investigated. In the current 

work, the intracellular delivery of plasmids by co-incubation with PP50 was not 

achieved. This could arise from the fact that both nucleic acids and the polymer 

have negative charge, which would result in electrostatic repulsion between the 

two components, greatly inhibiting or fully preventing payload delivery by the 

mixing strategy. To overcome this issue, calcium phosphate could be used to 

promote the initial binding of plasmid DNA to the negatively charged plasma 

membrane, followed by treatment with PP50, which is hypothesised to enable 

delivery of such complexes into the cell interior (Wu and Yuan, 2011; Khan et al., 
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2016). Alternatively, nucleic acid delivery could be achieved by conjugation to 

PP50, as has been demonstrated for another PP-family polymer (Khormaee et 

al., 2013). In addition, intracellular delivery of the CRISPR-Cas9 system by co-

incubation with PP50 for in vitro applications should be investigated (Liu et al., 

2017a). Demonstration of successful delivery of nucleic acids for transfection and 

gene editing applications would greatly expand the potential scope of PP50 uses. 

 

7.2.3 Delivery of large proteins by conjugation 
 

It was demonstrated that the delivery of larger proteins, such as the 150 kDa IgG 

antibody remains a challenge. This could be because of steric hindrance 

interactions between the macromolecular payload and the polymer, which can 

prevent successful coil-to-globule transition and/or binding onto the membrane, 

leading to its permeabilisation. One potential solution to this problem could be 

increasing the amount of conjugated polymer chains per protein molecule from 4 

used in the current study in order to counteract the potential detrimental effects 

of the large cargo. In addition, a longer crosslinker between PP50 and the cargo 

could be employed, as it could have a chance to minimise the unwanted 

interactions between the two components. Finally, a larger repertoire of proteins 

should be studied, including proteins of differing size, surface charge and shape, 

including different antibodies transcription factors and enzymes, in order to 

confirm which of these parameters is the most crucial in preventing the successful 

delivery as well as to further explore and expand the potential uses of the PP50 

platform for protein delivery, including its limitations.  

 

7.2.4 Tumour growth inhibition effect in vivo 
 

The passive targeting of PP50-Bim-Cy7, leading to conjugate localisation in the 

tumour, together with in vitro experiments showing a high cell-killing potency at 

tumour-like pH make this novel construct a promising therapeutic agent. Further 

in vivo studies should be carried out to analyse the effect of PP50-Bim-Cy7 on 

the growth kinetics and possible size reduction of A549 tumours in CD-1 nude 

mice. 
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7.3 Closing remarks 
 

The research presented in this PhD thesis expands the current understanding 

of polymer-mediated intracellular delivery of macromolecules. Insight into the 

versatility of PP50-mediated intracellular delivery of different payloads has been 

gained, in addition to the exploration and full optimisation of the main 

parameters influencing this process. Novel conjugates of PP50 with both model 

and functional payloads have been synthesised and characterised in terms of 

their intracellular delivery potential. Finally, in vivo delivery of an apoptotic 

peptide by conjugation to PP50 was tested. The reported research provides 

solid foundation for further work investigating the delivery of macromolecular 

payloads using PP50 to different cell lines for various applications, both in 

vitro/ex vivo as well as in vivo. 
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9. Appendix 

 

Appendix A 
 

Structural characterisation of PLP synthesised in this work was performed by 

1H-Nuclear Magnetic Resonance (NMR). Polymer powder was dissolved in d6-

DMSO and its spectrum was obtained using 400 MHz NMR spectrometer 

(Bruker, Germany) at room temperature. The spectrum was compared to PLP 

spectrum which was reported by Eccleston et al. (1999) to confirm polymer 

identity. 

 

 

 

 

Figure A-1. 1H-NMR spectrum of PLP methyl ester in DMSO-d6 at room temperature. Peaks 

were assigned according to chemical shifts. 
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Appendix B 
 

Structural characterisation of PP50 synthesised in this work was performed by 

1H-NMR. Polymer powder was dissolved in d6-DMSO and its spectrum was 

obtained using 400 MHz NMR spectrometer (Bruker, Germany) at room 

temperature. The degree of substitution with L-phenylalanine was determined 

by the ratio of the integral of 7.13-7.33 ppm to the integral of 7.45-7.64. The 

degree grafting with L-phenylalanine used herein was equal to 51%. 

 

 

 

 

 

Figure A-2. 1H-NMR spectrum of PP50 in DMSO-d6 at room temperature. Peaks were assigned 

according to chemical shifts. 
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Appendix C 
 

Analysis of EVs subsequent to treatment with PP50 (1 mg mL-1) and Bim-Cy7 

(20 μM) or Bim-Cy7 alone was performed by flow cytometry. The scatter plots 

presented below illustrate the distribution of the EV population concentrated on 

CD9 magnetic beads (blue) as compared to the magnetic beads alone (red). 

 

 

 

 

Figure A-3. Scatter plots of EVs concentrated on CD9 magnetic beads following treatment with 

of Bim-Cy7 (20 μM) by co-incubation with PP50 (1 mg mL-1) at pH 6.5 for 1.5 h and EV isolation 

by ultracentrifugation, analysed by flow cytometry. The population of magnetic beads only is 

shown in red whereas the EV samples are shown in blue. Flow cytometry of EVs was 

performed by Christina Schindler (MedImmune). 
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Appendix D 
 

Delivery of 150 kDa FITC-Dextran by co-incubation with PP50 was compared to 

delivery of the same payload using the commercially available delivery agent 

PulsinTM and analysed using confocal microscopy. As illustrated by, PP50-

mediated delivery resulted in a diffused intracellular green signal, whereas 

PulsinTM-mediated delivery produced a pattern of fluorescent spots, suggesting 

a high level of endosomal entrapment. 

 

 

Figure A-4. Comparison of delivery of FITC-Dextran (150 kDa) using PP50 and Pulsin. For 

PP50 delivery, 0.5 mg mL-1 of polymer was used at pH 6.5. Pulsin preparation and 

concentration was as advised in the manufacturer’s protocol. FITC-Dextran concentration was 

equal to 10 µM and the treatment time was 1 h. The presented channels are LysotrackerRed 

(red), FITC-Dextran (green) and Hoechst (blue) as well as a merged image. Scale bar = 10 µm. 
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Appendix E 
 

A549 xenograft tumour bearing CD-1 nude (n = 2) were dosed with PP50-Bim-

Cy7 and imaged using the IVIS Spectrum System 1 h post injection. The 

images present dorsal view.  

 

 

Figure A-5. Distribution of the Cy7 fluorescent signal in tumour-bearing CD-1 nude mice (dorsal 

view) 1 h after intravenous injection of PP50-Bim-Cy7 at 17.5 μM. The bright yellow and orange 

areas correspond to a stronger fluorescent signal. The compsote image shows the tissue 

autofluorescence in green and the Cy7 specific signal in blue, indicating preferential 

accumulation of the conjugate in the tumours. The minimum and maximum recorded 

fluorescence values are presented in the insets for each image. 
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