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The Application of Sheddable PEG Coronas in Drug Delivery 

 

Abstract: To prolong in vivo circulation times of drug delivery nano-systems, 

poly(ethylene glycol) (PEG) is often used to sterically shield nanoparticle surfaces. This 

serves to minimize adsorption of serum proteins to the nanoparticle and recognition 

and bodily clearance via the mononuclear phagocyte system (MPS). However, a PEG 

corona also inhibits interactions between nano-carriers and target cells, limiting drug 

delivery and effective therapy. To overcome this dilemma, cleavable PEG coronas 

have been developed to maintain long circulation lifetimes of nanoparticles while also 

achieving efficient cellular interactions with targeted cells. In this chapter, various 

strategies and examples of drug delivery systems with a sheddable PEG corona are 

reviewed. 
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1.1 Introduction 

In the treatment of cancer, the challenge is how to deliver cytotoxic drugs to cancer 

cells while minimizing off-target toxicity in healthy cells and tissue. Current 

chemotherapy is characterized by debilitating side effects[1] (impaired immune 

system, nausea, cardiomyopathy, hair loss) and in many cases, the cumulative lifetime 

dose of an anti-cancer drug must be limited to avoid permanent damage.[2] Intense 

efforts have therefore been made to develop drug delivery systems (DDS) capable of 

delivering drugs specifically to cancer cells (Figure 1).[3]  

    

Figure 1. Distribution of free (left) and nanoparticle-encapsulated (right) drugs within the body 

following systemic (e.g. intravenous) administration. Small molecule drugs freely diffuse 

through tissue and away from the site of injection (non-targeted). Nanoparticles remain 

restricted within blood vessels and can passively accumulate within tumors (targeted). Image 

taken from www.cocoavia.com.   

Two principle technologies have emerged: antibody-drug conjugates (ADCs) and 

nanoparticle-based systems. Currently, 5 ADCs and 12 distinct nanoparticle-based 
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DDS targeted against a variety of human cancers are on the market.[4] For ADCs, 

‘active’ targeting is achieved through antibody recognition and binding to 

over-expressed receptors (tumor-associated antigens) on cancer cells.[5] Once bound, 

ADCs are endocytosed, the conjugated drug released and ideally the cell is destroyed. 

Although effective, ADCs are costly to manufacture, can elicit adverse immunogenic 

responses (limiting repeat dosing) and are largely limited to small molecule drug (and 

serum stable) cargos.[6] In the case of nanoparticle-based DDS, drugs are encapsulated 

within the structure of the self-assembled nanoparticle, hidden and protected from 

the in vivo environment. Pharmacokinetic (PK) profiles are dictated by the 

nanoparticle and, in theory, it is possible to deliver anything from small molecule 

drugs to plasmid DNA to target cells and tissue within the body. An enormous variety 

of nanoparticle-based DDS have been reported, however the most widely 

investigated are micelles, liposomes and polymersomes (Figure 2).[7] In the treatment 

of cancer, the vast majority of nanoparticle-based systems ‘passively’ target tumors 

via the enhanced permeability and retention (EPR) effect.  

 

Figure 2. Schematic showing the three most commonly self-assembled nanoparticle- based 

drug delivery systems. Self-assembly is primarily driven by the burial of hydrophobic 

functionality of amphiphilic building blocks to limit exposure to water (‘hydrophobic effect’). 
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1.1.1    The enhanced permeability and retention (EPR) effect 

Following administration to the body, small molecule drugs freely diffuse away from 

the site of injection (Figure 1). In contrast, following intravenous (i.v.) injection, 

nanoparticles are restricted to the circulating blood flow, unable to cross the tightly 

packed endothelium due to their larger size. For optimal biodistribution, 

nanoparticles should be larger than 10 nm in diameter – below which they are filtered 

from the body via the kidneys – and smaller than 200 nm in diameter – above which 

they are recognized and phagocytosed by macrophages (key cells of the mononuclear 

phagocyte system, MPS) and cleared from the body.[8] 

The EPR effect is a phenomena characterized by the ill-defined (‘leaky’) vasculature 

and poor lymphatic drainage of tumors arising from rapid angiogenesis (blood vessel 

growth) within tumor tissue (Figure 3).[9] Circulating nanoparticles passing through a 

tumor can passively diffuse across gaps in the tumor endothelium, accumulate within 

the tumor and remain there for extended periods of time. Once within the tumor, 

nanoparticle encapsulated drugs can either passively diffuse from the nanoparticle or 

an endogenous or exogenous stimulus can trigger release. 

A key difference between the various strategies described in this chapter is whether 

the nanoparticle is internalized prior to drug release or not. If it is first internalized, 

drug release occurs intracellular and beyond the barrier of the cell membrane. This 

offers opportunities to deliver membrane impermeable cargos such as DNA, RNA and 

proteins to cancer cells. If extracellular drug release occurs, the drug must be taken 

up by cancer cells itself. In either scenario, it is essential cancer cells are exposed to 

therapeutically relevant doses of cytotoxic drugs if an improved therapeutic index is 

to be achieved.   

There are several nanoparticle-based DDS (e.g. Doxil®), currently on the market, 

designed to passively target chemotherapies to solid tumors via the EPR effect.[10] 

These have been clinically proven to improve patient quality of life compared to 

administration of the free drug alone. Nevertheless, the effectiveness of this targeting 

approach remains contentious.[11] A recent analysis (>200 separate studies) of 

nanoparticle uptake in tumors via the EPR revealed, for instance, found, on average, 
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just 0.7% of the injected nanoparticle dose accumulated within the target tumor.[12] In 

addition, there is growing evidence that the EPR effect may be more pronounced in 

experimental animal models than in human patients,[13] therefore running the risk of 

false positives entering clinical evaluation. Finally, it is becoming increasingly clear 

that there is significant physiological heterogeneity within and between tumor types 

in patients. In other words, the same nanoparticle-based DDS may give very different 

therapeutic outcomes in two patients suffering from the same cancer.[14] In light of 

this, there are growing calls for pre-selection of patients to effectively identify those 

who would likely benefit from these technologies over those who would likely not.[15] 

1.1.2    Polyethylene glycol (PEG) 

To maximize nanoparticle targeting of tumors via the EPR effect, nanoparticles with 

long circulation lifetimes are sought. Put simply, the more times nanoparticles pass 

through the tumor vasculature, the more will accumulate there. As such, care must be 

taken to minimize drug leakage from the nanoparticle en route to the tumor while at 

the same time ensuring therapeutically relevant concentrations of drugs are released 

once there. In the case of liposome-drug formulations – the most widely investigated 

and major class of nanoparticles approved for clinical use[16] – this involves careful 

choice of lipid reagents (e.g. cholesterol to rigidify fluid, leaky membranes) to fine 

tune drug retention/release profiles while at the same time maximizing circulation 

lifetimes.[17]   
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Figure 3. Schematic representation of the EPR effect. Healthy cells are shown in grey and 

tumor cells in red. The small red dots indicate drug release from the nanoparticle and delivery 

to cells once nanoparticles have accumulated within the target tumor. Image taken from[18]. 

In developing nanoparticles with long circulation lifetimes, the principle biological 

barrier to overcome is recognition and clearance of nanoparticles by the MPS. The 

principle organ of the MPS is the liver where hepatic macrophages – Kupffer cells – 

are highly proficient at recognizing and removing macromolecular, colloidal and 

pathogenic waste from circulation.[19] Without any surface modification, up to 99% of 

nanoparticles are cleared through the liver.[20] In most cases, it is believed rapid 

adsorption of blood proteins to the surface of nanoparticles, (a process known as 

opsonisation), acts as a recognition beacon for the MPS.[21] For this reason, sterically 

shielding nanoparticle surfaces with biocompatible polymers such as polyethylene 

glycol (PEG), has been used to minimize opsonisation and prolong blood circulation 

times of nanoparticles in vivo.[22]  
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Figure 4. (a) The chemical structure and representation of linear PEG chains with different 

lengths and branched PEG; (b) Table of FDA approved PEGylated drugs.[23] 

PEG is a synthetic polymer of repeating ethylene glycol units. Used as a reagent or 

additive in a wide range of biological, chemical and industrial settings,[24] it is 

commercially available in a range of geometries (linear, branched, star, comb), 

molecular weights (from 300 Da – 6-7 repeating units – up to 10 MDa - >200,000 

repeating units) and can be readily functionalized. PEGylation of nanoparticle surfaces 
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has been shown to decrease serum protein adsorption, reduce nanoparticle uptake in 

the liver and prolong circulation lifetimes.[25] More recently, evidence has been 

uncovered to suggest PEG can elicit an immunogenic response.[26] However, the 

extent and accuracy of the immunogenic response caused by binding of anti-PEG 

antibodies to PEGylated nanoparticles remains unclear.[27] PEG remains an FDA 

approved polymer and is still the most widely used polymeric coating of nanoparticle 

DDS both in academic and industrial research. 

Numerous PEGylated products, such as PEGylated enzymes, proteins, antibodies or 

oligonucleotides, are FDA-approved (Figure 4). For example, PEGylated 

liposomal-doxorubicin (Doxil®) has been clinically used for over 20 years in the 

treatment of select breast and ovarian cancers, multiple myeloma and AIDS-related 

Kaposi’s sarcoma.[24b]  

1.1.3   The PEG dilemma 

While PEGylation serves to prolong circulation lifetimes, it also limits the cellular 

uptake of nanoparticles. This has proved a major obstacle in the targeted delivery of 

therapeutic cargos, particularly those that must be actively transported across the 

target cellular membrane.[28] For instance, in the delivery of oligonucleotides (ODNs) 

or small interfering RNAs (siRNAs), significantly lower transfection/transduction 

efficiencies were observed for PEGylated vs. non-PEGylated DDS.[29] To overcome this 

‘PEG dilemma’, many strategies have been proposed to trigger the shedding of PEG 

(i.e. dePEGylation) from a nanoparticle surface upon reaching the target tumor. In the 

vast majority of cases, triggered dePEGylation within the target tumor occurs outside 

of the target cell (extracellular). This leads to one of three scenarios: 1) rupture of the 

nanoparticle and extracellular drug release (Figure 5a); 2) cellular uptake of the intact 

nanoparticle-drug complex (Figure 5b) or 3) in the case of liposomal carriers, fusion of 

the nanoparticle with the target cellular membrane resulting in contents release 

directly to the cell cytoplasm (i.e. avoiding endocytotic uptake) (Figure 5c). In a small 

number of examples, PEGylated nanoparticles used to be taken up by the cancer cells 

first whereupon the low pH, reductive and protease-rich environment of the late 

endosome/lysosome triggers dePEGylation and contents release (Figure 5d). 
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However, the slow rate of uptake of PEGylated nanoparticles is a major obstacle to 

these approaches. 

  

Figure 5. Schematic illustration of the various drug release outcomes following dePEGylation 

of a nanoparticle: (a) extracellular dePEGylation, nanoparticle rupture and extracellular drug 

release; (b) extracellular dePEGylation followed by endocytotic uptake and intracellular drug 

release; (c) extracellular dePEGylation followed by nanoparticle fusion with the plasma cell 

membrane and drug delivery direct to the cell cytosol; and (d) intracellular dePEGylation 

following endocytotic uptake of PEGylated nanoparticle and intracellular drug release.    

1.2 Physical dePEGylation strategies 

Two principal physical approaches to achieve dePEGylation of nanoparticle surfaces 

have been investigated. The first, most relevant for liposome DDS, relies on the 
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exchange of PEGylated lipids from a drug carrier (e.g. liposome) surface to a target 

membrane sink (e.g. target cancer cell membranes).[30] Here, the rate at which 

exchange occurs is heavily dependent on the structure of the lipid anchoring PEG to 

the liposome membrane (i.e. how strongly it is embedded within the liposome 

membrane).[31] In a study of three different lipid-PEG conjugates, no lipid-PEG 

exchange was observed for long chain, saturated lipid anchors (DSPE-PEG, C18:0) 

whereas exchange occurred in the time frame of hours for shorter saturated lipids 

(DMPE-PEG; C14:0) or long chain, unsaturated lipids (DOPE-PEG; C18:1).[32] This time 

frame enabled efficient accumulation of liposomes in tumor sites via the EPR effect 

(prior to dePEGylation) coupled with increased cellular uptake within the tumor 

(following dePEGylation). Conversely, a similar study found that only in the case of 

DSPE-PEG where circulation times was improved to achieve efficient passive 

accumulation of nanoparticles within the tumor.[33] These conflicting results highlight 

the fine balance required to achieve efficient accumulation and subsequent 

dePEGylation within the tumor microenvironment. The propensity for non-specific 

PEG exchange with biological membranes in vivo, prior to reaching the target tumor, 

has likely limited the widespread application of this approach. 

The second physical approach relies on non-covalent adsorption of PEG onto a 

nanoparticle surface, for example, carboxylate-functionalized PEG adsorbed to a 

cationic nanoparticle surface.[34] In this case, protonation of carboxylate groups within 

the acidic tumor microenvironment can be expected to lead to dePEGylation. While 

this approach is conceptually simple, the stability of the absorbed PEG corona in 

serum and the propensity of premature dePEGylation under physiological conditions 

(e.g. high salt) and/or through competition from other serum components has 

likewise limited the widespread investigation of this approach. 

1.3 Chemical dePEGylation strategies 

The most common method to dePEGylate nanoparticle surfaces is through chemical 

approaches. In these cases, PEG is connected to the nanoparticle via a 

stimuli-responsive covalent chemical bond.[35] Stimuli can be both endogenous and 

exogenous. In the case of endogenous stimuli, intrinsic differences between 

pathological and healthy tissues are exploited, such as the lower pH and reducing 
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environments within the tumor microenvironment. Exogenous stimuli, including light 

and heat, have the benefit of being under complete user control in both time and 

space,[36] however these approaches rely on the ability to accurately deliver external 

stimuli to tissues often deep within the body. In next section, stimuli-responsive 

chemical bonds commonly used in the dePEGylation of nanoparticles are highlighted. 

1.4 Stimuli-responsive bonds towards responsive dePEGylation 

1.4.1    pH-sensitive dePEGylation 

Both the acidic intracellular environment of endosomes (pH 5.0-6.5) and lysosomes 

(pH 4.5-5.0) and the mildly acidic (pH <7) extracellular environment within tumors 

have been exploited to trigger the release of PEG from nanoparticles. The most 

common pH-sensitive bonds used in these DDS are summarized in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

18 
 

Table 1. pH sensitive bonds used in PEGylated DDS. 

Name 
Structure and hydrolysis 

process 
Conjugated polymers Features 

β-thiopropionate 

 

Oligodeoxynucleotide[37] 

or polymer[38] 

Modify 

nucleotides; 

cleaved under 

endosomal acid 

conditions 

Phosphoramidate 

 

Oligodeoxynucleotide[39] 

or peptide[40] 

Modify 

nucleotides; high 

yield and 

chemoselectivity 

Hydrazone 

 

Lipid[41], drug[42]or 

polymer[43] 

Controllable 

sensitivity, 

predictable 

pH-sensitivity 

Ortho ester 

 

Alkyl[44], lipid[45] or 

polymer[46] 

Controllable 

sensitivity, 

predictable 

pH-sensitivity 

Vinylether 

 

Lipid[47] 

Controllable 

sensitivity, 

predictable 

pH-sensitivity 

Imine bond 

 

Lipid[48], Alkyl[49] drug[50] 

or nanoparticles[51] 

Extracellular 

dePEGylation, 

charge shielding 



The Application of Sheddable PEG Coronas in Drug Delivery 

19 
 

Aconitic 

anhydride amide 

 

Doxorubicin[52] Mild synthesis 

In several cases, it has been shown possible to fine tune the sensitivity of acid 

hydrolysis to achieve optimal dePEGylation either within the tumor 

microenvironment or within endosomes. Walker et al. linked polycations (PEI or PLL) 

to PEG via acyl hydrazides or 2-pyridyl hydrazines (compound 1, 2 and 3; Figure 6a) 

and found that while compound 1 and 3 resulted in efficient dePEGylation at 

endosomal pH (pH=5), hydrolysis of 2 was extremely slow.[43a] Alternatively, it has 

been shown that the acid-catalyzed hydrolysis of pH-sensitive ortho esters is heavily 

affected by its substitution at positions R1, R2 and R3 (Table 1), where methyl or 

6-membrered cyclic esters increased the rate of acid catalyzed hydrolysis by at least 

an order of magnitude.[45b] At pH 4.0, compound 4 could be completely hydrolyzed 

while only 30% of 5 was degraded within 30 min (Figure 6b). 

 

Figure 6. Substitutions of hydrazone (a) and ortho ester bond (b) fine-tune the pH-sensitivity. 

1.4.2    Redox-sensitive dePEGylation 

Glutathione (GSH), is an abundant reducing agent in most mammalian cells[53] and has 

been exploited to trigger redox-sensitive dePEGylation of DDS (Figure 7a). The 

intracellular concentration of GSH can span the range 2–10 mM, three orders of 

magnitude greater than the extracellular concentration of GSH (2–20 μM)[54] (Figure 
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7a). Furthermore, the concentration of GSH within the tumor microenvironment is 4 

times higher than in normal tissue. Reduced GSH can cleave disulfide (S-S) bonds 

linking PEG to a nanoparticle surface through a process of disulfide exchange (Figure 

7b). PEG-disulfide conjugates can be synthesized through disulfide exchange or 

through the use of symmetrical/asymmetrical disulfide-containing crosslinkers (Table 

2). A variety of symmetrical and asymmetrical disulfide containing crosslinking 

reagents, such aldrithiol, cystamine, 2-hydroxyethyl disulfide, 3,3’dithiodipropionic 

acid, DTSP and SPDP have been used to generate redox-sensitive PEGylated DDS 

(Table 2). 

 

Figure 7. (a) The structure of GSH; (b) GSH mediated reduction of disulfide bonds. 
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Table 2. Methods and reagents for synthesizing PEGylated compounds containing disulfide 

bonds. 

Crosslinker Synthesis  

Thiol-disulfide 

exchange  

Aldrithiol[55] 

Symmetrical 

crosslinker 

 
Cystamine[56] 

 
2-Hydroxyethyl disulfide[57] 

 
3,3'-dithiodipropionic acid[58] 

DTSP[59] 

Asymmetrical 

crosslinker  

SPDP[60] 

The first example of a redox sensitive PEGylated nanoparticle incorporated 

mPEG2000-DTP-DSPE within a fusogenic liposome formulation, facilitating rapid and 

complete contentsrelease (Figure 8).[59] Partial cleavage of grafted PEG from 

liposomes by thiolytic agents successfully led to destabilization of liposome bilayers 

and complete contents release within 2 h. However, this system required high 

concentrations of thiolated agents (10 mM, 1,4-dithiothreitol) limiting its application 

in vivo. To overcome this, a new generation of reductive cleavable PEG-lipid 

(mPEG-DTB-DSPE) has been shown to undergo complete thiolytic cleavage at greatly 

reduced thiol concentrations (cysteine, 150 µM).[61] Moreover, cleavage of 
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mPEG-DTB-DSPE liberated unmodified DSPE (i.e. leaving no remnant thiol attached) 

which was essential to the recovery of fusogenicity of the DDS (Figure 8). 

 

Figure 8. The structure of mPEG-DTP-DSPE and mPEG-DTB-DSPE and their thiolytic cleavage 

mechanisms. 

1.4.3    Enzyme-sensitive dePEGylation 

Within the tumor microenvironment, there are high levels of lytic enzymes. These are 

secreted by tumor cells to degrade the extracellular matrix (ECM) and aid cancer cell 

migration.[62] Short peptides containing enzyme-consensus sequences can therefore 

be used to enzymatically cleave PEG from a nanoparticle surface (Table 3). Two 

principle proteases have been exploited, matrix metalloproteinases (MMPs) and 

cathepsin B.  

MMPs play an essential role in tumor invasion and metastasis by degrading a variety 

of extracellular proteins and ECM components.[63] MMPs, particularly MMP2 and 

MMP9, are highly expressed within, and secreted by, cancer cells. MMP-sensitive 

linkers have been employed to achieve tumor-specific and extracellular dePEGylation 

of various DDS including liposomes,[64] nanoparticles[65] and micelles.[66]  

Cathepsin B is an intracellular cysteine protease found abundantly in endosomes and 

lysosomes. It is highly up-regulated in cancer cells[67] and cleaves peptides containing 

one of a variety of short recognition sequences. Cathepsin B-sensitive peptide linkers 

have been used to achieve endo/lysosomal dePEGylation, however the slow cellular 

uptake of PEGylated nanoparticles has limited the widespread application of 

cathepsin B-sensitive linkers.   
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Table 3. MMP2 and cathepsin B peptide recognition sequences (↓ represents position of 

enzymatic cleavage) 

Enzyme Peptide Sequences 
Cleavage 

Site 

MMP2-sensitive 

peptides[64-66, 68] 

GPLG↓IAGQ; GGGPQG↓IWGQGK; GPL↓GIAG; GPL↓

GV; PLG↓LAG 
Extracellular 

Cat B-sensitive 

peptides[69] 
A↓A; A↓L; F↓R; F↓K; AF↓K; GL↓FG; GF↓LG Intracellular 

 

1.4.4    Light-sensitive bonds 

Photolabile chemical bonds have been widely used in both chemistry and biology to 

precisely control where and when new functionality is revealed.[70] Unlike endogenous 

stimuli, such as pH, redox and enzymatic cleavage, the application of light can be 

precisely controlled in both time, space and intensity (i.e. is user defined) and requires 

no other reactive species (other than, in some cases, water). Light-based therapies 

have already entered the clinic. For example, photodynamic therapy[71] combines 

chemical photosensitizers and light to trigger the local production of cytotoxic singlet 

oxygen in the body and is used in the clinic to treat a wide range of medical 

conditions, including acne, atherosclerosis and cancer.[72]  

Various photolabile bonds used to dePEGylated nanoparticle surfaces are summarized 

in Table 4. The vast majority of these are sensitive to high-energy UV light (<400 nm), 

wavelengths that not only demonstrate poor tissue penetration (100-200 µm) but 

also yields significant light-induced cytotoxicity.[73] Therefore several strategies have 

been developed to alleviate these issues. These include the use of fibre optic light 

sources to deliver UV light deep within tissue,[74] the development of photolabile 

chemical bonds sensitive to longer wavelength light[75] and increasing the efficiency of 

photolysis so as to minimize light exposure. One attractive option is to improve the 

sensitivity of photolabile bonds to two photon light.[76] Two-photon excitation 

requires two light sources perpendicular to one another, each delivering photons at 

twice the wavelength required (e.g. 365 nm vs 2 x 730 nm light) for photolysis. Only at 

the exact point of intersection is enough energy delivered to cleave the photolabile 
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bond. The use of longer wavelength light not only increases tissue penetration (>1 cm 

for near-IR light) and reduces the risk of light induced cytotoxicity but, by restricting 

light activation to the focal point of two photon beams, it provides exquisite spatial 

control over light activation. We and others have previously shown that o-nitrobenzyl 

groups, the most commonly used photolabile chemical bond, can be efficiently 

cleaved using 2-photon light.[77]  

The work in this thesis primarily concerns the use of the o-nitrobenzyl (o-Nb) 

photolabile functionality. Non-hydrolytic photolysis of o-Nb proceeds through a cyclic 

intermediate followed by the release of the desired alcohol and a nitroso by-product 

(Scheme 1a).[78] O-Nb groups can also be used to ‘photocage’ primary amines, through 

the inclusion of a carbamate linker, producing CO2 as a photolytic by-product (Scheme 

1b). To broaden application in biological areas, modifications, such as substituting R1 

with methoxy groups, have been included to reduce the toxicity of the nitroso 

photolysis byproduct. 
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Table 4. Common light-cleavable bonds used in PEGylated DDS. 

Photo-responsive 

group 

Active 

wavelength 
Photo-irradiated dePEGylation 

Nitrobenzyl ester[38, 

79] 
300-400 nm 

 

2-nitrophenylalanine 

[80] 
365 nm 

 

Truxillic acid[81] < 260 nm 

 

Trithiocarbonate[82] 232-500 nm 

 

azobenzene[83] 280–450 nm 
 

Boron 

dipyrromethene[84] 
470-490 nm 

 

Fullerene[85] 350–700 nm 

 

Platinum (IV)–azide 

complexes[86] 
360-500 nm 
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Scheme 1. The mechanism of cleavage of o-Nb substituted with ester (a) and carbamate (b). 

1.5 DePEGylation of various drug carriers 

1.5.1    Liposomes 

Liposomes are formed through the self-assembly of amphiphilic (phospho)lipids in 

aqueous solution, forming closed spherical particles consisting of a lipid bilayer 

surrounding an inner aqueous core.[87] Within these structures, hydrophilic 

cargos/drugs can be encapsulated within the aqueous interior and hydrophobic 

cargos/drugs within the hydrophobic membrane. In both cases, cargos are protected 

from the outside environment. Self-assembly of liposomes is driven by the burial of 

hydrophobic fatty acid chains (‘the hydrophobic effect’) and each individual liposome 

comprises many thousands of individual lipid molecules (approximately 80,000 per 

100 nm uni-lamellar liposome). The huge diversity of lipid reagents – both natural and 

non-natural – means the overall physicochemical properties of the liposome (size, 

surface charge, rigidity, surface functionalization) can be infinitely fine-tuned for a 

particular purpose. A selection of common lipids described and/or used throughout 

this thesis is shown in Table 5.   
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Table 5. the structure of lipids used in this thesis. 

Name Structure Charge 

(d18:1/12:0) 

Sphingomyelin 
 

Zwitterionic  

18:0 PC (DSPC) 

 

18:1 (Δ9-Cis) PE 

(DOPE) 
 

18:1 (Δ9-Cis) PC 

(DOPC)  

Cholesterol 

 

Neutral  

18:1 TAP 

(DOTAP) 

 
Cationic  

18:1 (Δ9-Cis) PG 

(DOPG) 
 

Anionic  

1.5.1(a) Lipid geometries 

Lipid packing within a liposome membrane is heavily influenced by the molecular 

geometries of individual lipid molecules. Based on the difference between the surface 

area of the hydrophilic head group and the volume of the hydrophobic fatty acid tail, 

amphiphilic lipids can be divided into three distinct molecular geometries: cylinder, 

cone and inverted-cone (Figure 9). The principle lipid components of biological 

membranes (and those most commonly found in reported liposome membranes) are 

cylinder shaped. Cylindrical lipids, with equal cross-sectional areas of both hydrophilic 
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head group and hydrophobic fatty acid tails, pack favorably to form lipid bilayers. 

Examples include phosphatidyl choline (PC), serine (PS) and glycerol (PG). Lipids such 

as sphingomyelin (SM), with a larger hydrophilic headgroup and a smaller 

hydrophobic volume, preferentially form micellar structures.[88] These smaller 

self-assembled structures (typically 10-20 nm in diameter) are characterized by a 

packed hydrophobic core and have no inner aqueous volume. Finally, inverted cone 

lipids, such as DOPE, do not form stable self-assembled structures in aqueous 

solution. These lipids preferentially pack into membranes demonstrating negative 

curvature and form inverted micelles in organic solutions. Although lipid membranes 

with negative curvature are rare, a key intermediate structure during the fusion of 

two lipid membranes (e.g. during SNARE-mediated fusion) requires lipids which favor 

negative curvature.[89]  

Liposome membranes can comprise mixtures of different lipids and lipid geometries, 

so while it is not possible to make stable lipid bilayers using 100% DOPE, this lipid can 

be efficiently incorporated in stable lipid bilayers formed from cylinder-shaped lipids 

(eg, PC lipids). In all cases, the key driving force determining self-assembly, stability 

and structure of lipid mixtures in aqueous solution is the efficient burial of the 

hydrophobic core so as to minimize exposure to water.  

 

Figure 9. Schematic diagram depicting molecular shape-volumes occupied by various 

membrane lipid types. Image taken from[88]. 
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1.5.1(b) Membrane rigidity and thickness 

The length and saturation of lipid fatty acid (FA) chains determines both the thickness 

and rigidity of a liposome membrane. FA chain length within biological membranes 

typically varies between C12 and C30 – the number of carbon atoms – where a 

membrane made up of C30 lipids is approximately twice as thick one made up of C12 

lipids. A mismatch of different FA chain lengths within a single membrane can lead to 

phase separation – where FAs of one particular length preferentially assemble 

together with one another. This can create specific lipid domains within a single 

continuous lipid membrane.[90]   

FA chains can also be saturated (no double bonds) or unsaturated (1 or more double 

bond). In general, saturated FAs pack closely together to form rigid lipid membranes. 

In contrast, unsaturated FAs – with a bend in their FA chains as a result of the double 

bond – loosely pack to form fluid membranes.[91] These differences are characterized 

by variations in melting temperatures (Tm), defined as the temperature at which a 

lipid membrane transitions between the ‘rigid’ gel state and the ‘fluid’ liquid 

crystalline state.[92] Whereas the Tm of DSPC – a saturated C18:0 PC lipid – is 55oC, its 

unsaturated orthologue, DOPC has a Tm of -17oC. The ‘fluidity’ of liposome 

membranes is an important consideration in designing liposomal drug carriers as 

small molecules will more readily leak across fluid membranes than more closely 

packed ones. 

1.5.1(c) Addition of cholesterol 

Cholesterol – an endogenous and ubiquitous sterol within the body – rigidifies ‘fluid’ 

lipid membranes and makes more fluid ‘rigid’ lipid membranes.[93] As such it is helpful 

to think of cholesterol as a molecular ‘cork’ – plugging the ‘gaps’ to stabilize fluid lipid 

membranes and acting as a ‘wedge’ to destabilize rigid membranes. Cholesterol is 

often used to fine tune drug retention and release profiles of liposome-drug 

vectors.[94]  

1.5.1(d) Liposome surface functionalization 

Surface modification of liposome surfaces, for instance functionalization with active 

targeting moieties including antibodies and peptides,[88] can be achieved either 
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through incorporation of pre-synthesized lipidated reagents during formulation or 

through post-functionalization of pre-formed liposomes. Various conjugation 

strategies (e.g. click chemistry) have been used to successfully functionalize 

pre-formed liposomes.[95] As mentioned previously, PEGylation of liposome surfaces is 

known to reduce serum protein adsorption to the liposome surface, prolong 

circulation lifetimes in the body and maximize passive targeting of solid tumors via 

the EPR effect.[96] In the case of PEG2000, approximately 5 mol% lipid-PEG reagents are 

required to sterically shield the entire liposome surface. Above 9 mol% PEG2000 and 

the brush-like arrangement of PEG on the liposome surface is thought to destabilize 

the lipid bilayer.[24a] 

1.5.1.1 DePEGylation of liposome surfaces to reveal new functionalities  

Through dePEGylation it is possible to reveal underlying functionality to promote drug 

delivery to target cells. Shielding functionality en route to the target tumor also 

reduces the risk of off-target interactions with non-target cells. In this vein, several 

strategies have been investigated and three of them are highlighted in Figure 10.[60f, 97]  

In the first example, a liposome surface was functionalized with two different 

PEG-lipid conjugates whose PEG chains varied in length (PEG2000 and PEG1000) (Figure 

10a).[68c] To the longer PEG2000 arm a monoclonal antibody, (mAb) 2C5, previously 

shown to specifically target a range of human cancer cell lines, was conjugated.[98] To 

the shorter PEG1000 arm the cell-penetrating TAT peptide was attached.[99] In the 

absence of MMP enzymes, the longer PEG2000 effectively shielded the underlying 

function of the TAT peptide, preventing non-specific cellular interactions, while the 

2C5 promoted specific binding to cancer cells. In the presence of MMP enzymes – i.e. 

within the tumor microenvironment – PEG2000 was efficiently cleaved, revealing 

underlying TAT functionality which enhanced the intracellular uptake of the 

liposome-drug carrier two-fold as compared to liposomes lacking the TAT peptide.   
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Figure 10. Illustration of PEGylation strategies on different types of liposomes, (A) PEGylated 

targeted liposomes, (B) PEGylated liposomes with membrane destabilizing peptides, (C) 

PEGylated cationic liposomes. 

A similar dual responsive strategy was employed to promote extracellular drug 

release within the tumor microenvironment (Figure 10b). In this case, dePEGylation of 

longer PEG2000 arms was triggered by an increase of extracellular GSH within the 

tumor microenvironment.[100] This in turn revealed underlying functionality, which 

when catalyzed by MMP, released a membrane lytic peptide. In this way, quantitative 

drug (i.e. gemcitabine) release in both 2D and 3D “tumor-like” spheroid cultures as 

well as suppressed tumor growth in mice following intravenous administration of 

gemcitabine-encapsulated liposomes was demonstrated. As drug release required 

exposure to both reductant and protease enzymes, this approach greatly minimized 

the risk of premature activation and drug release. 
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DePEGylation has also been successfully used to reveal underlying liposome surface 

charge (Figure 10c). Cationic liposomes are often employed as a gene delivery system 

owing to their potential to efficiently condense and protect polyanionic DNA and 

RNA.[101] However, cationic nanoparticles are rapidly cleared from circulation due to 

both non-specific interactions with anionic cell surfaces and extensive adsorption of 

serum components (opsonisation) and clearance via the MPS.[101] Both extracellular 

enzymatic [29] and intracellular[52] acid catalyzed dePEGylation strategies have been 

shown to increase the transfection/transduction efficiencies of cationic gene vectors.  

1.5.1.2 DePEGylation of liposome surfaces to destabilize liposome membranes  

DePEGylation of liposomes has also been used to destabilize the integrity of the 

liposome membrane itself to trigger drug release. In these cases, dePEGylation results 

in a change of lipid geometry (i.e. loss of large hydrophilic PEG headgroup) generating 

a lipid composition which no longer packs to form a stable lipid bilayer. By utilizing a 

cholesteryl hemisuccinate (CHEMS)-PEG conjugate, Dong et al. were able to 

successfully demonstrate dePEGylation – triggered by enzymatic cleavage of the 

CHEMS-PEG ester linkage – following endocytotic uptake. Subsequent protonation of 

the newly revealed CHEMS carboxylate groups, within the acidic endosome, resulted 

in rapid liposome rupture and content release.[102] This approach did however rely on 

the cellular uptake of PEGylated liposomes, which as mentioned previously, is 

extremely slow.[103]  

Another popular strategy has been to take advantage of the ‘fusogenic’ lipid, DOPE, 

which preferentially adopts a non-bilayer, hexagonal phase (HII) in aqueous 

solution.[104] Cone-shaped DOPE can be incorporated at high concentrations within 

stable lipid bilayers consisting of cylinder and/or cone shaped lipids. If DOPE-rich 

bilayers are stabilized using a stimuli-responsive lipid-PEG conjugate, dePEGylation 

results in rapid membrane destabilization and concomitant content release (Figure 

11).[47a] 
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Figure 11. Destabilization of liposomes formed by DOPE and cleavable PEG–lipid upon 

dePEGylation. Image taken from[39a]. 

Zalipsky et al. reported the first example of a DOPE-rich liposome membrane 

stabilized using cone-shaped and redox-sensitive lipid-PEG2000 (mPEG-SS-DSPE) 

conjugates.[59] Incorporation of just 3 mol% lipid-PEG conjugate (i.e. 97 mol% DOPE) 

resulted in the formulation of stable liposomes, however in the presence of DTT – a 

thiolytic agent – loss of PEG led to rapid liposome destabilization and drug release. 

Inspired by this concept, numerous efforts have been made to design 

stimuli-responsive PEG-lipids to stabilize DOPE-rich liposomes. These have included 

dithiobenzyl (DTB) urethane,[61] diortho ester[45a] and vinylether[47b] lipid-PEG linkages.  

1.5.2    Micelles  

Micelles are formed through the self-assembly of cone-shaped amphiphiles in 

aqueous solution and are characterized by an inner hydrophobic core. Hydrophobic 

cargos/drugs can be efficiently packed within the micelle core and protected from the 

outside environment. Micelles have been widely investigated as potential DDS against 

a variety of human diseases including leukemia[105], hepatitis[106], breast cancer[107] and 

ovarian cancer.[108] An important consideration when using micelles is that the 

concentration of amphiphiles must be above the critical micelle concentration (CMC). 

Below this concentration, micelles disassemble in solution and as a result the 

drug/cargo is exposed. 
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Name Structure Charge 

Triton X-100 

 Non-ionic 

 

Tween 20/40/60/80 

 

Dodecyl sulfate 

 

Anionic 

 

Figure 12. The required geometry of molecules for micelle formation (top) and the structure 

of some common micelle-forming detergents (bottom); the dash line circled part is 

hydrophobic component. 

To preferentially form micelles over other self-assembled structures, the surface area 

(ao) of the hydrophilic head group must be sufficiently large, while the volume (v) of 

hydrophobic portion must be sufficiently small. Micelles are only formed when the 

geometric constraint, critical packing parameter (P = v/aolc), of the molecules is < 1/3. 

(Figure 12).[109] Detergents like sodium dodecyl sulfate (SDS) are classic examples of 

lipid amphiphiles which preferentially form micelles in aqueous solutions.  

PEGylated amphiphiles have a natural propensity to form micelles given the large 

surface area of the hydrophilic PEG headgroup. Upon dePEGylation however, 

cone-shaped molecular geometries are lost resulting in micelle destabilization. This 

leads to efficient drug release from the hydrophobic micelle core. Depending on the 
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hydrophobic component, micelle DDS can divided into lipid micelles, polymeric 

micelles, pro-drug micelles and hybrid micelles.   

1.5.2.1 Lipid micelles 

The most common lipid anchors used to form lipid-PEG amphiphiles have been 

DSPE[110], cholesterol[111] and fatty acids.[57d] Depending on the hydrophobicity of lipids, 

the molecular weight of the PEG block ranging from 750 to 5000 Da with the resultant 

micelle size ranging from tens to hundreds of nanometers have been used. To achieve 

stimuli responsive drug release, cleavable linkers are often incorporated between the 

PEG chain and lipid.[112] After accumulation at the site of a tumor, the dePEGylated 

micelles are internalized into endosomes/lysosomes, resulting in release of the drugs 

intracellularly. 

1.5.2.2 Polymeric micelles 

To obtain polymer-PEG micelles, hydrophobic and biocompatible/biodegradable 

polymers are required to form a stable hydrophobic micellar core. The most common 

synthetic polymers used in polymeric micelle designs are shown in Scheme 2.[57a] 

Stimuli responsive PEGylated polymeric micelles have been developed to be sensitive 

to both endogenous (e.g. redox[57a], pH[38, 79e]) and exogenous (e.g. light[38]) triggers. 

Polypeptides, composed of natural and/or non-natural amino acids have also been 

widely used to from the hydrophobic core of PEGylated, polymeric micelle DDS. In 

one example, a redox-sensitive co-polymer composed of PEG and poly-L-leucine 

(PEG-SS-pLeu) was used to control the release of doxorubicin (DOX) under reducing 

conditions.[56b] The fully biocompatible system demonstrated no toxicity to cancer 

cells in vitro prior to dePEGylation but rapid and quantitative drug release in the 

reductive environment of endosomes.   
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Scheme 2. Overview of polymer blocks conjugated to PEG used polymeric micelles.  

1.5.2.3 Polyion complex (PIC) micelles 

As a sub-group of polymeric micelles, PIC micelles have been investigated as potential 

non-viral gene vectors. These copolymer systems comprise a hydrophilic/ionic 

polymer conjugated to PEG, which upon complexation with oppositely charged cargos 

(e.g. DNA, RNA or protein) form micellar structures with a charge neutralized 

hydrophobic core (Figure 13a).[113] Depending on the associated charge of the 

complexed cargo, the hydrophilic/ionic polymer can be both polyanionic or 

polycationic. Common charged polymers used in PIC systems include poly (L-lysine) 

(PLL),[43a, 56l] poly (L-aspartate)(pAsp),[114] polyethylenimine (PEI)[60g, 68d] and 

poly(2-(dimethyl-amino)ethylmethacrylate) (PDMAEMA).[46a] 

To extend the function of PIC micelles to the delivery of both hydrophilic and charged 

cargos as well as small molecule hydrophobic drugs, Torchilin and coworkers 

incorporated an additional hydrophobic DOPE core to a PEI-PEG polymer construct. In 

this way, the authors were able to efficiently encapsulate hydrophobic paclitaxel 

within the DOPE core and simultaneously condense siRNA as a complex with PEI to 

form a dual therapy (Figure 13b).[68d]  
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Figure 13. (a) Schematic illustration of PIC micelles formed by PEGylated cationic polymers 

with anionic biotherapeutics (e.g. siRNA). (b) Illustration of PIC micelles as carriers to 

co-deliver hydrophobic drugs. 

1.5.2.4 Prodrug micelles 

The principle limitations of polymeric and lipid micelle DDS are poor drug loading 

efficiencies and premature drug leakage from the micelle core. To address these 

issues, efforts have been made to develop prodrug micelle DDS in which the 

therapeutic drugs themselves are used to form the hydrophobic core of the micelle 

(Figure 14a).[115] The principle advantages of these systems are higher drug 

encapsulation efficiencies (w/w) and, as drugs are now covalently linked to the PEG 

corona, no premature drug leakage. A key disadvantage of these systems is 

sub-optimal packing of the hydrophobic micelle, resulting in decreased micelles 

stability.  



Chapter 1 

38 
 

 

Figure 14. (a) Schematic illustration of micelles formed by PEGylated prodrugs; (b) two tailed 

prodrugs (c) The structure of anticancer drugs used in stimuli-sensitive PEGylated prodrugs 

(reactive groups in circles). 
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A variety of anticancer drugs have been used to construct PEGylated prodrug 

micelles. These include doxorubicin,[52a, 116] camptothecin,[117] methotrexate,[118] 

metallic antitumor agents,[86] bufalin,[119] vitamin E,[60h, 120] diosgenin,[121] paclitaxel,[122] 

embelin,[123] docetaxel[124] and farnesylthiosalicylic acid (FTS) (Figure 14c).[125]  

To overcome the principle limitation of these systems – namely, low micelle stability 

due to a high CMC, efforts have been made to stabilize the hydrophobic core using 

higher drug/PEG ratio (Figure 14b). Wang et al investigated the correlation between 

DOX loading efficiency and PEG chain length (PEG2000, PEG4000 and PEG6000), onto 

which two DOX molecules were connected to each individual PEG chain through an 

acid-sensitive linkage.[126] They achieved up to 37% (w/w) DOX encapsulation (using 

PEG2000), significantly higher than conventional drug loading method using polymeric 

micelles, and with greater micelle stability. In another report, Dong et al used a 

branched system to couple up to 8 methotrexate molecules to a single PEG polymer. 

This resulted in drug-rich pro-drug micelles (26% w/w) with improved in vivo 

stability.[56m]  

1.5.2.6 Hybrid micelles 

In many cases, micelles formed from the self-assembly of a single amphiphile building 

block do not fulfill the optimal requirements of an efficient micellar DDS. For instance, 

DOX-PEG prodrug micelles typically demonstrate high CMCs (i.e. low stability) owing 

to suboptimal packing of doxorubicin within the hydrophobic core of the micelle. 

Co-formulation and self-assembly of additional amphiphilic components, to form 

hybrid micelles, is a common strategy to improve micelle performance of a micellar 

DDS but also a simple way of adding additional functionality to an existing design.[127] 

An elegant example of a multifunctional, hybrid micelle DDS combined a 

PEG2000-paclitaxel conjugate, containing an MMP sensitive linkage (PEG2000-MMP-PTX), 

together with cell penetrating peptide-PEG1000-phosphoethanolamine 

(TATp-PEG1000-DOPE) and PEG1000-phosphoethanolamine (PEG1000-DOPE) lipid 

amphiphiles in the ratio of 5:4:1 (mol/mol/mol).[66] Compared to micelles formed 

from PEG2000-paclitaxel alone, these micelles were an order of magnitude more stable 

(3.9 µM vs 32 µM). In this system, the longer PEG2000 effectively shielded the 
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underlying TAT peptide function and extended circulation lifetimes in vivo following 

systemic administration. Once accumulated within the tumor microenvironment, 

MMP-mediated enzymatic cleavage of the PEG2000 corona revealed the underlying cell 

penetrating TAT-peptide, driving the efficient internalisation and intracellular drug 

delivery. Importantly, upon the loss of PEG2000, micelles remained intact, stabilized by 

the remaining lipid-PEG1000-TAT construct and containing paclitaxel within the 

hydrophobic core. This served to minimize extracellular release of paclitaxel within 

the tumor microenvironment. Adding further flexibility to the design of this system, 

Zhu et al. were able to successfully entrap free paclitaxel within the hydrophobic core 

of a PEG2000-MMP-DOPE/ TATp-PEG1000-DOPE hybrid micelle (Figure 15).[128] With no 

additional chemical modification to existing hydrophobic drugs required in this case, 

this system demonstrates the broad potential of such a hybrid micelle system in 

delivering diverse therapeutic cargos. 
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Figure 15. Illustration of hybrid micelles made of PEG2000-Pp-PE and TATp-PEG1000-PE to 

deliver free drugs. 

1.5.3    Polymersomes 

Polymersomes are artificial vesicles comprised of a polymer membrane surrounding 

an inner aqueous core.[129] Analogous to liposomes, it is possible to load hydrophilic 

drugs/cargos within the inner aqueous core and hydrophobic drugs within the 

polymersome membrane interior.[130] Common polymersome DDS are self-assembled 

nanostructures composed of linear diblock copolymer amphiphiles 

(hydrophilic-hydrophobic) or tri-block polymer bola-amphiphiles 

(hydrophilic-hydrophobic-hydrophilic). Typically, polymersomes are more stable than 

liposomes in aqueous solution, as reflected in their lower critical aggregation 
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concentrations (CAC).[131] Although many polymers (e.g. polyesters) are hydrolytically 

sensitive and degrade over time within the body, the rate of hydrolysis and 

polymersome destabilization, even under acid-catalyzed conditions (e.g. within 

endosomes), is generally too slow to result in the release of therapeutically relevant 

drug doses. 

DePEGylation of polymersomes has been used as an effective method to rapidly 

destabilize polymersomes and promote drug release. In these systems, PEG is used as 

the hydrophilic block of a di- or tri-block polymer and is therefore an integral to 

polymersome self-assembly. Release of PEG (i.e. the hydrophilic block) leads to 

polymersome destabilization and concomitant drug release occurs. In one of the first 

examples of polymersome dePEGylation, Hubbell et al. where able to demonstrated 

efficient endosomal drug release from polymersomes composed of redox-sensitive 

PEG-S-S-poly(propylene sulfide) di-block copolymers.[132] In this case, polymersome 

cellular uptake, disruption and quantitative drug release occurred within 10 minutes 

of incubation with cells in vitro. Since then, many reductive PEG copolymers have 

been designed and applied as building blocks to construct redox-sensitive 

polymersomes.[55b, 56f, 57c, 133] Moreover, photo-degradable polymersomes could also 

be constructed by co-polymers with photo-cleavable moiety, such as 

PEG-o-NB-PCL.[80] In this kind of polymersomes, under a short UV exposure, content 

release was accompanied with partially-cleaved PEG and the rearrangement of PCL 

segments. However, the remaining PEG-PCL still stabilizes the vesicular structure. 

Only after full cleavage of PEG-PCL, collapse of polymersomes was observed. 

1.6 Overview and goals of this thesis 

From this review of current technologies, it is clear stimuli-responsive dePEGylation of 

nanoparticle-based DDS is an effective strategy to potentially enhance therapeutic 

efficacy. However, no such systems have yet made it to market. For this to happen, a 

clear cost-to-benefit advantage, over, for example, administering the free drug alone, 

must be demonstrated. This will only be realized if DDS systems are either simplified 

(to bring down development and manufacturing costs) and/or efficacy is improved.  
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The work in this thesis focuses on overcoming various technological inefficiencies 

associated with current stimuli-responsive nanoparticles. These include: enabling 

drug delivery directly to the cell cytosol (chapter 2), optimizing physicochemical 

properties and drug retention/release profiles of pro-drug micelles (chapter 3 and 4) 

and exploiting the differing in vivo fates of nanoparticles with opposing surface 

charges (chapter 5). In all cases, activation is triggered by light, affording precise 

spatiotemporal control over where and when dePEGylation/activation occurs.  

In chapter 2, spatiotemporal control of membrane fusion system is reported through 

photolabile PEGylation of fusogenic liposomes. In this system, fusion relies on the 

recognition and binding of complementary peptides displayed on opposing liposome 

surfaces. Peptide recognition can be efficiently inhibited through liposome surface 

PEGylation. Light triggered fusion was demonstrated in both liposome-liposome 

systems and between liposomes and cells. This system paves the way towards 

controlled drug delivery direct to the cytosol of cells thereby avoiding endocytosis.  

In chapters 3 and 4, two PEGylated prodrugs, PEG2000-o-nitrobenzyl-doxorubicin 

(chapter 3) and PEG2000-o-nitrobenzyl-nervonic acid (chapter 4) are described. Both 

conjugates self-assembled into micelles in aqueous solution with the PEG layer as the 

outer corona. In chapter 3, the release behavior of conjugated doxorubicin (DOX) 

from micelles was investigated and precise spatiotemporal control of drug delivery to 

cells demonstrated.  

In chapter 4, a very long chain fatty acid (nervonic acid, NA) was conjugated to PEG 

via a photo-cleavable linker. Forming close packed micelles, this enabled the efficient 

incorporation of highly insoluble NA into target cellular membranes. Subsequent 

photolysis of PEG released free NA, which was subsequently processed by the cells to 

form very long chain phospholipids. This is expected to result in the thickening of the 

plasma cell membrane and provides an indirect method to modulate membrane 

protein activity.  

In chapter 5, novel cationic lipids were photocaged to form neutral, caged cationic 

lipids. These could be formulated into liposomes which were shown to be freely 

circulating following intravenous injection in vivo. Following UV irradiation resulting in 
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photolysis of o-Nb, the liposome surface charge rapidly switched from neutral to 

cationic leading to the non-specific cellular adsorption, uptake and intracellular drug 

delivery of liposome encapsulated cargos. Switching of surface charge was 

demonstrated in situ and in vivo and importantly did not lead to content leakage from 

the liposome drug carrier.   

Finally, in chapter 6, the main results and conclusions of this thesis are summarized 

and the advantages and future perspectives of using photo-cleavable DDS are 

described.  
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