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Does shape affect the properties of nanoparticles in a 

biological context? 

 

 The fields of drug delivery and nanomedicine are growing since several 

years. Many aspects were already explored, such as the influence of fabrication 

process, particle material, size, and particle surface. Often forgotten, however 

important, shape could also affect the properties of nanoparticles in a biological 

context. This characteristic was particularly explored in the doctoral research. A 

focus was made on the effect of morphology and shape on particle behavior in 

vitro and ex vivo. 

 By careful design, four types of morphologically different polymeric 

nanoparticles were formulated: spherical micelles, worm-like micelles, 

polymersomes and tubes. All systems in the research were composed of 

biodegradable/biocompatible block copolymers (carbonates, lactones and 

lactides based), obtained by ring-opening polymerization. Their amphiphilic 

properties allowed self-assembly into nanoparticles with different shapes, and 

hydrophobic drug encapsulation. Formulation methods were direct hydration for 

micelles and solvent-switch process for vesicles. The use of polymers with 

charged end groups (amine or carboxylic acid) was explored to vary the total 

surface charge of the particles. Varying parameters such as size, surface charge 

and morphology enable us to understand the effect of nanoparticle features on 

their behavior in a biological environment.  
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Can we improve ocular drug delivery to the posterior eye? 

 

 Age-related macular degeneration (AMD) is affecting millions of people 

worldwide every year. AMD is affecting activities of daily life and well-being of the 

patients, as it is a severe visual impairment. If not treated in time, AMD can lead 

to blindness. Blurriness and loss of central vision occur due to an age-related 

abnormality of some retinal cells and degeneration of photoreceptors at the back 

of the eye. In the specific area of the retina called macula, AMD is causing 

inflammation or drying, and might influence choroidal neovascularization and 

vascular permeability. Dexamethasone (DEX), an anti-inflammatory adjuvant, is 

often used to treat AMD by employing biodegradable implants or monthly 

intravitreal administration. However, those treatments are not patient-friendly: 

implants can move inside the eye and result in hindered visibility which requires 

surgery; intravitreal injections are costly, time-consuming and painful. Therefore, 

our goal was to use polymeric nanoparticles as a DEX cargo to develop a 

prolonged release polymeric drug delivery system able to encapsulate a clinically 

relevant amount of drug (>150 μg/mL), in order to improve patient safety and 

compliance by injecting intravitreally once every 2 months at least. Loaded 

nanoparticles should efficiently reach the retina at the back of the eye. 

Results are reported in this dissertation. 
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CHAPTER 1:  
NANOMEDICINE & SHAPE 
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Abstract 

 
 Amidst the wealth of information that the past few decades of nanomedical 

research has given us there is one design principle that has emerged as being 

key for the success of delivery vectors: particle morphology. This chapter seeks 

to unpack the various facets of particle morphology that are important for effective 

integration in vivo. In order to understand the contribution of morphology towards 

the biophysical function of nanovectors it is important to consider the historical 

development of such systems and how their physicochemical characteristics are 

selected. Ultimately, the purpose of this chapter is to give a clear perspective for 

the development of future nanovectors and how an integrated approach to their 

design, with particular focus upon their morphological features (size, shape, 

stimuli-responsiveness and surface chemistry), is vital for their performance in 

vitro and in vivo. 

 
 

 

 

 

 

 

 

 

 

 

This chapter has been adapted from:  
David S. Williams, Imke A.B. Pijpers, Roxane Ridolfo, Jan C.M. van Hest, Journal of 
Controlled Release, 2017, 259, 29-39. 
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Design principles for nanoparticle-based medicine 

 The development and implementation in biomedicine of a wide variety of 

synthetic nanoscale materials reflects the way in which biology recruits a plethora 

of natural nanometer-sized structures in order to occupy functional niches.1,2 

Although the wide array of sub-micron architectures encountered in nature have 

been fine-tuned over eons of evolutionary development, we can engineer 

functional nanomaterials that are capable of operating within a biological context 

by mimicking its design principles.3,4 Examples of sub-cellular, nanoscale, objects 

include mitochondria, exosomes and viruses; all of which have carefully tailored 

characteristics that enable them to perform certain tasks. Mitochondria and 

exosomes are crucial for the healthy functioning of cells, whereby metabolism or 

transport of biological molecules, respectively, is facilitated by distinct 

characteristics such as size, shape and surface chemistry. Similarly, virus 

particles have finely tuned structural characteristics in order to evade detection 

by the immune system and maximize infection to healthy cells. In order to mimic 

the characteristics of these biological particles, it is necessary to carefully 

engineer synthetic nanoparticles (NPs), paying attention to all of the 

physicochemical characteristics of the resulting structure (size, shape, stiffness, 

temperature/pH/salt behavior, concentration-dependence, surface chemistry 

etc.).5–8 As will be presented in this chapter, it is of critical importance to adopt an 

integrated approach when conducting research towards medical applications 

(such as targeted therapies and diagnostics), which means that the entire process 

from materials design through in vitro characterization and in vivo performance 

should be seen as one.9 For example, small changes in the chemical components 

used in any NP fabrication process (building blocks, solvents, conditions etc.) can 

have substantial effects upon the resulting structure, which can, in turn, change 

the in vitro and in vivo performance. 

 In light of this, it is important that the chemical basis for developing NPs for 

medical applications (whether therapeutic or diagnostic) should be highly 

versatile so that control can be achieved at every stage in the fabrication process. 
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Although there are a range of materials that can be used to create nanometric 

architectures, polymers are the most versatile for this purpose as their chemical 

composition, length, physical properties and functionality can be easily 

manipulated to fulfil a given set of design criteria.10 Biodegradable polymers are 

especially often applied due to the need for any resulting NP to have minimal 

toxicity and efficient clearance in vivo.8,11 The assembly of in particular block 

copolymers (BCPs) into well-defined architectures such as spherical micelles, 

worms, polymersomes and tubes by controlling the balance between 

hydrophilicity and lipophilicity  has been documented and is an excellent basis for 

the design of NPs with well-defined characteristics.12 Moreover, utilizing the 

diverse compositions of BCPs allows one to control the size, shape, rigidity, 

porosity and surface properties of resulting nanostructures, in other words, BCPs 

permit control over NP morphology; a pre-requisite in the engineering of NPs for 

medical applications.13,14  

 The justification for placing emphasis on the control of NP morphology is 

that this has been established as a determining factor leading to biological 

efficacy.15 When considering the cellular interactions of NPs, it has been shown 

that the interplay between particle size, shape, chemical composition and surface 

properties dictates the rate and pathway of cellular internalization.16 It has also 

been demonstrated that the stiffness or rigidity of a particle plays an important 

role in determining the cellular fate and thereby the uptake dynamics and, 

ultimately, the therapeutic efficacy of the system.17 Not only does the morphology 

of a particle have a strong effect upon the fate of NPs at the point of interaction 

with target cells, it also has a significant role when considering behavior in flow. 

Understanding this behavior is essential for their utilization in medical applications 

because they will function in a fluidic environment. The justification for such 

insight is reflected in the non-spherical morphology of erythrocytes, which 

facilitates their rapid diffusion in the blood stream. It has been reported that high-

aspect ratio NPs, in contrast to their spherical counterparts, demonstrate 

enhanced circulation times and possess favorable uptake properties leading to 

greater therapeutic efficacy.18,19 Other non-spherical architectures have reported 
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favorable properties in vivo, with careful examination of their behavior highlighting 

that certain types of particles may have preferences for certain tissues, which 

could be exploited for site-specific therapeutics.20–22 Morphology-dependent 

characteristics of NPs in biological fluids can arise as a consequence of the way 

in which proteins and other materials interact with (opsonize) particle surfaces in 

a shape/size dependent fashion and the way in which flow attenuates or 

enhances the interaction of particles with cell surfaces.23,24 

 Having introduced the idea that morphological control is an essential 

principle in the engineering of NPs for medical applications, it is pertinent to 

examine the systems being developed towards this end and the ways in which 

they are currently being utilized. At present, there are a number of top-down and 

bottom-up approaches to the generation of morphologically distinct NPs for use 

in medical applications. Top-down nanofabrication techniques have for example 

been utilized for particle replication in non-wetting templates (PRINT), which 

yields polymeric NPs that demonstrate an assortment of morphological 

characteristics and are easily modified to vary the surface chemistry.25 Bottom-up 

engineering of BCP NPs include the self-assembly of amphiphiles into 

filamentous micelles, which mimic the elongated form of biological structures such 

as filoviruses.26,27 Although having a spherical shape, a lot of attention has been 

given to the structural characteristics and biofunctionality of BCP vesicles or 

‘polymersomes’ due to their ability to encapsulate hydrophilic and/or hydrophobic 

cargo within a polymeric membrane that can be tuned for permeability, 

degradability, stimuli-responsiveness and so-called stealth properties.28–30 The 

value of stealth behavior for the circulation of polymeric NPs has been well-

documented and is a consequence of the protective layer of hydrophilic polymers 

on the particle surface.31,32 BCP NPs with other morphological characteristics 

such as discs, compound vesicles and staggered lamellae are also being 

developed for drug delivery applications and have demonstrated morphology 

dependent cellular internalization and blood circulation.33 

 Pioneering studies into the fabrication and biological testing of such 

morphologically varied NPs thus promise to greatly expand our capacity to 
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engineer new therapeutic and diagnostic agents that can successfully address 

medical challenges. However, it is of critical importance to understand the 

interplay between the chemical, biochemical and biomedical aspects of this 

research field due to the interdependence between these disciplines. This chapter 

will seek to do a number of things: (1) provide a historical context for the 

development of NPs towards medical applications, (2) discuss how morphological 

control is key in the development of next generation nanovectors and (3) present 

recent findings from the utilization of morphologically diverse nanovectors in vivo. 

It is not the intention to supply a comprehensive discussion on all particles 

employed in this context and their specific features. Rather, the general design 

criteria and scientific developments in this field will be distilled from the recent 

literature to provide the reader with a sense in which direction morphology 

research in nanomedicine is directed. 

 

A concise historical overview on nanomedicine 

 The motivation behind the development of therapeutic agents, with 

everything that this implies, is clear. For more than a decade, researchers have 

been working to increase the efficiency of delivery agents and to progressively 

develop the complexity of NPs towards certain applications. With so much 

research having already been conducted in this area is there any space remaining 

for new approaches or new concepts in this field? In the development of new drug 

delivery systems, it is important to reflect upon the historical progression of 

nanomedicine and to consider the way in which a new approach or methodology, 

perhaps linked to a new technology, fits into the wider picture. Indeed, advances 

in nanomedicine reflect an evolutionary process – determined by survival of the 

fittest. The only way that such an evolutionary process can survive is if there is a 

strong connection between the chemistry and biology as one provides the basis 

for structural variations and the other the functional criteria that directs our 

attention towards certain systems and away from others. However, the evolution 

of nanomedicine has been a slow process, and there is still much room for 



 

11 

improvement and need to deepen our biochemical understanding. Such slow 

progress may be explained, in the first place, by limited resources and 

participants, but more recently, development can easily be hindered by a lack of 

truly inter-disciplinary cooperation whereby chemists might struggle to engage 

fully with biological considerations and vice versa, which creates a substantial 

barrier to successful realization of nanomedical products. With this in mind, it is 

increasingly appreciated that strong collaboration and cooperation between 

research fields is the key to success.34,35   

 The concept of nanomedicine was first proposed in the early 20th century 

by Paul Ehrlich (1854-1915), Robert Koch’s assistant in the Institute for Infectious 

Diseases, who wasn’t a chemist but a medical scientist. His idea of a ‘Magic 

Bullet’ 36, able to selectively kill the ‘bad’ and spare the ‘good’, is still an ongoing 

challenge a hundred years later. Indeed, nowadays, scientists continue to work 

on a three step strategy for pharmacological applications: transport, targeting and 

controlled release. But as we know, reaching a successful design takes decades 

of research, which makes it important to choose the most appropriate design 

principles and methods to take forward in the future.  

 Before the 1950s, drugs were mainly delivered orally, by pills or capsules. 

There were formulations that released the loaded drug immediately upon contact 

with water without any ability to control the drug release kinetics.37 Early, 

macroscopic, drug formulations were intended to release free drugs so that they 

would reach their designated biological target in an unprotected state. A 

paradigmatic change occurred thanks to the introduction of new formulations 

where the properties of polymeric capsules were tailored to achieve control over 

drug release. By tuning the capsule thickness or composition different delivery 

profiles were achieved, which facilitated great increase in human health and 

wellbeing. This technology, born about 60 years ago, started us on the path 

towards the modern nanoscopic era of medical research. Through the history of 

nanomedicine there are three evolutionary generations that can be discerned 

(Fig.1.1), with the first starting around 1950 and concerned with overcoming 

physicochemical barriers arising due to the chemical composition whereas the 
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second generation was concerned with biological barriers – both deepening our 

understanding and providing solutions. The third, and ongoing, generation of 

nanomedicine seeks to combine the ability to overcome physicochemical and 

biological barriers in systems that will be effective for medical purposes.37  

 

Figure 1.1: Diagram highlighting the historical development of nanomedicine. 

 

1st generation (1950-1980): engineering delivery systems 

 The first generation of nanomedicines (1950-1980) overcame 

physicochemical barriers such as poor aqueous solubility or passive diffusion of 

drug molecules and introduced systems made of large molecular weight materials 

to counteract these issues. At this early stage, more accessible organs such as 

the liver and spleen were targeted because foreign entities that entered the body 

orally were transported to those organs for processing and excretion. The earliest 

formulations for drug delivery had to come to terms with physicochemical 

limitations such as drug dissolution and diffusion and were generally administered 

orally or transdermally. Indeed, the first polymers that were used for these 

applications were those that could dissolve in contact with water or the acidic 

conditions of the stomach. With regards to diffusion of the active agents, it was 

first necessary to understand the factors that would permit drug-formulations to 
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transfer their contents across the biological lipid barrier. Arising from this was the 

implementation of liposomes, spherical vesicles comprising a phospholipid 

bilayer that range in size from 80-300 nm, which can be fabricated by transferring 

insoluble lipids into aqueous media via an organic solvent. Liposomes have been 

reported to increase the solubility of drugs and improve their pharmacokinetic 

properties. Release characteristics of liposomes can be tuned by varying the 

composition of the membrane so that sensitivity towards pH, osmotic gradient 

and the surrounding physical environment can be programmed. Examples of 

marketed liposomes that have shown high efficacy and less toxicity compared to 

non-liposomal preparations are: liposomal amphotericin B (AmBisome®, 

Amphotec®, Abelcet®) and liposomal daunorubicin (DaunoXomo®).38 

 Other NP formulations, including nanoparticles based upon iron 39 or drug 

nanocrystals 40, were developed at this time but were not widely utilized due to 

their unfavorable chemical and functional properties. It emerged at this time that 

the opsonization process, by which proteins that exist in biological fluids bind to 

foreign bodies to facilitate their uptake by phagocytotic cells and eventual 

excretion, was a significant hurdle for NPs to overcome. To counter this problem, 

the value of grafting a hydrophilic stealth-like corona onto the surface of a particle 

in order to create a steric barrier to surface binding was realized – the birth of the 

concept of PEGylation. Such considerations take us into the second generation 

of nanomedicines where understanding and overcoming biological barriers is the 

main focus attention. 

 

2nd generation (1980-2010): bio-adaptive systems 

 The second generation of nanomedicines (1980-2010), was driven by the 

development of two important technologies for nanotherapeutics; the concept of 

PEGylation was a design principle that received much attention alongside the 

‘Enhanced Permeation and Retention’ (EPR) effect.41 Such technological 

developments were critical in overcoming biological barriers that complicate 
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effective targeting and/or drug delivery due to rapid clearance of particles from 

the blood stream and filtration by the liver and spleen. 

 The concept of PEGylation, to enhance both the circulation time and the 

stability (against enzyme attack or immunogenic recognition) of recombinant 

protein drugs and other particles quickly became a ubiquitous feature of NPs after 

its introduction in the late 60s.42 The extension of this concept to sterically-

stabilized liposomes, which demonstrated enhanced circulation times and 

passive targeting properties, started to generate promising results in vivo and 

resulted in the products such as Doxil® in the mid-90s.43 Around the same time, 

drug-loaded BCP micelles, based on synthetic surfactants known as Pluronics® 

were also developed, with the synthetic BCPs replacing lipids as the basis for the 

NPs to good effect.44 Another important discovery was the EPR effect whereby 

the leaky vasculature of rapidly growing tumors resulted in increased entrapment 

and retention of NPs, which can be exploited in the treatment of solid tumors.45 

Although more recent evidence suggests that the EPR effect is only effective in 

close proximity to leaky vessels, and not throughout a tumor (due perhaps to the 

low diffusion coefficient of the NPs within the tumor’s extravascular tissues) this 

remains an important concept in nanomedical research.41 During the past decade 

there has been a lot of interest in tumor-targeted drug delivery using NPs to 

exploit the EPR effect such as protein-based particles with small dimensions that 

make them suitable for such uptake.46 However, such NPs operate using passive 

tumor-targeting where localization is driven by their small size (an important 

morphological consideration) and not specific recognition of tumor or neovascular 

targets. 

 Although this generation of NPs yielded numerous innovative chemical 

systems and facilitated a deeper understanding into the biochemical principles of 

nanomedicine, there were significant problems encountered when translating this 

into clinical trials. A lack of particle specificity and high toxicity meant that 

discoveries such as PEGylation and the EPR effect were not enough; further 

design principles needed to be developed. There was need to find new design 

criteria that would combine favourable physicochemical characteristics, with an 
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ability to integrate within a biological context, which we are constantly deepening 

our knowledge of, whilst having greater functional specificity and control.37 Being 

able to engineer truly biocompatible NPs would allow us to create nanovectors, 

which could be tailored for different targeting applications without interfering with 

other biological processes and systems “capable of transporting and delivering 

one or more bioactive molecules, including therapeutic agents and imaging 

contrast enhancers”.38 For the next generation of so-called ‘smart’ nanovectors 

(NVs) the goal is to achieve specific targeting whilst maintaining favourable 

control over peripheral behavior in vivo (circulation time, retention, toxicity etc.) 

so that clinical trials will be successful and we can generate products that will 

positively impact human health. 

 

3rd generation (work in progress): targeted nanovectors 

 Successfully overcome physicochemical and biological barriers that were 

previously discussed whilst introducing targeting capacity into NVs, is a challenge 

that, at the present time, draws together expertise from numerous fields of 

research from polymer and materials chemistry to biochemistry, cellular biology 

and clinical medicine. However challenging, the development of NVs for active 

targeting necessitates the attachment of molecules that will engage in some form 

of receptor/effector interaction with the target tissue for the purpose of selective 

activation, identification or immolation, which can be accomplished using specific 

antigens or molecular motifs such as peptides.41,47,48 This introduces numerous 

complications such as the need to understand the structure/function properties of 

appropriate target groups, chemical methods for their attachment to NVs and 

how, after attachment, is the native biochemistry influenced. Because any ‘smart’ 

vector needs to integrate into a biochemical ocean of functionality it is important 

that morphological changes in the size, shape and surface (important for 

targeting) be carefully characterized and tailored appropriately.49 Furthermore, 

the greatest challenge faced in this research might be to avoid undesirable 

interactions of a targeting NV with any other biological interface before it can 
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reach its designated target site. With this in mind, it becomes more important than 

ever that the fundamental design principles be attended to so that the structural 

basis of NVs is as suitable as possible for in vivo applications, which is where 

morphological control becomes of great interest. 

 Another aspect of smart NVs is that they are capable of controlling the 

release or delivery of their functional cargo.8 If the goal of the NV is to accomplish 

interaction with the immune system in order to facilitate, for example, T-cell 

activation, then effective display and accessibility of surface motifs is highly 

important and these should not become deactivated in biological medium.50 

Alternatively, if drug release or enzyme delivery is the desired NV function then 

control over the way in which the active agent is released in time, and also in 

space, is very important. A design concept that is increasingly being exploited in 

NV design is stimulus-responsiveness, whereby physical responses to a certain 

stimulus (temperature, pH, osmotic stress, light and chemical triggers such as 

[O2] or [H2O2]) can be incorporated into the structural components in order to 

perform the desired function under the desired set of conditions.51,52  

 Polymeric NVs, in particular, are amenable to the incorporation of stimuli 

responsive components through blending with chemically responsive structural 

units.53 Structures that can undergo morphogenic transformation via enzymatic 

degradation, pH-induced charge reversal, sol-gel transitions, redox sensitive 

bond cleavage, photo-induced cleavage or isomerization can be utilized to target 

biological environments that display the requisite parameters (or in the case of 

photosensitivity introduce an external stimulus).54–56 Such changes in the 

morphological properties of NVs would facilitate a concomitant activation or 

release of functional cargo in order to address the particular diseased tissue and, 

as such, have great clinical potential.57 Another approach to stimuli-responsive 

selectivity is to program the release of functional components as a result of 

changes in the local environment such as redox or pH-induced cleavage of drug-

polymer scaffolds or pH-induced charge reversal leading to release of 

siRNA.33,58,59 
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 Most recently, conventional NVs, which are largely based on spherical 

constructs with fixed nanometric dimensions, are being redesigned in order to 

gain greater control over the morphology with promising results. Facilitated by 

advances in materials science and nanofabrication methodologies, the ability to 

finely tune the geometric parameters of NPs has created new opportunities for 

NV design.7,60–64 In the following section the physical and biological factors that 

contribute towards the recent focus upon controlled morphology as a key design 

principle in NV development for the next generation of nanomedical technologies 

will be described. 

 

Aspects of morphology for nanovector development 

 Having presented the current state-of-the-art in terms of the development of 

biomedical NVs, it is useful to describe the specific morphological features of 

these systems with respect to the physicochemical and biochemical properties 

and how these are utilized for medical applications. 

 

Morphological engineering of polymeric nanostructures 

 Top-down fabrication is an attractive approach for the production of 

morphologically discrete NVs (Fig.1.2). Two attractive methods exist for this 

purpose: film stretching and PRINT.65 By film stretching, polymer-based spherical 

NPs can be elongated into nanorods through a process of heating, stretching, 

cooling and template dissolution.66 This process is capable of generating particles 

with complex behavior derived from the polymeric components, such as 

stimulated shape transformation.67 The PRINT methodology utilizes constant 

processing where a porous template is used to produce particles of the desired 

nano-geometry.25,68–70 The non-adherent templates are produced by casting a 

chemically-resistant, rigid polymeric mold from a photolithographically patterned 

silicon wafer. The versatility of such a methodology has been demonstrated by 

the formation of multiphase nanorods, hydrogel-based and stimuli-responsive 
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particles that can be implemented in nanomedical research.71–73 In these 

processes it is the physical characteristics of the respective polymers, which arise 

from the chemical structure and form of the polymer chains, which facilitate the 

conformational restructuring of derived particles via heating and applying 

mechanical control. The ability to produce particles in a scalable process with a 

very narrow distribution makes these techniques very appealing; however, 

limitations exist with regard to template formation and in the range of polymers 

(such as poly(lactic-co-glycolic acid), cross-linked PEG-acrylates and hydrogels 

comprising bifunctional silyl ethers) that have suitable thermal and physical 

properties to make them amenable to this type of processing. 

 

 
Figure 1.2: An overview of top-down fabrication methodologies to generate nanoparticles 
with control over the size and shape: (a) Schematic representation of the Particle 
Replication In Non-wetting Templates (PRINT) process. Morphologies fabricated using 
PRINT includes (b) nano-cylinders, (c) rods, (d) discs, (e) cubes, (f) boomerangs and (g) 
hex-nuts. (h) Film stretching process to produce particles with (i) spherical, (j) tubular, (k) 
spherical discs and (l) elliptical discs. Panels (a) & (f) reproduced from 70 (copyright John 
Wiley & Sons, Inc. 2009), panels (b-e) & (g) reproduced from 69 (copyright American 
Chemical Society 2008), panels (h-l) reproduced from 66 (copyright National Academy 
Sciences USA). 

 

 Microfluidics could soon also be an interesting platform for NVs production, 

with reproducibility and easy scaling-up as main advantages.74 By droplet addition 
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protocols, and double emulsions, synthetic cells and multicompartmental particles 

were already reported in literature.75,76 Moreover, shape-based cell differentiation 

was possible in such a device.77 Creation of NVs with well-defined characteristics, 

such as discrete morphology and shape, might therefore also be possible in the 

future. 

 In contrast to top-down approaches, the bottom-up design of polymeric NVs 

has been progressed by a deepening knowledge of the physicochemical 

principles behind self-assembly as opposed to technological advancements in 

fabrication methodologies (Fig.1.3).78,79 In terms of polymer self-assembly the 

objectives of control and replicability are more challenging than when using 

advanced fabrication techniques, however, it allows us to access a far more 

diverse morphological landscape where bio-inspiration plays more of a key role. 

The supramolecular characteristics of self-assembled systems, which can be 

varied so effectively through molecular design, are a reflection of the way in which 

biological materials are fabricated through the assembly of molecular building 

blocks into living systems under the influence of intermolecular forces.80 In 

particular, BCP derived NVs possess a membrane, arising from the amphipathic 

assembly of the polymer chains, which is also a ubiquitous structural 

characteristic of living systems.81 
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Figure 1.3: Bottom-up design of nanoparticles via block copolymer self-assembly: (a) 
Relationship between BCP structure and morphology, due to packing parameter (P), ratio 
between hydrophobic chain volume (V) and the product of (a) headgroup area and (l) chain 
length. (b) Fabrication of BCP via direct hydration. (c) Phase diagram of PEG-b-p(CL/DLA) 
composition variation effect on resulted shape after self-assembly. Panel (a) reproduced 
from 13 (copyright John Wiley & Sons, Inc. 2009), panel (b) reproduced from 65 and panel 
(c) reproduced from 26 (copyright Royal Society of Chemistry 2013 & 2016).  

 

 The structural diversity arising from BCP self-assembly has been utilized in 

the formation of numerous complex systems with distinct morphological 

characteristics such as nanoreactors and artificial organelles.82–84 Although 

morphological features such as rigidity, size and surface charge can be 

introduced through well-established means and methodologies, the ability to 

control shape of BCP architectures can be a much more challenging prospect. 

Utilizing changes in the structure of BCPs, and the conditions in which they are 

assembled, it is possible to controllably direct the formation of spherical or worm-

like micelles, vesicles and assorted compound structures where fine control of the 

balance between the hydrophilic and hydrophobic components is of critical 

importance.33,85  
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 Worm-like micellar NVs, so-called ‘filomicelles’ named by analogy with 

filoviruses, are composed of PEG-polylactide copolymers that are assembled 

through dissolution in organic solvent and subsequent dispersion in an aqueous 

solution with evaporation of the volatile organics yielding the desired NVs.26,86 

Stabilization of therapeutic drugs in the hydrophobic membrane can be easily 

realized utilizing this methodology and surface characteristics such as 

functionality and the length of the PEG corona can easily be varied in order to 

influence the biological performance of the NV. Moreover, fragmentation, 

degradation and rigidity can all be tailored by varying the molecular characteristics 

of the hydrophobic portion of the BCPs although this is limited by the overall 

phase behavior where filomicelles are bounded by micelle and vesicular 

structures. The ability of such filomicelles to deliver drugs is dependent upon the 

ability of the BCP framework to uptake and release non-covalently bound 

molecules, which is dictated by structural compatibility between guest(s) and host, 

with low efficiencies and poorly controlled release reflecting a lack of affinity with 

the hydrophobic inner environment and vice versa.86 In another work, worm-like 

micelles were engineered from spherical counterparts, by controlling the ionic 

strength of the solution during a direct hydration formulation method.27 This 

ionically-induced switch between morphologies was driven by modulation of chain 

packing with salts screening interchain repulsions, leading to micelle elongation. 

The nanoworms were loaded with doxorubicin at high efficiency, and their 

elongated shape increased tumor penetration in cancer cells. 

 In contrast to micellar particles, where the morphology of the structure is 

often fixed in the initial self-assembly process, inducement of shape 

transformations can also be very useful in creating different types of NV. Vesicular 

structures, of the like formed by both lipids and BCPs, can under certain 

conditions undergo shape transformation in response to physical factors as a 

result of thermodynamic restructuring of polymer chains and surface topology.87,88 

Inducing shape transformations in polymersomes allows us to extend the 

versatility of this system towards different morphologies (Fig.1.4). Physically, 

shape transformation can be accomplished through out-of-equilibrium processing 
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of polymersomes that have complementary chemical features (such as rigidity 

and porosity) so that otherwise inaccessible forms can be accessed through 

careful control of conditions such as the composition of organic solvents, rate of 

addition of aqueous solution, temperature cycling, osmotic shock and chemical 

cross-linking.89–91  

 In particular, nanotubes (tubular polymersomes) are exciting candidates for 

the development of NVs due to their high aspect ratio and potential for 

immunotherapy, alongside drug delivery. Nanotubes have been engineered 

through chemical cross-linking using bio-orthogonal click chemistry or polymer 

blending in a film rehydration process.92,93 Recognizing the importance of using 

biodegradable polymers in the design of materials for medical applications we 

have recently developed a facile methodology for the generation of biodegradable 

nanotubes via the osmotically-induced elongation of PEG-polylactide 

polymersomes.94,95 Through tailoring the balance between membrane flexibility, 

organic solvent composition and ionic gradient it was possible to transform the 

polymersome membrane, while in a flexible state, into tubes that became fixed 

once the organic solvent was removed by dialysis; a kind of out-of-equilibrium 

processing.  

 Another interesting bottom-up approach is Polymerization-Induced Self-

Assembly (PISA).96 As previously stated, the nanoparticle morphology is often 

directly related to the physicochemical properties of its components. PISA is a 

one-pot reaction for the synthesis of polymeric building blocks followed by the 

formulation of NVs that can undergo self-assembly into different size and shapes 

depending on monomer/polymer reactivity and solubility in the solvent of the 

reaction. Indeed, in a typical PISA formulation, a precursor block is solubilized in 

a well-chosen solvent, and undergoes chain-end polymerization with a monomer 

which homopolymer is insoluble in the solvent.64,97–100 Therefore, when reaching 

a critical degree of polymerization for the growing block, the chain becomes 

insoluble, which drives in situ self-assembly and formation of diblock copolymer 

objects. The packing parameter of the chain (Fig.1.3a) is a determinant factor in 

the resulting morphology of the nano-object. With the help of phase diagrams, an 
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appropriate reaction set-up can be engineered in order to obtain the NV 

morphology desired, following basic design rules.96,101 This one-pot process can 

involve relatively high solid concentration (up to 50 wt%) and high monomer 

conversion, in a short reaction time. In that sense, PISA is an attractive process, 

with potential commercial applications due to the reduction of industrial costs by 

a straight-forward scaling-up. 

 With such strategies in mind, it is necessary to examine the ways in which 

these NVs are being utilized for in vitro and in vivo studies in order to better 

understand the biophysical consequences of their morphological re-engineering. 
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Figure 1.4: Methodologies for the shape transformation of spherical polymersomes into 
nanotubes using either (a) chemical cross-linking of the inner (hydrophobic) polymer 
chains or (b) osmotically-induced volume reduction coupled with changing solvent 
composition in order to lock-up the tubular morphology. Panel (a) reproduced from 92 and 
panel (b) reproduced from 95. 

   

Impact of nanovector morphology on performance in vitro and in 

vivo 

 To quote the author Young: “few people care that bacteria have different 

shapes. Which is a shame, because the bacteria seem to care very much.” 102, 

which is to say that bacteria are an excellent example of the biophysical 

advantages of complex morphology. Far from being inconsequential, the diverse 

morphologies exhibited by bacteria are an essential part of their evolutionary 

tuning; their form is as important as their genetic and biochemical contents. 

Specific advantages of the various morphologies exhibited in bacteria include 

surface-to-volume ratio effects for nutrient transport in cells of varying sizes, 

external and internal diffusional advantages for elongated cells, film formation or 
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surface attachment for rod-like and filamentous cells and, importantly, both 

smaller and elongated cells appear to circumvent cellular predation and clearance 

from the body – all excellent characteristics to impart to next generation NVs.102 

Moreover, when considering the behavior of nanoscopic architectures it is 

imperative to consider the mechanisms by which these would interact with 

individual cells and, in particular, the plasma membrane.19 Endocytotic transport 

of macromolecules and particles across the membrane into the cell can occur via 

several mechanisms but are widely categorized into phagocytosis, which only 

occurs in certain cells that are capable of ‘devouring’ their surroundings, or 

pinocytosis, whereby cells ‘drink’ their environment. Uptake rates can be 

enhanced and uptake mechanisms controlled through non-specific and (to a 

greater degree) specific binding to the surface receptors, which are a vital 

mechanism by which cells interact with their surroundings.19,103 

 The general principles that relate the physicochemical characteristics of 

particles to cellular endocytosis are well understood, having been the focus of 

much research for the last 10 years.104 The size and surface chemistry of particles 

has been shown to play an important role in cellular internalization due to the 

interactions with the plasma membrane, which is negatively charged, and the 

ability of differently-sized particles to affect the energetics of membrane 

deformation, which precedes uptake.105 In other studies, it has been 

demonstrated that excessive particle stiffness can impede cellular uptake and it 

is possible to add cholesterol, a ubiquitous plasticizer of biological membranes, 

to a polymersome in order to enhance uptake.17,106 Enhanced cellular uptake has 

also been demonstrated as a consequence of imbuing NVs with non-spherical 

shapes, which needs to be investigated more extensively in order to give more 

extensive understanding.33 Moreover, particle shape has been identified as a 

critical factor in particle uptake by phagocytes, with non-spherical morphologies 

giving rise to a range of behaviors.107,108 It has also been demonstrated that the 

aspect ratio of rod-like NPs impacts cellular internalization, with different 

pathways being triggered depending upon the particle length.109 
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Figure 1.5: The role of NV morphology on biological studies. (a) Multiple endocytotic 
pathways are used by bone-derived macrophages when endocytosing 100 nm NPs, (b) 
Cellular uptake impacted by both size and shape, (c, d) Shape effect during phagocytosis 

processes. Panel (a) reproduced from 110 (copyright Elsevier 2014), panel (b) reproduced 
from 68 (copyright Royal Society of Chemistry 2006), panel (c) reproduced from 108 and 
panel (d) reproduced from 107 (copyright National Academy of Sciences USA 2006). 
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 One striking challenge in this area of research is that different cell types 

possess unique characteristics and therefore it is very difficult to comprehensively 

understand the mode of action of particular NVs in disparate cellular 

environments. Whilst the current state of knowledge gives us excellent indication 

that we are on the correct trajectory, there is great need for collaborative efforts 

to unpack the consequences of NV morphology upon the diverse range of cellular 

interactions.111 Moreover, cellular trafficking of NVs is also of great importance in 

order to understand the internal processing of particles by the cell. 

 Up to this point most work has focus upon cellular uptake, and the examples 

of NVs that can release their cargo into the cytosol or even bypass the endosomal 

system and wholly enter the cytosol are limited, warranting more research in this 

area.112 Selected examples of in vitro studies that have examined the effect of 

particle morphology upon cellular interactions are presented in figure 1.5. As it 

has been already stated the effect of NV morphology upon its performance in vivo 

depends upon its ability to permeate various tissues and perform well in the 

bloodstream, so that it can circulate freely whilst being capable of interacting with 

its environment and, in particular, vascular tissues.22 It has been shown from 

modelling the flow characteristics of elongated particles that they would, in the 

bloodstream, naturally drift towards the vessel walls and thereby be more suitable 

for targeting applications due to this intelligent behavior.24,113,114 In other work, 

rod-shaped particles have shown greater transport across intestinal cells 

compared to their spherical counterparts, both with active targeting (via 

biotinylation) enhancing their accumulation at the desired cells, laying the 

foundation for their development towards oral drug delivery applications; 

however, development of biodegradable NVs that display such morphology is 

imperative.20 

 Despite such favorable in vitro behavior, this would all be useless if the NV 

tended to be opsonized and cleared by macrophages, which is where the 

advantageous surface characteristics of BCPs can synergistically enhance 

performance by providing stealth properties. Surface bound PEG, a key structural 

component of BCPs, and similar hydrophilic polymers provide stealth character 
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in evading the phagocytotic system in a process that is not comprehensively 

understood.31 A recent study has shown that protein binding to specific surface 

polymers is an important feature of polymers like PEG, which can preferentially 

bind certain serum proteins over others, which leads to stealth properties as a 

secondary effect.115 If stealth is a secondary effect of protein binding then more 

research should be conducted to understand the nature of protein interactions 

with the hydrophilic corona of NVs as this may improve our ability to control NV 

performance in vivo through morphological tuning. 

 A more detailed understanding of the effect of particle morphology upon 

biophysical behavior will aid in engineering NVs and bring us closer to a tangible 

system that can be used in nanomedicine. Although we have made much 

progress there is still a great deal of information detailed in vitro studies can yield 

about suitable design criteria for NVs. There are currently a number of NVs being 

developed further by studying their nanomedical capabilities in vivo, an important 

precursor to clinical trials. However, as we continue this scientific endeavor, there 

will be new synthesis strategies, materials and test models that are being 

developed and so the process of NV development must be integrative as we 

progress in a cyclic rather than linear fashion towards the end goal of medical 

application.117,118 

 

Developing the new generation of nanovectors for medical 

applications 

 In the last section of this chapter it is pertinent to discuss some of the ways 

in which NV morphology is being utilized to improve in vivo performance (Fig.1.6). 

An excellent example of this is the development of artificial (polymeric) 

erythrocytes that possess a discoidal shape, mechanical flexibility, biochemically 

mediated aggregation and heteromultivalent presentation of ligands for platelet 

binding and wound targeting.119 Such morphologically diverse NVs show high 

specific adhesion and limited non-specific interactions with excellent hemostatic 
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capability over more rigid, spherical counterparts, due to their propensity to 

marginate to the vascular wall, which results in a substantial reduction of bleeding 

time in vivo. A similar system, composed of oblate polymeric stomatocytes 

covered with cell membrane isolated from erythrocytes, was reported to mimic 

red blood cells, and enhanced the circulation time in mice.120 In other work, 

increase in the circulation time of filomicelles has been related to their elongated 

form, which performs well in flow and has been shown to prevent phagocytosis 

through flow-induced shear forces, resulting in improved tumor-shrinkage in mice 

models.18 Moreover, filomicelles have been used to increase the maximum 

tolerated dose of the chemotherapeutic paclitaxel and enhance tumor penetration 

as a consequence of their flexibility and form.121 Implementation of such NVs in 

combination with radiotherapy has also been shown to enhance therapeutic 

efficacy, which means that such systems can be used alongside existing 

treatments to improve success.26  
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Figure 1.6: The effect of NV morphology upon circulation and biodistribution times in vivo. 
(a) Enhanced time for filomicelles compared to spheres in rodent. (b) Reduced 
internalization of filomicelles by macrophages in flow, compared to that of spherical 
vesicles. (c) Dynamic of differently shaped particles at the surface of cells under flow 
conditions (mimicking the bloodstream). (d) Shape effect on biodistribution in vivo, with 
cylindrical particles showing the least accumulation in the kidneys and greatest in the liver. 
Panels (a) & (b) reproduced from 18 (copyright Nature Publishing Group 2007), panel (c) 
reproduced from 24 (copyright American Chemical Society 2016) and panel (d) reproduced 
from 116. 
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 With this in mind, the degree to which morphology impacts biodistribution is 

of significant interest. It has been shown that, after injection, morphologically 

diverse particles (spherical, discoidal, cylindrical and hemispherical) have 

contrasting organ accumulation characteristics, with discs appearing to avoid the 

liver to the greatest extent; highlighting another way in which morphology 

determines NV behavior, and therefore efficacy, in vivo.116 There have also been 

a number of studies that have used NVs with in-built stimuli responsiveness that 

have demonstrated tumor-specific activity through pH dependent release of 

chemotherapeutic agents, oxidative stress induced release of siRNA and 

photoinduced cytotoxicity.57 Overall, the importance of morphology on in vivo 

performance is clear and should be considered as a fundamental principle in next 

generation nanomedicine.63,122,123 

 The final stage in preparing smart NVs for medical applications requires 

functional modification of the surface in order to facilitate adhesion to the desired 

site of accumulation. There are a number of methodologies that have been 

employed to accomplish NV targeting that include the covalent attachment of 

antibodies, nucleic acid aptamers, peptides, folic acid and carbohydrates.79,124 

Moreover, ‘smart’ behavior can also be built-in at this stage in the design of NVs 

through the generation of cell-targeting motifs that only become active under 

certain conditions, such as low pH, which further enhances their specificity and 

therapeutic efficacy.125 The latter property can well be used to overcome 

established challenges associated with reductions in circulation time of NVs, 

caused by increased non-specific binding to undesirable tissues as a result of the 

presentation of targeting motifs displayed on their surface.72 Cell membrane 

cloaking to NVs is also an innovative strategy that enhance NVs performance in 

vivo, such as immunosuppressive capability, longer circulation time, and targeted 

recognition.126 By surface engineering of the NVs, not only they can mimic the 

physiochemical properties of natural cell membranes but also offer unique 

biological functions due to the possible presence of membrane-anchored 

proteins, antigens, and immunological moieties.  
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 An important consequence of morphological tuning, apart from the ability of 

small-sized NVs to bypass cellular barriers more readily, is the synergistic 

enhancement of targeting ability of elongated particles.123 Elongated NVs that 

possess targeting motifs, such as antibodies, displayed on their surface are 

capable of engaging in multiple binding events along their length that can more 

firmly anchor them at the cellular surface and facilitate uptake or vicinal drug 

delivery.127,128 However, it should be noted that there are complexities relating to 

ligand density on the surface of the NV as it has been described that excessive 

cellular binding can also inhibit uptake, which means that this parameter also 

requires optimization.129 Rod-like NVs have shown reduced non-specific and 

enhanced specific uptake (through antigen display) in breast cancer cell lines 

when compared to spherical particles, with greater inhibition of cell growth.130 It 

has also been shown that in certain applications the interplay between size and 

shape is more complex with immune responses of antigen-modified particles 

varying between spherical and rod-like particles, which highlights that morphology 

should be varied in response to biochemical findings.131 Further examples of 

successfully implemented NVs that utilize the favorable properties of shape 

towards increasing their therapeutic effect are now in development and hopefully 

will be seen as the figurative descendant of the past few decades of nanomedical 

research. 

 

Conclusion 

 The future development and success of nanomedicine is reliant upon the 

exerted effort of materials science, biochemistry and medical professionals to 

collaborate and refine our understanding of what makes a good NV. Up to this 

point, we have deepened our understanding of the effect of size, shape and 

surface chemistry upon aspects of NV behavior such as cellular uptake, 

circulation, targeting and biodistribution but there is a lot more to do. In general, 

the use of biodegradable components should be a ubiquitous principle due to the 

need for biocompatibility; however, all of the knowledge we have gained up to this 
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point has been invaluable in developing morphological design principles that can 

make an effective NV.  
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Abstract 

 
 This chapter provides an introduction to the anatomy and physiology of the 

eye and ocular drug delivery. First, the main ocular diseases will be concisely 

described, with associated treatments reported in literature. Different routes of 

administration will be discussed, including ocular drug delivery materials and 

devices. Finally, existing pharmacokinetics, pharmacodynamics, in vitro and in 

vivo ocular models will be introduced. The overview given in this chapter 

regarding the state-of-the-art of ocular drug delivery treatments is used as a 

reference for the experimental chapters in this thesis related to ophthalmology. 
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Introduction 

 As described in Chapter 1, the development of Nanomedicine has been a 

process of many years. Advanced synthetic and formulation techniques have 

allowed the construction of a range of different carrier systems, from liposomes 

to polymersomes, from spheres to tubes, from simplicity to complexity, to meet 

the physico-chemical characteristics required for therapeutic efficacy, which has 

been supported by an improved insight in the physiology of the human body. This 

development is also valid for the field of ophthalmology, where furthermore the 

emergence of new technologies, such as powerful lasers and microscopy 

techniques, super-thin needles, or 3D computational reconstruction, 

accompanied with the specialization of numerous surgeons for ophthalmology, 

have influenced the evolution of ophthalmologic treatments. Also with regard to 

ophthalmology the optimal delivery system is still to be found. One main concern 

is patient compliance. Human or animals need their eyes and vision to survive in 

their environment, and to be integrated to their society. Eyes are vital and fragile 

organs, directly linked to the brain, and having a damaged eye, can influence your 

daily life tremendously. Any treatment of the eye has therefore to proceed with 

extra caution. 

 

Anatomy of the eye 

 The eye  is a complex sensory organ that many ophthalmologists consider 

as a part of the brain.2–4 The central nervous system is indeed directly related to 

the eyes via the optic nerve, so that the eye acts as a gateway between the 

external world images, and their relative human brain interpretation. A human eye 

is a spherical globe composed of about 12 main elements, classified in two main 

categories (Fig.2.1): the anterior and posterior eye. The anterior segment is the 

front side of the eye and consists of the cornea, the conjunctiva, the aqueous 

humor, the iris, the ciliary body and the crystalline lens. The posterior eye 
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segment contains the sclera, the choroid, the Bruch’s membrane, the retinal 

pigment epithelium (RPE), the neural retina and the vitreous humor. 

 In the research described in this thesis, our main focus are diseases related 

to the posterior eye segment, and more specifically the vitreous and the retina. 

The vitreous humor is what maintains the eye as a globe, and it is composed of 

99.9 vol% water and 0.01 vol% collagen fibrils, hyaluronic acid and electrolytes. 

It is mostly avascular and transparent, as a gel-like fluid. The density of the gel is 

known to decrease from the front (thicker for more protection) to the back side of 

the eye (Fig.2.2A).  

  
Figure 2.1: Anatomy of the human eye 3 

 The vitreous body is held against the retinal inner limiting membrane through 

connections with the optic nerve and the macula (anterior retinal layers).5 The 

retina is one of the most important parts of the posterior eye, as it converts light 

into a nerve signal for the brain (Fig.2.2B). The retina is in contact with the 

vitreous body via its inner limiting membrane and it is connected on the other side 

with the choroid, vascular layer of the eye. It is organized into different regions 

called the fovea, macula, optic disc and peripheral retina.2–4 The macula, with the 

fovea as its center, is the region which contains the highest density of 
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photoreceptors. The photoreceptor cells consist of rods and cones. Retinal rods 

are responsible for differentiating colors in bright light, whereas cones take care 

in distinguishing black and white color in dim light. 

 
Figure 2.2: Composition of the vitreous (A) and structure of the retinal layers (B). 5  

 

 The peripheral retina is the major place for blood vessels, mainly in 

connection with the choroidal circulation. Between the choroid and the 

photoreceptor cells, each eye also contains approximately 3.5 million retinal 

pigment epithelium (RPE) cells.5 The RPE cell layer has many vital functions for 
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the eye. It has a role in the visualization process, by storing retinal ions and 

absorbing scattered light. It also forms a protective barrier, via its tight junctions, 

between the retina and the blood compartments. In order to allow communication 

between the retina and the underlying tissues, including the immune system, the 

RPE layer also secretes many different growth factors (such as the vascular 

endothelial growth factor). Diseases related to the posterior eye are often due to 

malfunctioning of the RPE cell layer. 

 The complexity of the eye is also to be found in the numerous barrier 

systems that play a role in protecting the vital ocular elements. These are partially 

mechanical barriers, such as to be found in the cornea, conjunctiva, iris-ciliary 

body and the lens. Furthermore, there are many active transport systems, such 

as efflux pumps, the conjunctival lymph draining system, blood flow, the opposite 

directional flow of the aqueous humor and tear production.2–5 These mechanisms 

are on the one hand very effective in protecting the eye from any undesired influx, 

on the other hand they pose a significant challenge when drug delivery is 

concerned. For example, one commonly used administration of drugs to the 

cornea and conjunctiva are eye drops. Topical administration for treating the 

anterior eye faces two main anterior barriers: tears and aqueous humor. Tear 

drainage eliminates 90% of the drug in seconds, into nasolacrimal canals. If some 

of the drug passes the corneal epithelial, access might be further limited by the 

aqueous humor flow, especially for large hydrophilic compounds. Another 

important barrier in the posterior eye, is the Blood Retinal Barrier (BRB), which is 

similar to the Blood Brain Barrier (Fig.2.3). The BRB is located in the RPE cell 

layer, and consists of two subdivisions: the inner (retinal capillary endothelial 

cells) and outer barrier (tight junctions). Exchange of substances is regulated by 

the tight junctions, and passive diffusion is almost excluded (except for some 

gases or very small lipophilic molecules). 
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Figure 2.3: Illustration of vasculature in the eye: the Blood Retinal Barrier.1 

 

Routes of administration 

 Due to eye’s special anatomy and physiology, it has always been a major 

challenge for ophthalmologists and pharmacologists to develop ocular drug 

delivery systems and find the best treatment for patients. One of the main 

parameters for a suitable ocular treatment, is an efficient route of administration 

(Fig.2.4).6 The entire development of a new product should start by choosing a 

delivery route. From there, several barriers, as described before, need to be 

faced, and the system needs to be adapted. Nowadays, an ideal treatment is 

seen as non-invasive, painless, and for chronic diseases with a sustained 

pharmacokinetic profile (for example, dosage per month). Droplets as a universal 

ocular drug delivery route are therefore an inspiration and ambition. However, 

they are often not efficient, especially for posterior eye diseases. 
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Figure 2.4: Routes and devices for ocular drug delivery 6 

 

 Two main families of routes are logical to consider based on the area of the 

eye to be medicated. Anterior eye diseases are more accessible due to their close 

proximity to the external environment. The main routes of administration for the 

front eye (conjunctiva, cornea, iris), are topical and systemic. Topical 

administration includes eye droplets and drug-loaded lenses for example. Its main 

advantage is its non-invasive features, but patients need to repeat treatments 

often, due to a short life-time. 90% of the drug is washed off by lachrymal 

barriers.6 Systemic administration is often chosen for inflammation, and treatment 

of the eyelids.  

 Topical administration to treat the posterior eye has proven not to be 

efficient, due to the numerous ocular barriers. Most of the drugs cannot cross the 

different tissue layers and are therefore lost before reaching their target. 

Bioavailability is thus very low, with less than 5% of administered therapeutic 

being able to permeate the retina.7 The periocular route may be suitable, however 

many physical (retinal barriers) and biochemical (conjunctival absorption, 

lymphatic clearance, etc.) barriers remain, which adversely impact drug 
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bioavailability. Therefore, local (as intravitreal or subconjunctival) and/or systemic 

administrations (intravenous or oral) are preferred. 

 

 
Table 2.1: Comparison of various ocular routes: benefits and obstacles  
(BRVO, branched retinal vein occlusion; CMV retinitis, cytomegalovirus retinitis; CRVO, 
central retinal vein occlusion; IOP, intraocular pressure) [modified from 8] 

 
 Unlike topical administration, local administration circumvents most of the 

barriers and therefore allows a high efficiency in drug uptake by the target tissue.8 

By depositing reservoirs, also sustained drug release can be achieved. However, 

surgery is often involved for those treatments, increasing the cost and decreasing 

the patient compliance. As local delivery is quite invasive, ocular complications 

unfortunately often appear during the therapy. Sometimes, side effects such as 

an inflammatory response can be beneficial for the treatment. Vascularization is 

simulated in this case, which makes systemic administration easier and less 

sensitive to the blood ocular barriers. This allows the drug to reach its target more 
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effectively via the blood circulation during the initial phase of treatment. When 

inflammation is reduced, barriers go back to their original state, and drug access 

is lower again. 

 In summary, numerous routes of administration exist for ocular treatment, 

with their own pros and cons (Table 2.1). Depending on the location of the 

disease, and the delivery route chosen, different ocular drug delivery systems 

should be employed. 

 

Major eye diseases 

 A wide range of ophthalmic diseases have been identified affecting either 

the anterior or the posterior segment of the eye. Most of the time, the eye is 

affected by inflammation which can have a bacterial, viral, allergic or 

immunogenic origin, and which can affect the vision by affecting either the eye 

directly, or the optical nerves. It is not uncommon that severe ocular diseases 

eventually lead to blindness. Treatments must therefore be started before 

irreversible damage has been inflicted on the different tissues that constitute the 

eye. Blindness affects around 60 million people worldwide and visual impairment 

is one of the most feared disabilities.9 Loss of sight is a big issue, considering it 

affects activities of daily life. The leading causes of visual impairment are age-

related and cause damage to the retina and optic nerve, such as age-related 

macular degeneration (AMD), retinal vascular diseases and glaucoma, all three 

listed among the top 10 priority eye diseases by the World Health Organization.7 

 

Anterior eye diseases 

 The main anterior eye diseases are refractive errors, cataract, dry eye, 

conjunctivitis and uveitis (Fig.2.5A-F). Myopia, hyperopia and/or astigmatism are 

all three refractive errors, due to an abnormal lens structure. These phenomena 

are really common and can appear at all ages. They are routinely treated using 

corrective glasses or lenses. Cataract also has a high occurrence, especially 
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under the elderly population.10–12 Aggregation and crystallization of lens proteins 

lead to an opacification of the lens, blurring vision. Cataract can be treated 

surgically by replacing the clouded lens with a synthetic implant. The dry eye 

syndrome is also widely spread in the world, and mainly affecting the aging 

population. It is characterized by a chronic lack of eye surface lubrication, due to 

a defect in tears production and/or increased evaporation (for example by 

malposition of the eyelids).13,14 Main treatment is topical, using eye drops. The 

iris, conjunctiva and cornea can also be affected by numerous diseases, which 

are mainly infections (bacterial, viral, allergic) and/or inflammations, as well as 

tissue degeneration. Tumors might also appear on the iris. Located in the anterior 

chamber of the eye, uveitis is a severe form of inflammation, causing eye 

redness, eye pain, and light sensitivity, with possible vision loss.15–17 Treatments 

are diverse, depending on the medical state, but can range from administration 

of corticosteroids to surgery. 

 

Figure 2.5: Pictures of eyes suffering from several diseases: (A) Dry eye; (B) 
Conjunctivitis; (C) Corneal inflammation; (D) Cataract; (E) Uveitis on iris; (F) Eye tumor; 
(G) Glaucoma; (H) Retina with diabetic retinopathy; (I) Retina with AMD. [Bank of images 
from Adrian Smedowski, Medical University of Silesia, Katowice, Poland] 

 

Posterior eye diseases 

 The main posterior eye diseases are age-related macular degeneration 

(AMD), macular edema, glaucoma, retinoblastoma, vitreoretinopathies 

(proliferative, diabetic, infectious, inflammatory), and diseases affecting the 

central nervous vision area (Fig.2.5G-I). They all can lead to severe vision loss if 
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not treated in time. AMD is defined as an age-related abnormality of the RPE 

leading to degeneration of some photoreceptors in the macula and subsequent 

loss of central vision.9,18,19 Vascular endothelial growth factors (VEGF) are also 

implicated in AMD, influencing choroidal neovascularization and vascular 

permeability. Two forms of AMD are known (Fig.2.6): wet (15%) and dry (85%). 

Wet AMD affects the capillary vessels, and an inflammation occurs around the 

macula. Dry AMD is associated with the formation of small yellow deposits 

(accumulation of extracellular material) under the macula, causing thinning and 

drying, altering function and therefore vision. Wet AMD is associated with 

choroidal neovascularization, abnormal formation of blood vessels under the 

retina and macula. Inflammation will then occur due to leakage and bleeding from 

these new vessels, with destruction of the central vision by deformation (lifting 

up) of the macula.  

 
Figure 2.6: Consequences of AMD disease. (A) Normal vision; (B) AMD vision; (C) 
Scheme of physiological differences between DRY and WET AMD. [Source Agepha 
website (AMD)] 
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 Macular edema is the build-up of fluid in the macula, possibly coming from 

leakage of blood vessels in the retina, causing swelling and therefore distortion 

of the vision. It can be Diabetic Macular Edema (DME), or side effects of other 

ocular diseases such as AMD or inflammations. Most of the time, DME is linked 

with diabetic retinopathy. Diabetic retinopathy is associated with high glucose and 

cholesterol levels, and high blood pressure, causing hemorrhages in the 

retina.20,21 Glaucoma implies progressive neuropathy, optic nerve head 

excavation, nerve fiber loss and visual field defects. If nerve signals are lost, 

vision is lost because the brain can’t translate light signals anymore. 

Retinoblastoma is an eye cancer that begins in the retina, mostly affecting 

children.22,23 It occurs when nerve cells in the retina develop genetic mutations, 

causing cells to continue growing and multiplying leading to tumor formation and 

necrosis of healthy cells. 

 

Materials and devices for ocular drug delivery 

 Due to the aging population the necessity to develop efficient treatment 

modalities of ophthalmic diseases has grown strongly. These include both 

(macroscopic) devices and (nano)materials that can position the drug more 

effectively at the site of action, with sustained release options for chronic 

diseases. In this section the main classes of existing drug delivery systems will 

be discussed.  

Soft drug delivery systems and materials 

 The first class of drug delivery system (DDS) are soft matter or molecule 

based, such as solutions/emulsions/suspensions, drug conjugates, liposomes, 

polymeric nanovesicles, micellar systems, dendrimers and hydrogels. Through 

the use of these formulations and carriers, the biopharmaceutical properties of 

the incorporated drug (either lipophilic or hydrophilic therapeutic molecules), 
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including solubility, stability, permeability, and retention at the site of application, 

are possibly enhanced.24–26  

a) Ophthalmic formulations (solutions, suspensions, emulsions) 

 Ocular formulations (solutions, suspensions, emulsions, gels, and 

ointments) are most commonly used to treat common anterior segment 

disorders.27 To enhance the drug bioavailability, ophthalmic formulations require 

a high pre-corneal residence time and a high drug permeation through the 

anterior eye barriers.28 This can be achieved by modification of the drug, or 

modification of the formulation. Drug molecules can be hydrophilic or 

hydrophobic, and this property highly influences their potential to be used in 

ocular treatment, as it directly affects their interaction with the ocular tear barrier 

and the corneal membrane. The prodrug approach, in which the drug is reversibly 

conjugated to a helper/carrier molecule, modifies the physiochemical properties 

of the drug for better absorption by passive or active diffusion.29 It also allows the 

drug to become effective locally upon activation. The active drug can be released 

for example by enzymatic cleavage. A major example is cyclosporin-A, a 

hydrophobic drug, which poses a challenge for formulation development because 

of its inability to permeate the cornea. Two main hydrophilic prodrugs were 

developed as an alternative: UNIL088 with 25000 times higher solubility and 

OPPH008 with higher tissue concentrations in rabbit ocular tissues as compared 

with a cyclosporin-A ophthalmic emulsion benchmark (Restasis, Allergan) .30,31 

 Modification of the formulation itself was explored by using solubilization 

agents such as cyclodextrins, or viscosity and permeation enhancers such as 

hydroxyl methyl cellulose. Cyclodextrin complexation permitted aqueous 

formulation of various hydrophobic drugs, including dexamethasone, 

chloramphenicol, and corticosteroids.32–34 A dexamethasone-cyclodextrin 

complex formulation as a suspension for eye drops increased the drug delivery 

to the posterior segment of the eye by threefold.34,35 Permeability of ophthalmic 

drugs to the cornea was elevated by the addition of hydroxyl methyl cellulose that 

temporarily adjusted the corneal and conjunctival surface to facilitate rapid drug 
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penetration.36 Ophthalmic preservatives such as benzalkonium chloride, 

surfactants such as polyethylene glycol, ethers, EDTA, chelating agents, and bile 

salts are a few examples of permeation enhancers that raise drug 

bioavailability.37–39 However, these agents can cause tissue irritation and severe 

side effects. Ophthalmic emulsions (mainly oil-in-water) offer advantages in 

improvement of drug solubility and bioavailability of previously water-insoluble 

drugs. Some examples of marketed ophthalmic eye drops are Restasis 

(Allergan), AzaSite (Akorn), Refresh Endura (Allergan), and Durezol (Alcon).40  

b) Anti-VEGF treatments 

 By the late 1990s, VEGF was identified as a potential mediator of choroidal 

neovascularization and intraocular neovascularization for patients suffering from 

AMD.41,42 Bevacizumab, already known in cancer treatment, was the first 

monoclonal antibody developed to be specific to VEGF in choroidal 

neovascularization. The most famous clinically available treatment using 

bevacizumab, is Avastin (Genentech), for wet AMD and DR. Pegaptanib sodium 

(Macugen, Bausch & Lomb) was the first antiangiogenic VEGF aptamer approved 

by the US FDA in 2004 for the treatment of wet or dry AMD by intravitreal injection, 

effectively reducing vision loss.43,44 Subsequently, ranibizumab (fragment of 

bevacizumab), was developed by Genentech.45 It demonstrated a higher binding 

affinity to VEGF and better penetration into the retinal layers, going to clinical trial 

phase III with 94% of success for improved vision.46,47 Now, Lucentis 

(ranibizumab monthly intravitreal injection) has been approved for treatment of 

patients with wet AMD. 8 The most recent approved monoclonal antibody for the 

treatment of wet AMD is aflibercept as an intravitreal injection (Eylea, Regeneron 

Pharmaceuticals), showing 200x higher binding affinity to VEGF as compared 

with ranibizumab.48,49 

c) Liposomes 

 Liposomes are composed of a bilayer membrane made of amphiphilic 

molecules such as phospholipids forming an inner aqueous compartment. This 

bilayer protects drugs and tunes their release rate.50,51 Today, several liposome-
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based therapeutics, such as Doxil or Novasome, are commercially available for 

various applications. Visudyne (Verteporfin) is the only liposomal light-activated 

formulation (photosensitivity for 5 days after systemic administration) used for the 

treatment of AMD. Hironaka and al. developed 100nm liposomes for retinal drug 

delivery via topical administration.52,53 They were shown to reach the retina via 

fluorescence experiments thanks to the good affinity of the lipids with the cell 

membrane. Lajunen and al. developed liposomes for intravitreal application using 

heat- and pH-sensitive lipid compositions with star or rod shaped gold NPs to 

release calcein into the cells upon photo-irradiation using visible and near infrared 

light.54 They were internalized effectively, in an in vitro study, into human retinal 

pigment epithelial cells (ARPE19) without exhibiting any cellular toxicity. Another 

system, with lipids and clinically approved imaging agent indocyanine green, 

delivered calcein and FITC-dextran upon only 15 s near-infrared light exposure.55 

d) Polymeric Nanoparticles (PNPs) 

 PNPs are colloidal particles (10-1000 nm) where the drug is either uniformly 

distributed throughout the particle matrix (nanospheres) or encapsulated inside a 

polymer shell (nanocapsules).56 They can provide sustained release of 

encapsulated molecules from weeks to months.57 The first PNPs developed for 

ocular applications were made from poly(alkyl cyanoacrylates).58 To date, various 

other polymers have been used, such as polycaprolactone, chitosan, hyaluronic 

acid (HA), poly(lactic acid) (PLA), or poly(lactic-co-glycolic acid) (PLGA).59 

Among them, PLA and PLGA have been studied most extensively, as these 

polymers have received FDA approval in other DDS because of their 

biodegradable, biocompatible and nonimmunogenic nature. Bourges and al. 

demonstrated the efficacy of intravitreally administered PLA nanoparticles 

(loaded with fluorochromes) for retinal drug delivery in rats up to 4 months.60 

Singh and al. developed dual-functionalized PLGA NPs to target an anti-VEGF 

antibody to optic nerve lesions.61 Surface functionalization with transferrin helped 

to deliver drugs effectively to the retinal tissues. As of today, PNPs didn’t reach 

the clinics for ocular treatment. However, several polymer were used in clinics in 

other forms, such as implants. 
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e) Micelles 

 Micelles (10-100 nm) are composed of a hydrophobic core, able to 

encapsulate hydrophobic drugs, and a hydrophilic shell.62 Therefore, they prevent 

or minimize drug degradation, improve drug permeation through ocular epithelia 

with minimal or no irritation, resulting in enhanced drug ocular bioavailability.63,64 

The size and surface charge of micelles are the two critical factors responsible 

for effective drug delivery. The small size of polymeric micelles might hereby 

enhance paracellular transport through conjunctiva and sclera resulting in higher 

drug levels in intraocular tissues.64 However, the formulations often lack stability 

and further optimization is needed to transform polymeric micelles into successful 

marketed formulations. Intraocular gene delivery was prolonged for 48h using 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) non-ionic 

copolymeric micelles following topical administration.65 Ideta and al. 

demonstrated long-circulating distribution of a polyion complex micelle in the 

central nervous vision region in a rat model.66 

f) Dendrimers 

 Dendrimers have also been applied for both anterior and posterior ocular 

drug delivery,67–69 with targeting as a main advantage.70–72 However, dendrimer 

formulations are not yet approved for clinical applications in the eye, probably due 

to their hard scaling-up possibility. Polyamidoamine (PAMAM) dendrimers have 

been the most extensively investigated for ocular drug delivery due to their 

enhanced aqueous solubility, large variety of surface groups, and nontoxic 

nature.73,74 For example, Iezzi and al. reported on fluocinolone acetonide 

conjugated hydroxyl-terminated PAMAM dendrimers for the treatment of 

neuroinflammation in retinal degeneration.75 Selective distribution in rat models 

was observed. In vitro studies demonstrated 90 days sustained drug release, and 

in vivo studies showed diminished retinal degeneration for 4 weeks. Yavuz and 

al. evaluated different generation dexamethasone loaded PAMAM dendrimers 

(with either amine, hydroxyl or carboxylic acid end groups) for effective retinal 

drug delivery.76 Ex vivo transport studies across rabbit cornea and sclera-choroid 

retinal pigment epithelial tissues showed that all anionic dendrimer complexes 
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exhibited higher drug transport levels than free DEX in solution and the cationic 

dendrimers following topical and subconjunctival administration. 

g) Hydrogels 

 Thermoresponsive hydrogels have shown to be a promising, minimally 

invasive platform for extended drug delivery to the posterior segment and as a 

localized and sustained-release drug delivery platform for anti-VEGF agents.77 

Dextenza® (FDA approved in 2018) is a dexamethasone loaded hydrogel 

ophthalmic insert developed by Ocular Therapeutix for the treatment of pain after 

any ophthalmic surgery. The insert is bio-resorbable and is degraded within about 

a month, avoiding the need for implant removal.78 

 

Ocular drug delivery devices  

 Solid drug delivery systems have also been employed to treat several ocular 

diseases located in either the anterior or posterior segments of the eye. These 

devices include drug-loaded lenses, micro-needles and implants. 

 
Figure 2.7: Several devices for ocular drug delivery [modified from 78] 
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a) Drug-loaded soft contact lenses 

 Drug-loaded soft contact lenses (Fig.2.7) have as a major advantage 

compared to eye drops, the ability to ensure sustained drug release and 

enhanced drug penetration across the corneal membrane. They act as a reservoir 

and can increase bioavailability of the drug by increasing the contact time.79 

Various soft contact lenses have been developed for antifungal agents, with 

prolonged drug delivery times up to 21 days.80 Loading of the drug in or on the 

lenses without affecting the transparency is a main challenge. Several strategies 

have been employed, such as embedded nanoparticles (weekly sustained 

release) or polymer matrix (monthly sustained release).81–83 Recently, 

technologies such as molecularly imprinted hydrogels have emerged, with 

specific drug binding affinity, which have improved loading capacity and as such 

prolonged drug-release kinetics.84 None of these devices are however US FDA 

approved yet, probably because of a lack of safety and efficacy over conventional 

eye drops.85,86 

b) Ocular iontophoresis 

 Ocular iontophoresis (Fig.2.7) is a method for active drug delivery using 

electric charges.8 It enhances ocular drug delivery and effective transfer through 

ocular barriers, by the use of electroporation (electric field–induced pore 

formation and tissue weakness), electrophoresis (direct application of an electric 

field), and electro-osmosis (solvent flow through an electric potential). Drug 

permeation to the anterior and posterior eye segments can occur respectively 

through trans-corneal and trans-scleral routes. It avoids surgical interventions in 

many cases, nonetheless, certain patients experienced some discomfort as 

burning sensation.87 Eyegate Pharmaceuticals Inc. has conducted several clinical 

trials on the safety and efficacy of a dexamethasone phosphate formulation 

distributed through the EyeGate II Delivery System for the treatment of various 

anterior eye diseases.78 Reduction of dose frequency was an advantage. The US 

FDA granted the treatment option for corneal graft rejection. Aciont Inc. evaluated 

the potential of ocular iontophoresis for the treatment of AMD by a Visulex-I-
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noninvasive ocular drug device for the delivery of Avastin (bevacizumab) and 

Lucentis (ranibizumab) through the trans-scleral route.88 

c) Microneedles 

 In transdermal drug delivery, microneedles (Fig.2.7) have been widely 

explored since the beginning of 2000’s, and have also found their application in 

ophtalmology.89 Solid stainless steel microneedles coated with drugs resulted in 

higher drug bioavailability in the anterior ocular segment compared to topical drop 

applications in vivo.90,91 Microneedles were also used to deliver therapeutic 

agents for the treatment of back of the eye disorders, in the suprachoroidal space 

or central nervous vision area.92,93 Drawbacks of the microneedle technology are 

the choice of material and/or design, mechanical properties, safety and sterility, 

precision and reproducibility, as well as manufacturing costs.94 Perforation of the 

protective dermal layer could also allow the undesired transport of molecules or 

pathogens into the ocular domain. 

 
Table 2.2: Detailed description and comparison of several ocular devices [modified from 
78] 
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d) Implants 

 Several types of implants (Fig.2.7, Table2.2) from either biodegradable95  or 

non-biodegradable polymeric matrices have also been explored by clinicians to 

sustain and prolong drug release to cure eye disorders. To treat the back of the 

eye, intravitreal implants are injected or surgically implanted in the vitreous humor 

of the eye. Intravitreal implants can prolong the drug action over several months 

to years and reduce the need for frequent intravitreal injection of therapeutic 

agents.57 Marketed non-biodegradable implants include Vitrasert® (ganciclovir) 

and Retisert® (fluocinolone acetonide), routinely utilized for the treatment of 

retinal infection.8,57 However, those implants require invasive surgical removal. 

Thus recently, a biodegradable intravitreal implant, Ozurdex® (dexamethasone, 

Allergan), PLGA-based and able to stay for up to 6 months in the vitreous, has 

been developed.57 It is commonly employed for the treatment of macular edema 

and posterior infectious uveitis and is the first biodegradable system approved by 

the FDA for ocular delivery. After implantation, the device releases 

dexamethasone to the intra-vitreous cavity after which it completely degrades, 

without the need for surgical removal. However, common side effects observed 

are the formation of cataract, inflammation, and swelling of the conjunctiva, dry 

eyes, eye pain, and headaches.96,97 It has also been shown to diffuse through the 

vitreous to the anterior part of the eye where it obstructs the vision. 

e) Non drug-loaded devices 

 Non drug-loaded devices also exists, such as Argus II, for the treatment of 

advanced-state AMD, when vision signals are lost. It was the first approved retinal 

implant by the FDA and European CE and was developed by Second Sight.98 

Argus II is implanted on the surface of the retina near to the nerve fiber layer. This 

device records a video and electrically stimulates retinal cells, retinal ganglion 

cells, and bipolar cells. The electrical signal is then transmitted to the optic nerve 

of the brain creating patterns of light which can be visualized by patients.99,100 

This is an elegant and advanced concept. However, there are still numerous 

improvements to be made with this device, such as pixel density and sustained 

integration to the retinal layer. 
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Pharmacokinetics and pharmacodynamics 

 A continuous challenge in ocular drug delivery is to obtain spatiotemporal 

control over pharmacokinetics (PK) and pharmacodynamics (PD). Two important 

parameters in this regard related to drug delivery devices are their ability to be 

targeted to the correct environment and their residence time. In addition, due to 

the numerous barriers in the eye, several clearance mechanisms have to be 

considered when we try to evaluate theoretical drug release values. For scientists 

in the field of drug discovery and development, those models can be powerful 

tools to evaluate and predict results of a new drug delivery system, avoiding 

expensive, time consuming and ethics-dependent animal experiments. Moreover, 

reliable PK/PD models provide valuable additional data for the FDA, in order to 

accept clinical trials of pharmaceutical products. Models of PK and PD are based 

on mathematical formulas, taking into account kinetic parameters, routes of 

administration and associated clearance, influence of patient response, clinical 

translation, type of drug delivery system and dosage.5 Two approaches exist: top-

down or bottom-up. Top-down models are based on in vivo data, which are used 

to extract kinetic parameters, whereas bottom-up models are based on in vitro 

and in silico data, integrated into models to predict in vivo results. 

 With regard to intravitreal drug delivery, clearance, volume of distribution 

and half-life are intravitreal PK parameters obtained via the top-down approach. 

Concentration of drug in the vitreous can for example be evaluated as the ratio 

between the drug release rate from a delivery system, over the clearance of free 

drug from the vitreous. However, in vivo models often lack precision, due to the 

invasiveness of the experiments, which involve quite a lot of sacrificed animals, 

money and time to be properly studied. Therefore, PD models are easier and 

bottom-up models are currently more appreciated. They involve factors such as 

anatomy, physiology, PK parameters, and physicochemical features of the drugs. 

Those models result in a quite universal formula, which can easily be translated 

from animals to humans. For example, 3D silicon eye models can be used, 
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allowing thorough exploration of drug movement, interaction with tissues and/or 

distribution rates.101 

 In conclusion, several mathematical tools exist in order to predict the 

pharmacological behavior of the drug, in relation to the physicochemical 

properties of the drug delivery system. However, finding the right model is 

complex, and a lot of parameters need to be considered. The combination of 

experimental data (in vitro, in vivo), a realistic in silico model of the eye and 

knowledge on the behavior of the delivery system and the drug are required as 

input to select the model that describes best the pharmacological behavior of the 

system. 

 
Ophthalmologic models 

 When considering retinal diseases, an adequate model is hard to acquire 

considering the very complex structure of the retina, and its numerous 

interactions with other eye compartments. Therefore, the use of ex vivo eye 

models is often preferred, notably with vitreous or retina ablation.102 However, 

most analyses are still performed in vitro on RPE derived cells lines, such as 

ARPE-19 cells (human derived, Fig.2.8), astrocytes, pericytes, Muller glial cells 

and vascular endothelial cells.103,104 These in vitro models lack the complex 

architecture of the retina, and although they are useful for toxicity and cell uptake 

studies, they cannot provide sufficient information on particle penetration and 

drug diffusivity. 

 

Figure 2.8: ARPE-19 cells image by phase contrast microscopy (A) 100x magnification,105 
(B) Scale Bar 50 μm.106 

A B
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 In ocular research, ex vivo studies are well accessible and often performed. 

Porcine or bovine eyes can cheaply be bought from slaughter houses in various 

countries. Porcine or bovine eyes are a good model for the human eye, as the 

volume of the vitreous is quite similar (Fig.2.9). Porcine eyes even possess size 

and barrier characteristics closest to human.107 Animal eyes are used entirely, or 

tissues are extracted by ablation. A model that is often used is based on isolated 

retina-RPE-choroid piglet or bovine tissue, which is connected to a perfusion 

chamber and retains its characteristics for 10 days.108 Retina to choroid and vice-

versa permeation of drug data have also been obtained from a bovine RPE-

choroid model.109 Although ex vivo models are appreciated, animal models for 

ocular in vivo experiments are more prone to debate.110 In cancer research, mice 

or rat are a well-established model. Translation of those animal models to the 

ophthalmological field is however impossible due to the small size and low volume 

of their eyes.111  

 

 

 

 

 

 

 

 

Figure 2.9: (A) Schematic depicting set-up for multiple particle tracking (MPT) in fresh 
porcine vitreous 102 ; (B) Porcine eye for blinking and lacrimation model 112 ; (C) Explanted 
iris from ex vivo porcine eye 113 ; (D) Vitreous from a porcine eye 114 ; (E) Retinal explant 
from an ex vivo porcine eye.115 
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 Rabbit eyes are more comparable to the size of human eyes, however, the 

age of the rabbit is a determinant factor, as rabbit eyes never stop growing along 

their life.116,117 The age of an eye also determines its structure, integrity and 

nutrient composition. Moreover, the geometry of the eye segments is different, 

having a significant impact on vitreous drug distribution and clearance 

mechanism.118 Rabbits have higher mucus production and surface sensitivity, 

and lower rate of blinking, which can result in better drug retention and 

penetration in comparison to human eyes.119 An ideal animal model would be 

primates, but they are expensive and ethics laws limit their use, especially for 

clinical experiments involving non-deadly diseases.120  

 

Clinical translation 

 Clinical translation is always a problem in drug development, and the 

ophthalmological field is not an exception. Due to the very complex structure of 

the eye, and to the numerous variations between patients (as age for example), 

there are still a lot of challenges to overcome. The main focus is to make 

treatments patient-compliant and efficient, reducing the number of 

administrations, side effects and costs of hospitalization. This is however a far 

from trivial clinical problem with the number of blind people worldwide still 

growing. Important factors to consider for the development of an ideal ocular drug 

delivery systems are high encapsulation efficiency, slow and sustained release, 

control of particle size and shape, relatively noninvasive delivery method, and 

high safety profile.77 Also, the system should be easy and stable to manufacture, 

use, and store. 

 The number of nano-formulations clinically employed in ocular delivery is 

limited.8 First of all it remains difficult to develop a system with the desired 

physicochemical features and drug delivery profiles that behaves similarly in vivo 

as in vitro/ ex vivo. Furthermore, other important reasons are the challenges with 

regard to reproducibility of the particle features and scalability of the 
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production.121 Regarding the former, a range of examples can be found in which 

in vivo application led to unexpected side effects: liposomes showed  limited long-

term stability and drug-loading potential; dendrimers caused blurring of vision;122 

high concentrations of surfactants were associated with ocular toxicity.123 

Polymeric nanoparticles displayed low loading efficiency and too fast release 

behavior.124 Regarding the latter, batchwise formulations in a lab environment 

have to be scaled up to production batches. Particle shape and size distribution 

for a formulation on an industrial scale are also more difficult to control.8 

 Currently, treatments for the back of the eye are invasive in nature. Frequent 

intravitreal injections can lead to retinal detachment, hemorrhage, and discomfort 

to the patients.8 Materials such as implants, seemed a good solution a few years 

ago, thanks to their sustained release, high drug loading and long half-life. 

However, a lot of side effects are associated with them. Whereas first located in 

a specific area of the eye for the treatment, numerous devices have been shown 

moving to unwanted areas inside the eye, affecting vision.125 Inflammations due 

to material toxicity are also common.126 Microneedles are limited to small 

molecules due to their small surface area.124 Eye drops are therefore still 

regarded as the safest and most convenient dosage form, but they only offer low 

drug bioavailability at the targeted tissue.8  

The shortcomings of the current ocular drug-delivery systems, for both anterior 

and posterior eye segments, oblige scientists to re-think and develop novel 

technologies for better treatment of ocular disorders. 
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Conclusion 

 During the past decade, there have been considerable advances in the 

research on ocular drug delivery systems but there is still a need to develop novel 

effective formulations for the treatment of numerous diseases. The complexity of 

the eye, from its anatomical features to its physiological behaviors, poses a 

problem. There are many challenges to overcome, depending on routes of 

administration and associated ocular barriers, either static or active.127 In vivo 

models need to be improved and mathematical models verified by statistics.  

 As of today, intravitreal administration remains the most commonly 

employed and most effective route for the delivery of therapeutics to the retina, 

with formulations either injected or implanted into the vitreous humor.7 Once 

delivered, the drug can be localized and maintained at a high concentration near 

the target tissue, thereby minimizing systemic toxicity. An overwhelming 

disadvantage of this route is its low patient acceptability due to discomfort and 

inconvenience associated with repeated injections into the vitreous, and a 

possible range of ocular complications. In the following chapters of this thesis, we 

will focus on the development of a nanoparticle-based drug delivery vehicle for 

the treatment of AMD, by releasing the anti-inflammatory corticosteroid called 

dexamethasone. Treatment of the retina at the back of the eye will be our 

challenge. We have chosen intravitreal injection as an administration route. We 

aim for a controlled and sustained release of dexamethasone from polymeric 

nanoparticles. In order to improve actual treatments, at least 150 μg/mL of drug 

will have to be encapsulated, and the release last for minimal 2 months. 
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Abstract 

 
 The stabilization and transport of low-solubility drugs, by encapsulation in 

nanoscopic delivery vectors (nanovectors), is a key paradigm in nanomedicine. 

However, the problems of carrier toxicity, specificity and producibility create a 

bottleneck in the development of new nanomedical technologies. Copolymeric 

nanoparticles are an excellent platform for nanovector engineering due to their 

structural versatility, however, conventional fabrication processes rely upon 

harmful chemicals that necessitate purification. In engineering a more robust 

(copolymeric) nanovector platform it is necessary to reconsider the entire process 

from copolymer synthesis through to self-assembly and functionalization. 

 To this end we have developed a process whereby biodegradable 

copolymers of poly(ethylene glycol)-block-poly(trimethylene carbonate) (PEG-b-

PTMC), synthesized via organocatalyzed ring-opening polymerization, undergo 

assembly into highly uniform, drug-loaded micelles without the use of harmful 

solvents or the need for purification. The direct hydration methodology, employing 

oligo(ethylene glycol) (OEG) as a non-toxic dispersant, facilitates rapid 

preparation of pristine, drug-loaded nanovectors that require no further 

processing. This method is robust, fast and scalable. Utilizing parthenolide (PTL), 

an exciting candidate for treatment of acute lymphoblastic leukaemia (ALL), we 

generate discrete nanovectors that show strikingly low carrier toxicity and high 

levels of specific therapeutic efficacy against primary ALL cells (as compared to 

normal hematopoietic cells). 

 

 

This chapter has been modified from: 
Roxane Ridolfo, Benjamin C. Ede, Paraskevi Diamanti, Paul B. White, Adam W. 
Perriman, Jan C.M. van Hest, Allison Blair, David S. Williams, Small, 2018, 14, 32, 1-10. 
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Introduction 
 
 Nanomedicine has gained much interest over the years because of its great 

potential to transport fragile, toxic and poorly soluble drugs to the desired sites in 

the body. In the development of therapeutic nanovectors there are, however, a 

number of issues that cause contention: (1) the use of harmful substances in the 

fabrication process, (2) elucidating the exact physicochemical nature of the 

resulting nanostructure and (3) identifying the key physical features that 

determine biochemical performance.1–6 Addressing these issues is especially 

pertinent because so many nanomedical formulations fail to reach the clinic due 

to unforeseen complications.7 For this reason, structures generated by the self-

assembly of amphiphilic block copolymers have received much attention due to 

their excellent versatility and physical properties.8–14 In particular, the 

implementation of biodegradable copolymers comprising polyesters and 

polycarbonates, in combination with poly(ethylene glycol) (PEG), has received 

increasing attention due to their biocompatibility.15–18 However, typical 

approaches to their synthesis and fabrication can be greatly improved, in order to 

decrease reliance upon potentially toxic catalysts and organic solvents. 

Moreover, it is critically important to have an accurate picture of the size and 

shape of the drug nanovectors so that performance in vitro and in vivo can be 

concisely related to these parameters.19–27 

 In particular, the ubiquity of harmful solvents and complex methodologies in 

the fabrication of drug-loaded delivery vectors for cancer therapeutics is rarely 

brought into contention due to the absence of alternative strategies. Recently, 

direct hydration, which utilizes oligo(ethylene glycol) (OEG) as a non-toxic 

dispersant, has been presented as an alternative strategy for the aqueous self-

assembly of polymeric nanostructures.28,29  Implementation of direct hydration in 

the fabrication of drug-loaded nanovectors could reduce dependence upon 

harmful solvents and provide a facile alternative to conventional methodologies. 

Given the ability of OEG to dissolve certain amphiphilic copolymers and facilitate 

their dispersion and self-assembly, we postulate that this approach would also be 
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amenable to the generation of drug nanocarriers. However, the application of this 

alternative methodology towards drug encapsulation and its ability to produce 

well-defined composite nanovectors, at sizes under 100 nm, is not known. To this 

end we have explored the use of the biodegradable copolymer poly(ethylene 

glycol)-block-poly(trimethylene carbonate) (PEG-b-PTMC) as a potential 

candidate for direct hydration. PTMC, which has established biodegradability,30 

and can be readily prepared using the non-toxic catalyst, methane sulfonic 

acid,31,32 has been identified as an excellent candidate for drug delivery 

applications.33,34 In this way, we can also use molecular design to engineer the 

structural features of copolymeric nanovectors, such as size, if the direct 

hydration process is amenable to such control.  

 

 
Figure 3.1: Schematic outlining the direct hydration methodology for the production of 
discrete nanovectors. Co-dissolution of PEG-PTMC copolymer (chains colored blue and 
orange, respectively) and drug (red) in OEG (green solvent phase) is followed by stirring 
with aqueous buffer to create pristine nanovectors in under 10 minutes, without use of 
harmful solvents. During direct hydration, as the two phases coalesce, copolymer and drug 
undergo rapid hydrophobic co-assembly into micellar constructs. 

 

 



 

75 

 The therapeutic context for this work is acute lymphoblastic leukaemia 

(ALL), a challenging application that can directly benefit from development of 

more efficacious treatments. ALL is the most common childhood cancer.35–37 

Survival rates, whilst markedly improved over the last 30 years, have started to 

plateau and treatment-related toxicity has increased.38 There has been little 

progress in the introduction of new agents over the past decade, largely due to 

the fact that hydrophobic drug candidates require dissolution in harmful organic 

solvents and attempts at chemical modification only tend to reduce therapeutic 

efficacy.39,40 One such drug candidate, the sesquiterpene lactone parthenolide 

(PTL), has shown promising therapeutic efficacy against ALL with specificity 

against diseased cells over healthy blood cells.41–44 PTL is a potent NF-κB 

inhibitor and, as such, has wide ranging implications in cancer therapy; however, 

poor aqueous solubility limits its utility.45–48 For this reason, innovative strategies 

for the solubilization and delivery of hydrophobic (or sensitive) drug molecules 

are required to overcome the physical and biological barriers that hamper 

therapeutic performance.49–54 Carrier-based approaches for the delivery of PTL 

have been applied to both lymphoblastic and myeloid leukaemias.55–57 Indeed, 

copolymer-based PTL delivery vectors have been reported to enhance drug 

bioavailability, showing therapeutic efficacy in vitro and also in vivo, however, the 

problem of carrier toxicity and producibility still remain.  

 Herein, we present direct hydration as a powerful tool to obtain drug-loaded 

PEG-b-PTMC nanovectors and their successful implementation in the 

development of a specific ALL therapeutic technology. Through careful 

optimization of the methodology, highly uniform PEG-b-PTMC micelles were 

prepared with a size dictated by their molecular composition (ranging from 20 – 

40 nm). Drug encapsulation, using parthenolide as a pertinent example, was 

accomplished by co-dissolution (up to 20 wt% w.r.t. copolymer) in OEG prior to 

hydration in buffer. Physical characterization, by means of multiple-angle light 

scattering (MALS) and nuclear Overhauser effect spectroscopy (NOESY) 1H 

NMR, confirmed that this process resulted in complete drug encapsulation (within 

the limits of detection) in discrete nanovectors that required no purification or 
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filtration (Fig.3.1). The resulting nanovectors show excellent non-toxicity towards 

primary cord blood (CB) cells and, after incorporation of 10 wt% PTL, showed 

unimpeded cytotoxicity towards both T and B-cell precursor (BC) ALL patient 

samples. In particular, it was apparent that the PTL nanovector was less cytotoxic 

towards CB cells, highlighting the potential of this formulation to actually increase 

therapeutic efficacy and not only provide a more robust and producible method 

of formation. We anticipate that the engineering of drug-loaded PEG-b-PTMC 

nanovectors, via direct hydration, constitutes a new platform technology for drug 

delivery that overcomes the problems of control, toxicity and producibility. 

 
 
Results 
 

Evaluation of copolymer self-assembly using direct hydration 

 Block copolymers comprising varying lengths of PTMC with 1 kDa PEG 

(S3.1) were synthesized utilizing the non-toxic organocatalyst methane sulfonic 

acid (MSA) according to literature protocols.31,32 For simplicity, PEG-b-PTMC 

copolymers are denoted P30, P20 and P15 in relation to their PEG content of 30, 

20 and 15wt%, respectively. This process yielded well-defined copolymers with a 

polydispersity ≤ 1.1, which exist as viscous liquids or waxy solids at room 

temperature. Self-assembly of PEG-b-PTMC copolymers was accomplished by 

dissolution at 50wt% in viscous OEG (Mw= 350 Da, ρ=1.09 g/mL) and subsequent 

hydration through stirring with buffer. No difference in size was observed between 

copolymer that was directly dissolved into buffer and those prepared by direct 

hydration (Fig.3.2A).  
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Figure 3.2: Formation of well-defined nanoparticles using direct hydration: (A) Intensity 
size distribution plot for micelles comprising P15 (black), P20 (red) and P30 (blue) 
prepared via direct hydration (P20 micelles were also prepared by stirring copolymer into 
buffer directly, red dashes), (B) CryoTEM image of P20 micelles, and (C) AF4 data for 
copolymer micelles with sizes and distributions measured via in-line DLS. 

 
 Nevertheless, it is important to note that direct hydration is vital in the 

processing of neat (highly viscous/wax-like) PEG-b-PTMC copolymers due to the 

importance of drug-loading and ease of handling; which is impossible without 

OEG dissolution prior to assembly. Cryo-TEM images of P20 micelles confirmed 

the presence of spherical nanoscopic constructs, with low electron density (and 

thereby contrast) owing to their organic nature (Fig.3.2B). Dynamic light 

scattering (DLS) yielded average hydrodynamic diameter (Dh) of 23, 28 and 30nm 

for copolymers comprising P30, P20 and P15, respectively, all of which had 

narrow PDI values (< 0.1). 

 In order to get a more accurate picture of the real size distribution of the 

micelles we utilized asymmetric flow field-flow fractionation (AF4) coupled with in 

line DLS (S3.2A). AF4 is a flow-based separation technique, which can provide 

unique insight into the structural characteristics of PEG-b-PTMC micelles, such 

as a linearly scaled size distribution and shape parameters. AF4 measurements 

yielded micelle hydrodynamic diameters (Dh) of 18-22 (P30), 26-32 (P20) and 34-
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42nm (P15) (Fig.3.2C). Analysis of the ratio between radius of gyration and 

hydrodynamic radius (Rg/Rh), or the particle shape ratio (ρ), was performed using 

AF4-coupled multi-angle light scattering (MALS). Although the smallest micelles 

were below the accepted limit of detection for Rg (< 10 nm), ρ values of 0.8 were 

obtained for both P20 and P15 micelles (S3.3), confirming their dense, spherical 

nature in accordance with the literature.58 Zeta-potential measurements of P20 

micelles were also performed (in 20x diluted PBS) and a value of -3 ± 0.5 mV was 

recorded. 

 

Drug loading and nanovector characterization 

 At this stage we selected the (intermediately sized) P20 micelles in order to 

evaluate drug loading and in vitro performance. From here on, references to 

micelle composition will refer to the wt% loading of drug (PTL) in P20 micellar 

particles rather than copolymer composition. Nanovector preparation through 

incorporation of PTL into the PEG-b-PTMC micelles was accomplished by co-

dissolution of drug and copolymer in OEG, prior to hydration (Fig.3.1). Using this 

facile methodology we confirmed (using DLS) that the limit of encapsulation was 

in the region of 20wt%, with aggregation or drug precipitation evident in a 25wt% 

formulation (S3.4). Critical micelle concentrations (CMC) of apo and PTL 

nanovectors were measured using the fluorescent probe 8-anilinonaphthalene-1-

sulfonic acid (ANS), which detects the presence of hydrophobic 

microenvironments through an increased fluorescent signal at 480 nm. Using the 

ANS method, CMC values of 12±0.5 and 10±1.4 µg/mL (ca. 2 µM) were 

measured for apo and 10 wt% PTL nanovectors, respectively (Fig.3.3A). In order 

to demonstrate the scalability of PTL solubilization using direct hydration, a 

homogenous nanovector dispersion was generated comprising 10wt% PTL 

nanovectors up to a [PTL] = 4 mg/mL (16.1 mM), an increase of 100 fold as 

compared to the free drug (Fig.3.3B). 
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Figure 3.3: PTL nanovector characterization: (A) Critical Micelle Concentration (CMC) 
determination of apo- (blue) and PTL (red) P20 nanovectors via ANS fluorescence, (B) 
images demonstrating the stability of the nanovector formulation at elevated [PTL] as 
compared to free PTL in solution that undergoes (visible) aggregation, (C) AF4-MALS data 
showing the normalized differential refractive index signals (near-gaussian traces) and 
contrasting the hydrodynamic diameter (dots) and molecular weight values (solid lines) of 
apo- (blue) and PTL (red) nanovectors. 

 

 Due to the largely non-aromatic nature of PTL, which renders it chromatically 

invisible, alternative methodologies are required to evaluate nanovector 

composition. AF4-MALS/DLS was used to confirm that PTL loading did not have 

any effect upon the size distribution of the nanovectors, however, an increase in 

the molecular weight of the particles was observed (Fig.3.3C). Having measured 

the refractive index increment (dn/dc) for PEG-PTMC as 0.1027 ± 0.0008 mL/g 

(S5), we obtained average values of 3.62 (±0.1%) and 4.04 (±0.3%) MDa for apo 

and PTL nanovectors, respectively. From these measurements we can 

approximate the aggregation number (Nag) of the micelles as 739, which would 

mean that every chain would occupy in the region of 3nm2 at the hydrated micelle 

periphery. 
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Figure 3.4: 2D NMR NOESY data for 10 wt% PTL nanovectors, showing strong spatial 
correlations between PTL protons (upper) and those of PEG-b-PTMC (left). 

 
 1H nuclear magnetic resonance (NMR) measurements proved to be an 

excellent counterpart to AF4-MALS for further interrogation of nanovector 

structure and PTL loading. In particular, 2D nuclear Overhauser effect 

spectroscopy (NOESY) provides spatial information about the microenvironment 

of any given proton, which can be employed to identify the chemical composition 

of PTL nanovectors. NMR measurements were performed on 10wt% PTL-loaded 

nanovectors, which were directly hydrated into a D2O-based PBS buffer at a total 

[PTL] = 2.75 mg/mL (11.1 mM) and measured without any filtration or purification. 

Cross peaks between PTL protons at 6.27, 5.82 and 5.28 ppm and the core 

protons of PTMC at 4.16 and 1.99 ppm could only occur if there was long-lasting 

spatial interaction; indicating that PTL (which exists in a single environment as 

indicated by the singular nature of the proton resonances) was entirely 

sequestered in the PEG-PTMC micelles (Fig.3.4). Some cross correlation 

between PTL and ethylene glycol protons was also evident in the 2D spectrum. 

Closer examination of the NMR data showed correlation between the core 

protons of PTMC and a broad (27 Hz) signal at 3.65 ppm, rather than the narrow 



 

81 

(6 Hz) signal evident in the standard 1D NMR at 3.67 ppm. This was due to 

correlation between PTMC and coronal PEG protons (broad signal at 3.65 ppm), 

as opposed to those of OEG (sharp signal at 3.65 ppm) that was free in solution 

and not present within the micelles (S3.6). Indeed, the correlation of PTL in the 

2D NMR was with the broad coronal PEG at 3.65 ppm, which can occur due to 

drug at the core/coronal interface or via a relay signal from the PTMC protons. In 

addition to NOESY measurements, the T1 and T2 relaxation parameters were 

measured and the results correlated with previous observations. Comparison 

between the values of free drug protons and loaded drug protons supports the 

complete encapsulation of PTL. T1 and T2 values of protons A and B of PTL 

decreased by around 50% and 95%, respectively (Table S3.2). Lower relaxation 

times clearly indicate that PTL tumbles more slowly in the nanovector formulation, 

due to its sequestration inside the dense micelle core. 

 

Stability and drug release characteristics of PTL nanovectors 

 To further characterize the physical properties of the nanovector formulation 

we conducted experiments to determine particle stability, PTL release profile and 

copolymer stability in PBS and human serum (HS). Standard dosimetry in vivo 

requires multiple doses of PTL due to its short half-life (in the order of hours),59 

which means that particle stability should be evaluated over hours and days. 

Consistent correlation DLS data of unfiltered samples showed that particles were 

stable over the course of 6 days in PBS at 37°C (S3.7), which was supported by 

AF4 (S3.8). To confirm particle stability in HS, however, DLS could not be used 

due to high turbidity. To demonstrate stable drug encapsulation in HS, we 

engineered FRET micelles using the lipophilic fluorescent tracers 3,3'-

dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate (DiI). DiO/DiI FRET pairing was tailored 

in the PEG-PTMC system, using direct hydration, to provide a fluorescent read-

out that confirms the integrity of discrete nanovectors in complex media, a 

strategy employed in similar systems.60  
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Figure 3.5: Nanovector stability and release characteristics: (A) FRET signal fluorescence; 
(B) AF4-DLS (6 days incubation, serum, 37°C) with normalized signals for sample 
absorbance at 280 nm (solid line) and the scattering intensity (dotted line) plotted along 
with the hydrodynamic diameter (dots); (C) PTL release of nanovectors in PBS (blue) and 
serum (red) with normalized [PTL] (solid) and % release data (dashed). 

 
 Indeed, FRET micelles hydrated into PBS or HS demonstrated equivalent 

stability with strong FRET signals from DiI at 570 nm, which is of critical 

importance to the performance of such a system in vitro and in vivo (Fig.3.5A). 

In addition, both AF4 measurements, gel permeation chromatography (GPC) and 
1H NMR were performed on samples that were incubated in HS at 37°C. Neither 

the copolymer molecular weight (monitored by GPC retention time and peak 

width) nor the composition (extracted from the NMR spectra) showed any 

noticeable change over the course of 6 days (S3.9). AF4 also demonstrated the 
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stability of nanovectors in HS after 6 days, with a single population of micelles 

clearly visible once the serum proteins had been washed away (Fig.3.5B/S3.2B). 

Even after 3 weeks, a discrete population of nanovectors was still visible in 

samples prepared in PBS and HS, with only a slight increase (1-2 nm) in the Rh 

observed during that time (S3.10). 

 The pharmacokinetics of PTL release from nanovectors is an important 

determinant in their therapeutic performance. Under conditions of dilution similar 

to those used for in vitro studies (2 mL of PTL nanovector at [PTL] = 0.5 mg/mL, 

2 mM, suspended in 0.6 L buffer), we monitored the [PTL] inside the dialysis bag, 

and thereby inside the nanovector, by 1H NMR (S3.11). For both PBS and HS 

samples, first order drug release was observed ([PTL] = [PTL]0.e-Kt) where K = 

0.73 ± 0.08 and 0.59 ± 0.04 hr-1, respectively (Fig.3.5C). Drug release half times, 

t1/2 (= 0.639/K) were calculated to be 0.9 ± 0.1 and 1.1 ± 0.1h for samples in PBS 

and HS with 90% release being reached after 4-5h. Under less dilute conditions 

(30 as compared to 300-fold) the release kinetics of PTL were slowed, with K = 

0.2 ± 0.1 (t1/2 ≈ 4h) and only 65% release being reached after 5h (S3.12). 

 

Performance of PTL nanovectors against ALL in vitro 

 In vitro studies were performed using T- and B-cell precursor ALL patient 

cells, the latter of which account for the majority of pediatric ALL cases diagnosed 

(with T-ALL accounting for 15%). Cord blood (CB) was used as a normal control 

and all the patient characteristics are summarized in Table S3.3. In this work two 

parameters were varied: (1) the loading of PTL in nanovectors and (2) the overall 

[PTL] in solution. To ascertain IC50 values we systematically increased [PTL]total 

to assess cytotoxicity; however, when comparing nanovectors of different drug 

loadings the overall [copolymer] varied (e.g. at any given [PTL]total, a 10wt% 

nanovector solution contains twice the amount of copolymer, and thereby 

micelles, as in the 20wt% nanovector). The performance of PTL nanovectors was 

compared to free drug, which was added as a DMSO solution to the cells. 

Although the usage of free PTL can be regarded as a positive control, the 
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necessity to dissolve the compound in organic solvent prevents its use in in vivo 

application. We therefore wanted to find the optimal nanovector system that 

performed as well as free PTL, but then at physiologically relevant conditions. 

Figure 3.6: In vitro efficacy of PTL Nanovectors against ALL:  (A) Comparison of 
cytotoxicity caused by 10 (dotted lines) or 20 (solid lines) wt% PTL nanovectors in a T-
ALL, BC-ALL and CB sample. (B-D) Comparison of 10 wt% PTL nanovector (blue line) 
cytotoxicity vs unloaded nanovector (black line) and free PTL (red line) in primary samples 
from T-ALL (n = 4), BCP-ALL (n = 3) and cord blood (n=3). Data represent mean ± SD. 
Results were analyzed by a two-way ANOVA. 

 
 
 Initially, we compared the effect of PTL loading using PEG-b-PTMC 

nanovectors comprising 10 or 20 wt% PTL in single samples. BC- and T-ALL 

samples for this comparison were selected based on known high PTL resistance, 

as any increase in cytotoxicity based on PTL loading could be more easily noted. 

In each sample, using 10wt% PTL loading, a small increase in cytotoxicity was 

observed compared to 20wt% loading; with IC50 values of 12.28 and 13.67 µM 

(CB cells), 9.97 and 11.91 µM (BC-ALL, pt. 5) and 9.10 and 11.10 µM (T-ALL, pt. 

2) (Fig.3.6A). To further evaluate the effect of PTL loading, 2.5, 5 and 10 wt% 

nanovectors were fabricated and tested against 4 T-ALL samples, which 

comprised the PTL resistant (pt. 2) sample and three additional samples that were 

highly sensitive to PTL. In all 4 samples, no significant differences in toxicity were 

observed between formulations, with average IC50 values of 3.82, 3.57 and 3.60 
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μM measured for 2.5, 5 and 10 wt% PTL nanovectors, respectively (P ≥ 0.94, 

S3.13). The higher sensitivity of the additional 3 T-ALL samples accounts for the 

drop in IC50 compared to the 10wt% nanovectors in pt.2 (9.10μM) to the average 

in all 4 samples (3.60μM). All PTL nanovector formulations were equally as 

effective and showed no significant differences to the toxicity of free PTL 

dissolved in organic solvent (IC50 of 3.59μM, P≥0.94). Significantly, apo 

nanovectors had no toxic effects on these samples, even at the highest micelle 

concentrations of 0.1mg/mL. Consequently, PTL was used at loading weights 

10wt% for all subsequent experiments.  

 Side-by-side evaluation of 10wt% PTL nanovectors showed that cytotoxicity 

was not significantly different between T-ALL and BC-ALL (P ≥ 0.8) across all 

doses and was significantly reduced towards CB cells (Fig.3.6B-D/S3.14). As 

already stated, 10wt% PTL nanovector treatment in the 4 T-ALL samples gave 

an average IC50 of 3.60μM (P=0.01). For the 3 BC-ALL samples tested, an 

average IC50 of 4.38μM PTL (P=0.02) was obtained with the efficacy of the PTL 

nanovector being similar to that of free PTL, which had an IC50 of 3.76μM 

(P=0.79). Again, no toxicity was observed of the apo-nanovector at all 

concentrations. Concerning CB, treatment with 10wt% PTL nanovectors showed 

significantly lower toxicity (IC50 12.45μM PTL) as compared to the effects on BC-

ALL (P=0.02) or T-ALL (P=0.03) cells. Although the effects of PTL nanovectors 

on CB cells was similar to that of free PTL (IC50 10.37μM) up to 5M, at 10μM 

free PTL was significantly more toxic to these cells (P = 0.01). Once again, no 

toxicity was observed using the apo-nanovector. Apo-nanovector toxicity was 

also assessed at higher concentrations in CB cells, only at a concentration of 

5mg/mL PEG-b-PTMC was a small drop in viability observed (90±15%, S3.15). 

 In order to explore the biochemical mechanism of PTL nanovector activity 

we explored the induction of ROS stress and inhibition of NF-κB in leukaemia cell 

apoptosis. In all 4 T-ALL samples, pre-loaded with the ROS sensitive probe CM-

H2DCFDA, ROS levels significantly increased when treated with 2.5 (11.76 ± 3.32 

fold), 5 (12.32 ± 1.69 fold) or 10wt% (11.66 ± 1.66 fold) PTL nanovectors and free 
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PTL (13.23 ± 2.88 fold) compared to untreated cells (P ≤ 0.03). No significant 

difference in ROS levels was observed between the cells treated with the various 

PTL formulations (P ≥ 0.99) and, as expected, apo-nanovectors showed no 

significant ROS inducing effects on these samples. (Fig.3.7A). Phosphorylation 

of the NF-κB subunit, p65, is an indicator of NF-κB activation, which PTL is known 

to inhibit. Indeed, phosphorylated p65 expression was significantly reduced in 

cells treated with either PTL nanovectors (13.85 ±8.01au, P≤ 0.0001) or free PTL 

(13.10 ±8.61au, P≤0.0001) compared to cells treated with unloaded nanovectors 

(31.76 ±15.08au) (Fig.3.7B). 

 Having demonstrated that PTL is functionally indistinct against ALL cells in 

vitro when formulated within PEG-b-PTMC micelles, we assessed the delivery of 

hydrophobic cargo via the extracellular membrane using a model fluorescent dye. 

Using fluorescent nanovectors, loaded with 1wt% DiO, cell uptake could be 

assessed. T-ALL samples treated with DiO nanovectors at 37 °C showed a mean 

increase of 1.58 ±0.16 fold in DiO fluorescence after 30min of treatment 

increasing to a maximum of 2.91 ±0.18 fold increase after 24h (S3.16). Incubating 

cells with DiO nanovectors at lower temperatures significantly reduced cellular 

fluorescence, with a 1.05 ±0.02 (P ≤ 0.0001) fold increase at 4°C and 0.98 ±0.08 

(P ≤ 0.0001) at 22°C after 3h, compared to  2.29 ±0.07 at 37°C after the same 

time interval. To directly assess if nanovectors were up-taken via endocytosis in 

T-ALL cells, Dynasore (a dynamin inhibitor) was applied to samples prior to 

incubation. Dynamin inhibition resulted in lower fluorescence uptake in cells at all 

time points analyzed, with a 1.2 ±0.05 fold increase (P ≤ 0.0001) in dynamin 

inhibited cells after 3 hours compared to 2.0 ±0.05 in uninhibited cells. (Fig.3.7C). 
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Figure 3.7: Evaluation of PTL nanovector function in vitro: (A) Comparison of ROS 
induction in T-ALL samples by PTL loaded nanovectors (2.5, 5 and 10 %), free PTL and 
unloaded nanovector at a dose of 10 μM for 1 hour (data expressed as fold change from 
untreated cells). (B) Representative fluorescence image showing the expression of 
phosphorylated p65 (green fluorescence) in T-ALL cells treated with 10 wt% PTL 
nanovectors, unloaded nanovectors or unmodified PTL for 4 hours. Expression was 
quantified in ImageJ in 50 cells from each treatment group. (C) Comparison of the uptake 
of 1 wt% DiO nanovectors in T-ALL samples with or without endocytosis inhibition by 
Dynasore or under different temperatures during incubation (4, 22 or 37 °C). Data 
expressed as fold change in DIO fluorescence from unloaded nanovectors. Data represent 
mean ± SD. Results were analyzed by one-way ANOVA. 
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Discussion 
 
 The utility of direct hydration for the self-assembly of PEG-b-PTMC 

copolymers was exemplified by the size control (determined by copolymer 

composition) and strikingly narrow distributions of the resulting spherical micelles 

(Fig.3.2/S3.3). These results demonstrated the chemical compatibility between 

OEG and PEG-b-PTMC, which was sufficiently versatile to facilitate drug (PTL) 

incorporation in a robust process. Indeed, PTMC was chosen for this research 

based on observed affinity for direct hydration and its favourable assembly 

behaviour, tending towards the formation of spherical micelles. The ability to co-

dissolve copolymer and drug in OEG and hydrate such well-defined, structurally 

discrete nanoparticles (reminiscent of the structural uniformity of viruses), in a 

process that takes less than 10 minutes, makes this a valuable technological 

platform.  

 Evaluation of the physicochemical properties of PTL nanovectors, 

comprising copolymer P20, yielded maximal drug loadings in the region of 20wt% 

(S3.4) and CMC values in the low-µM regime; at least 100-fold lower than 

commercial surfactants and amphiphilic copolymers (Fig.3.3A). By upscaling the 

formulation to [PTL] = 4 mg/mL (10wt% w.r.t. copolymer) we successfully 

obtained nanovectors without evidence of aggregation (Fig.3.3B). Thereafter, we 

wanted to understand if, indeed, the nanovector formulation was as 

nanoscopically uniform as initial analysis indicated. To that end, 1H NOESY NMR 

and AF4-MALS provided the detailed structural insights necessary. Molecular 

weight determination, using AF4-MALS, confirmed a mass increase of 10wt% and 

no significant change in micelle size as a result of PTL loading (Fig.3.3C/S3.5). 

To corroborate this, (1H) 2D NOESY and relaxation time measurements 

confirmed that (within the detection limits) all drug present in solution was strongly 

associated with the micelle core (Fig.3.4/S3.3). Moreover, the role of OEG, as a 

dispersant that does not interact with the resulting nanostructures was also 

confirmed (S3.6). Therefore, we not only present a robust methodology but have 
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demonstrated that the resulting drug nanovectors are, on a nanoscopic level, 

homogenous and not requiring purification. 

 As a biodegradable copolymer, PEG-b-PTMC is known to breakdown under 

physiological conditions,61 however, it is not well known how this can affect 

nanoparticles. We observed that PTL nanovectors did not undergo disassembly 

over the course of 6 days in PBS or HS, as detected by DLS (S3.7), FRET 

measurements (Fig.3.5A), AF4-DLS (Fig.3.5B/S3.8) or by monitoring copolymer 

chain integrity (S3.9). Extending stability measurements to 3 weeks highlighted 

the stability of the nanovector platform in both PBS and HS (S3.10). An observed 

increase in the hydrodynamic size of nanovector in HS was likely due to protein 

adsorption. Interestingly, the utility of AF4 was showcased by the separation from 

serum proteins from pristine nanovectors in order to directly observe their 

presence after direct hydration into HS. First order release of PTL (in PBS or HS) 

from the nanovectors, under dilute dialysis conditions, highlighted the discrete 

nature of the formulation; where the absence of a ‘burst’ release indicated a 

gradual diffusion of uniformly encapsulated cargo (Fig.3.5C/S3.11). Release of 

80-90% of drug within 5h (to an overall [PTL] well below the solubility limit) was 

not surprising as PTL is known to release more rapidly in contrast to more 

hydrophobic molecules, such as Nile Red or DiO.62 Repeating release studies 

under less dilute conditions (30 vs. 300-fold) showed a strong reduction in release 

kinetics, with a 4-fold increase in t1/2 (S3.12). This highlights that the release of 

PTL from nanovector occurs as a consequence of PTL diffusion, dictated by the 

local environment. 

 In order to demonstrate that this platform technology can be applied to 

cancer therapy, we have evaluated the efficacy of PTL nanovectors towards ALL.  

This biodegradable nanovector platform was justified by the exquisite non-toxicity 

of the apo-nanovector towards sensitive patient cell samples; a challenge in 

developing ALL nanotherapeutics (S3.14).55,56 Using up to [PEG-b-PTMC]= 

5mg/mL no toxicity towards CB cells was observed, demonstrating that 

biodegradable nanovectors were, indeed, biocompatible (S3.15). In vitro assays 

examining the effect of drug loading, indicated that 2.5-10wt% PTL nanovectors 
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were equally as effective, with a slight reduction in cytotoxicity at higher loading, 

contrary to popular thought (Fig.3.6A/S3.13). A key feature of PTL is its reported 

specificity towards ALL and limited effect upon healthy hematopoietic cells.40,44 

Indeed, this behavior was translated to the PTL nanovector platform, which 

showed excellent cytotoxicity towards a range of T- and BC-ALL patient samples 

(Fig.3.6B-C). Interestingly, we observed that PTL nanovectors were significantly 

less toxic towards healthy CB cells at 10 µM PTL (Fig.3.6D), which points towards 

specific therapeutic advantages for this system.  

 To further evaluate PTL nanovector performance, in vitro, we performed a 

number of biochemical assays associated with PTL activity; monitoring ROS 

levels, NF-κB expression and nanovector uptake.44,63 In agreement with 

cytotoxicity studies, PTL nanovectors induce ROS and inhibit NF-κB in a similar 

fashion to free PTL, as opposed to other untargeted systems that can inhibit drug 

activity (Fig.3.7A-B). Using an endocytotic inhibitor (dynasore) we also examined 

cellular uptake of nanovectors.64 DiO-loaded nanovectors were taken up by T-

ALL cells most strongly over the first few hours, however this continued over the 

following 24h (S3.16). Nanovector uptake was interrupted both by the cessation 

of endocytosis or by incubation of cells at lower temperatures, confirming that 

particle uptake is occurring during the same timescales as in vitro studies 

(Fig.3.7C). 

 

Conclusion 

 In this work, we have presented a novel methodology for the preparation of 

biodegradable, drug loaded nanovectors and established their utility in the 

treatment of ALL in vitro. Direct hydration provides a uniquely facile method for 

the preparation of well-defined, drug-loaded nanovectors that can be prepared 

with physical features (such as size) dictated by their chemical composition. 

Moreover, such nanovectors possess complete drug encapsulation that justifies 

direct implementation without purification or post-processing. Parthenolide, a 

potent NF-κB inhibitor that has wide-ranging application in cancer therapy, was 
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effectively incorporated in PEG-b-PTMC nanovectors and, thereafter, effectively 

applied towards in vitro studies using ALL patient samples. With excellent 

biocompatibility of the apo-nanovector and specific cytotoxicity of PTL-loaded 

nanovectors, the potential of this system is clearly demonstrated. We anticipate 

that this platform can readily be applied to a wide range of drugs and to 

engineering more complex copolymeric nanosystems for application in cancer 

therapy; free from the constraints of complex fabrication processes, background 

toxicity or impeded drug efficacy. 

 

Experimental Section 

Organocatalyzed synthesis of PEG-b-PTMC copolymers: Using a 

modified literature procedure,31 monomethoxy PEG-OH (Mw = 1 kDa, Đ < 1.1) 

was weighed into a dried round bottom flask (typically 0.1 mmol, 105 mg), to 

which a stoichiometric amount of trimethylene carbonate was added (either 5.2, 

3.8 or 2.2 mmol for copolymers comprising 15, 20 or 30 wt% PEG, respectively). 

Dry toluene (ca. 50 mL) was then added and evaporated, in order to ensure 

dryness prior to polymerization. Dried reagents were then dissolved in dry 

dichloromethane (DCM, 10 mL) and methane sulfonic acid (0.1 mmol = 6.2 µL) 

was added under argon to initiate polymerization. The reaction was stirred at 30 

°C for 24 hours, until no monomer was observed in the 1H NMR spectrum (S3.1). 

The reaction mixture was subsequently diluted with DCM and washed with 

saturated NaHCO3 then brine before drying over Na2SO4, concentrated and 

precipitated into ice cold diethyl ether (ca. 100 mL). After decanting excess ether, 

the waxy solid was re-dissolved in dioxane and lyophilized for ease of storage 

and handling. Yields of 80-90 % were obtained with the exact composition 

determined by 1H NMR (S3.2) and polydispersity determined by gel permeation 

chromatography (Tab.S3.1). 

Micelle formation and drug encapsulation via direct hydration: PEG-

b-PTMC was dissolved in OEG at 50 wt% at 45°C with manual mixing to ensure 
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homogeneity. Subsequently 10 µL of this viscous solution was added to the 

bottom of a 5 mL vial and stirred at 120 rcf with buffer then added up to the desired 

[copolymer] and left to hydrate for 10 minutes. Drug encapsulation was 

accomplished by co-dissolution of PTL powder into the initial OEG solution at the 

desired ratio to copolymer without the need for purification. Drug loading was 

determined with 1H NMR nuclear Overhauser spectroscopy (NOESY) and 

relaxation experiments. 

2D NOESY and relaxation time NMR studies: All NMR spectra were 

collected on a Bruker 500 MHz Avance III spectrometer equipped with a Prodigy 

BB cryoprobe at 298 K or 310 K with a 1H frequency of 500.13 MHz and 13C 

frequency of 125.77 MHz. 90° pulse was calibrated to 12 µs @ 16 W and 18 mM 

phosphate-buffered D2O was used. Tetramethylsilane (δ = 0.00 ppm) or the 

residual protons of the deuterated solvent were used as an internal reference. T1 

experiments were performed using the inversion recovery sequence using an 

interscan delay that was always >7 x T1, longest and T2 were measured using the 

CPMG sequence with a total refocussing delay of 2 ms per loop. All 13C chemical 

shifts were obtained via 1H-13C HSQCED, using a 5252.1 Hz spectral width in F2 

and 22624.4 Hz spectral width in F1 using 1024 x 256 points and processed to 

1024 x 1024 points, 8 scans per increment, relaxation delay of 1.5 seconds and 

1-bond JCH = 145 Hz. Measurements of free PTL were performed in phosphate 

buffered D2O with the maximum dissolved PTL at 310 K. [PTL] was approximated 

as 0.2 mM through comparison with the signal of H2O, which is present at 0.5 

mol% in the deuterated buffer. 

2D gradient NOESY spectra were acquired with a 5000 Hz spectral width in both 

F2 and F1 using 1024 x 320 points and processed to 1024 x 1024 points, 32 

scans per increment, a relaxation delay of 3 seconds and a NOESY mix time of 

300 ms. WATERGATE suppression was applied to supress the residual H2O 

peak. 1D NOESY spectra were obtained via selection of peaks and testing 0s mix 

to affirm selection cleanliness before increasing the mix time. 
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TECHNICAL NOTE: Studies on micellar loading were led using NMR analysis, 

more precisely NOESY (Nuclear Overhauser Effect SpectroscopY) and 

relaxation time assays. The Nuclear Overhauser Effect comes from spin 

population polarization that can occur, via dipole-dipole relaxation, when the 

dipole moment of nuclei overlap. This is manifest by a change in signal intensity 

enhancement between protons that are spatially-close. It can thus be used to 

determine which protons are close in space to each other even if they are not 

bonded. In a 2D analysis, the cross peaks show the through-space correlations 

between protons. The second technique is based on relaxation. Under standard 

conditions, two classes of relaxation occur: T1 for spin-lattice relaxation when the 

system returns to equilibrium in the direction of the magnetic field (longitudinal); 

T2 for spin-spin relaxation when there is a decay of the excited magnetization 

perpendicular to the applied magnetic field (transverse). The rate of these 

processes are dependent upon the tumbling frequency of the nucleus among 

other factors, with the generalization that the larger the molecule, the faster the 

relaxation. Therefore, the T1 and T2 would be expected to be sensitive to changes 

to a molecule’s apparent molecular weight or viscosity, such as that which occurs 

during encapsulation. 

Critical Micelle Concentration (CMC) determination: CMC values for 

P20 micelles (with and without 10 wt% of PTL) were determined using 8-

anilinonaphthalene-1-sulfonic acid (ANS, λex = 360 nm / λem = 480 nm). A dilution 

series was made of the micellar solutions in a multi-well plate (190 µL in each 

well) and 10 µL of 1 mM ANS was added to each. Measurements were performed 

at 37 °C and the fluorescence intensity at 480 nm was used as a read-out. 

Nanovector stability and drug release studies: Nanovector stability in 

both phosphate buffered saline (PBS) and human serum (HS) was monitored 

using dynamic light scattering (DLS), gel permeation chromatography (GPC) and 

asymmetric flow field-flow fractionation (AF4) (see supplementary information for 

technical details). In order to monitor drug release and copolymer (P20) stability, 

2 (or 8) mL of 10 wt% PTL nanovector solutions were suspended at 5 mg/mL 
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([PTL] = 2.2 mM) in a dialysis bag (MWCO 3.5 kDa) within 600 (or 250) mL of 

PBS at room temperature. The nanovector solution was lyophilized at sequential 

time points, re-dissolved in CDCl3 and filtered (0.2 µm PTFE) before 

measurement by GPC and NMR. To determine PTL content from the 1H NMR 

spectra, PTL peaks at 6.3 and 5.6 ppm were normalized against the PTMC peak 

at 4.2 ppm. 

Formation of FRET micelles, to demonstrate stability in human serum, was 

accomplished using a slight modification to the aforementioned method. Co-

encapsulation of 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1'-

dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI) was achieved 

by first dissolving both components in OEG. Thereafter, PEG-PTMC was 

dissolved into this dye/OEG solution up to [copolymer] = 50 wt% and FRET 

micelles were prepared via direct hydration (as previously described). Optimal 

loading of DiO and DiI, where maximal FRET was observed by UV-VIS, was 

found to be 0.06 and 0.247 wt%, respectively. 

PTL nanovector cytotoxicity inducing cell death: For cytotoxicity testing, 

cells were plated at 2 x 105 /ml in RPMI-1640 supplemented medium and treated 

with PTL nanovectors or free PTL (1-10 μM). Cells were then incubated with drug 

for 24 hours (37 °C, 5 % O2, 5 % CO2). After incubation, the cells were washed 

and re-suspended in Hanks balanced salt solution (HBSS) containing Annexin-V 

conjugated to FITC for 10 minutes at 4 °C in the dark.  Cells were then washed, 

re-suspended in HBSS and stained with PI (1 μg/mL) immediately prior to flow 

cytometric analysis.   

ROS induction and inhibition of NF-κB by PTL nanovectors: To test 

ROS induction, T-ALL cells from 4 pediatric patients were plated at 2 x 105 cells/ml 

in HBSS containing 2 % human serum albumin. Cells were treated with 5 µM of 

the redox sensitive probe 5-(6)-chloromethyl-2',7'-dichlorodihydrofluorescein 

diacetate (CM-H2DCFDA) for 30 minutes at 37 °C. Cells were washed and 

incubated for 1 hour with PTL nanovectors (2.5, 5 or 10 % PTL loading), free PTL 

(in both cases [PTL]total = 10 µM) or apo-nanovector. After treatment cells were 
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washed, re-suspended in HBSS and stained with PI to exclude dead cells 

immediately prior to flow cytometric analysis. For phosphorylated p65 staining, 

5x104 cells from patient sample 4 were treated with 10 μM PTL (10 wt% PTL 

loading in nanovectors or free PTL) or unloaded nanovectors for 4 hours. During 

PTL incubation cells were left to settle onto poly-d-lysine coated coverslips. Cells 

were washed 3 times in PBS and fixed in 2 % paraformaldehyde for 10 minutes 

at 4 °C. Cells were washed 3 times in PBS and treated with staining buffer 

containing 3 % FBS and 0.1 % triton x-100 in PBS for 1 hour. Cells were then 

treated with either rabbit anti- human phospho p65 (pp65, 1:100) or rabbit IgG 

control (1:100) antibody in staining buffer for 16 hours at 4 °C. Cells were washed 

3 times in PBS and treated with goat anti-rabbit IgG conjugated to alexa fluor 488 

(1:100) in staining buffer for 1 hour at RT in the dark. Cells were washed 3 times 

in PBS and mounted onto slides with prolong gold mounting medium containing 

DAPI.  Cells were imaged on a Leica SP8 AOBS confocal laser scanning 

microscope. 

Cellular uptake of fluorescent (DiO) nanovector: To measure nanovector 

uptake, PEG-PTMC micelles were loaded with 1 wt% DiO in a similar fashion to 

the DiO/DiI FRET micelles. To assess uptake in T-ALL samples, cells were plated 

at 2 x 105 /ml in RPMI-1640 supplemented medium and treated with nanovectors 

for up to 24 hours. To assess if uptake was blocked by temperature changes, 

cells were incubated at 37, 22 or 4 °C for 30 minutes prior to and during 

nanovector incubation. To assess if uptake was blocked by inhibiting endocytosis 

via dynamin inhibition, cells were incubated with 80 μM dynasore hydrate for 30 

minutes prior to and during nanovector incubation at 37 °C. After incubation cells 

were washed and re-suspended in HBSS and stained with PI immediately prior 

to flow cytometric analysis.  
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Supplementary Information 

Materials: All chemicals were purchased from Sigma-Aldrich (Merck) and used 

as received unless otherwise stated and stored under inert atmosphere at the 

recommended temperature. PEG initiators were purchased from Rapp Polymers 

and JenKem Technology USA. TMC was purchased from Actu-All Chemicals. 

Ultra-pure MilliQ water obtained from a Labconco Water Pro PS purification 

system (18.2 MΩ) was used for the aqueous solutions. Paediatric leukaemia and 

normal cord blood samples were obtained with written consent and with approval 

of University Hospitals Bristol NHS Trust and the National Research Ethics 

Committee London-Brent. L-glutamine, penicillin/streptomycin, fetal calf serum, 

fetal bovine serum, ROS probe CM-H2DCFDA and Hanks balanced salt solution 

(HBSS) were supplied by Thermo Scientific. Annexin-V-FITC and propidium 

iodide (PI) were supplied by Miltenyi Biotec. 

 
Instrumentation: 

Nuclear Magnetic Resonance spectroscopy (NMR): Routine proton (1H) NMR 

spectra were recorded on a Bruker Avance 400 MHz spectrometer with CDCl3 as 

a solvent and TMS as internal standard. Chemical shifts were reported as δ 

values (ppm) and coupling constants J were reported in Hz. 13C-NMR spectra 

were proton decoupled. 2D NOESY, 1H-13C HSQCED, and T1 and T2 relaxation 

measurements were collected on a Bruker 500 MHz Avance III spectrometer 

equipped with a Prodigy BB cryoprobe at 298 K or 310 K with a 1H frequency of 

500.13 MHz and 13C frequency of 125.77 MHz.  

Size Exclusion Chromatography (SEC): SEC was conducted using a 

Shimadzu Prominence-i GPC (gel permeation chromatography) system with a PL 

gel 5 μm mixed D column (Polymer Laboratories) with a differential refractive 

index detector and THF used as an eluent with a flow rate of 1 mL/min. Molar 

Mass distributions were calculated using polystyrene standards. Samples were 

prepared in THF at a concentration of 1 mg/mL. 
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Dynamic light scattering (DLS) & Zeta-potential measurements: Size and 

zeta-potential measurements were conducted using a Malvern Instruments 

Zetasizer Nano (ZSP), with Zetasizer Software (Malvern Instruments) used for 

processing and analyzing data. Samples were diluted 100 times in deionized 

water or PBS, with about 7.4 as a resulting pH, and measured in triplicates at 

room temperature unless otherwise stated. Size measurements were performed 

in disposable BrandTech transparent cuvettes with about 500 μL of sample. Zeta-

potential measurements were conducted with automatic number of runs 

(minimum 12), count rates between 150-300 kcps and attenuation of 8-9, in a 

specific Disposable Malvern Capillary Cell cuvette (DTS1070), containing 1 mL 

of sample. Measurements were all performed at room temperature unless 

otherwise stated.  

Cryogenic transmission electron microscopy (CryoTEM): Experiments were 

performed using the TU/e CryoTitan (Thermo Fisher Scientific) equipped with a 

field emission gun and autoloader and operated at 300 kV acceleration voltage in 

low-dose bright-field TEM mode. Samples for cryo-TEM were prepared by glow-

discharging the grids (Lacey carbon coated, R2/2, Cu, 200 mesh, EM sciences) 

in a Cressington 208 carbon coater for 40 seconds. Then, 4 μL of the particles 

solution was pipetted on the grid and blotted in a Vitrobot MARK III at room 

temperature and 100% humidity. The grid was blotted for 3 seconds (offset -3) 

and directly plunged and frozen in liquid ethane. Cryo-TEM images were acquired 

with zero loss energy filtering mode (Gatan GIF 2002, 20 eV energy slit) on a 

CCD camera (Gatan model 794). Analysis and processing of the data was 

performed using ImageJ, a program developed by the NIH and available as public 

domain software at http://rsbweb.nih.gov/ij/. 

Asymmetric Flow Field-Flow Fractionation (AF4), multi-angle light 

scattering (MALS) and dynamic light scattering (DLS): AF4-MALS-DLS 

experiments were performed on a Wyatt Eclipse Dualtec instrument connected 

to a Shimadzu LC-20A Prominence system with Shimadzu CTO20A injector. The 

AF4 was further connected to the following detectors: a Shimadzu SPD20A UV 
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detector; a Wyatt DAWN HELEOS II light scattering detector (MALS) installed at 

different angles (12.9 , 20.6 , 29.6 , 37.4 , 44.8 , 53.0 , 61.1 , 70.1 , 80.1 , 

90.0 , 99.9 , 109.9 , 120.1 , 130.5 , 149.1 , and 157.8 ) using a laser 

operating at 664.5 nm; a DLS detector installed at an angle of 140.1   and a 

Wyatt Optilab Rex refractive index detector. Detectors were normalized using 

Bovine Serum Albumin. The processing and analysis of the LS data and radius 

of gyration (RG) calculations were performed on Astra 6.1.1 software (using the 

Zimm model, which is recommended for particles of size < 50 nm). All AF4 

fractionations were performed on an AF4 short channel with regenerated 

cellulose (RC) 10 kDa membrane (Millipore) and spacer of 350 µm. Separations 

were performed using a short channel and fixed detector (0.7 mL/min), focus (1.5 

mL/min) and injection (0.2 mL/min) flows. 

(a) AF4 method for fractionation of micelles 

Start (min) End (min) Mode 
Cross flow start

(mL min-1) 
Cross flow end 

(mL min-1) 
0 1 Elution 0.40 0.40 
1 2 Focus - - 
2 3 Focus + inject - - 
3 4 Focus - - 
4 24 Elution 0.40 0.40 

24 28 Elution 0.40 0.00 
28 29 Elution + inject 0.00 0.00 
29 30 Elution 0.00 0.00 

 

(b) AF4 method for fractionation of micelles from serum proteins 

Start (min) End (min) Mode 
Cross flow start

(mL min-1) 
Cross flow end 

(mL min-1) 
0 1 Elution 1.00 1.00 
1 2 Focus - - 
2 3 Focus + inject - - 
3 4 Focus - - 
4 14 Elution 1.00 1.00 

14 15 Elution 1.00 0.60 
15 25 Elution 0.60 0.60 
25 28 Elution 0.60 0.00 
28 29 Elution + inject 0.00 0.00 
29 30 Elution 0.00 0.00 
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UV-Visible and fluorescent spectroscopy: CMC and FRET assays for micelles 

were performed in a Black Chimney 96-well plate on a Tecan Spark M10 plate 

reader. Parameters for CMC measurements were: mode fluorescence intensity, 

excitation wavelength 360 nm, emission wavelength 480 nm, gain and mirror 

automatic, 30 flashes and z-position 20000µm. Parameters for FRET 

measurements were: mode emission scans from 490 nm to 700 nm, emission 

step 2 nm, emission bandwidth 20 nm, excitation wavelength 450 nm, gain 60, 

28 flashes, integration time 40 µs, lag time 1 µs and z-position 14600 µm. All 

experiments were led at 25 ± 0.5 °C or 37 ± 0.5 °C.  

Figures: 

Table S3.1- Copolymers used in this work and their compositions. 

Copolymer 
Average composition 

(1H NMR) 
Mw / kDa fPEG / wt% 

SEC 

Ð 

P15 mPEG22-b-PTMC51 6.3 15 1.10 

P20 mPEG22-b-PTMC38 4.9 20 1.09 

P30 mPEG22-b-PTMC22 3.3 30 1.08 

 

Table S3.2- T1 and T2 relaxation times of PTL protons in different 

microenvironments. 

 
 Free PTL 10wt% PTL nanovectors 

Proton 1H Shift (ppm) T1 (s) T2 (s) 1H Shift (ppm) T1 (s) T2 (s) 
A 6.27 1.99 0.54 6.22 0.99 0.0153 
B 5.82 1.36 0.21 5.72 1.09 0.0114 
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Table S3.3- Patient sample characteristics (N/A = not available). 

ID Subtype Karyotype 
Age 
(y) 

Sex
Disease 
status 

MRD 
risk 

status 

1 T-ALL t(11;14) 2 M Relapse Low 

2 
pre T-
ALL 

-4, -9 9 M Diagnosis Low 

3 
pre T-
ALL 

RUNX1 rearr 3 M Diagnosis N/A 

4 
pre T-
ALL 

+7, +9, +14 4 M Diagnosis Low 

5 pre pre B t(12;21) 1 M Diagnosis Risk 

6 pre pre B 
+6, +14, 
+17, +18, 
+21, +X 

3 F Diagnosis Risk 

7 pre pre B t(1;19) 12 M Diagnosis Low 

 

S3.1- Reaction monitoring using 1H NMR, comparing protons b (see figure 

below) of polymerized and monomeric TMC. 
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S3.2- 1H NMR spectrum of mPEG22-PTMC36 copolymer. 

 

 

S3.3- AF4-MALS-DLS fractograms of P20 (red) and P15 (black) micelles with 
the particle shape ratio (ρ = Rg/Rh) plotted against normalized differential 
refractive index (dRI). 
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S3.4- DLS correlation data for apo- (black) and PTL nanovectors with 20 
(red) and 25 (blue) wt% drug loadings, with larger particles and aggregates 
clearly visible in the 25 wt% sample. 

 

 

S3.5- Measurement of the refractive index increment (dn/dc) for OEG (red) 
and PEG-PTMC (black) by sequential injections of sample at varying 
concentrations into the Wyatt Optilab Rex refractive index detector. The 
actual dn/dc value for PEG-PTMC was calculated by subtracting the 
contribution of OEG (present at 50 wt%) from the observed value of the 
micelle suspension. 
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S3.6- 1H NMR data and 1D NOESY extracts for PTL nanovectors. Zoomed in 
region highlights the distinction between the narrow signal from OEG and 
broad signal from PEG, evident from the NOESY data. 

 

 

 

S3.7- DLS correlation data for apo- (black) and PTL (red) nanovectors in 
PBS over 6 days, with measurements taken every 24 hours. 
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S3.8- AF4-DLS data for the stability of apo- (black) and PTL (red) 
nanovectors in PBS after 6 days. 

 
 

S3.9- (a) GPC and (b) 1H NMR data for the stability of PEG-PTMC copolymers 
in HS over the course of 6 days at 37 °C. 

 

S3.10- AF4-DLS data for the stability of apo-nanovectors in PBS (blue) or 
HS (red) before (dashed) and after (solid lines) 3 weeks. Differential number 
fraction of nanovector radii collected from peak as indicated in Figure 4B. 
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S3.11- 1H NMR data for the monitoring of PTL release from nanovectors in 
(a) PBS and (b) HS, under dilute (300-fold), dialysis conditions. 
Representative NMR data included showing decrease in [PTL] with time 
(below). 

Table (a): PTL release in PBS 

Time 
(h) 

Integral 
PTL @ 

6.34 ppm 

Integral 
PTL @ 

5.63 ppm 

Integral 
PTMC @ 
4.24 ppm 

Relative 
PTL 

integral 

Normalized 
Integral 

% Release 

0 33158 33589 3240383 33374 1.00 0.0 

0.5 25870 26401 3091043 27398 0.82 17.9 

1 13605 13866 3197506 13920 0.42 58.3 

2 5431 5605 2362629 7568 0.23 77.3 

3 4632 4882 3083197 5000 0.15 85.0 

4 1248 1374 2585906 1643 0.05 95.1 

5 875 1002 2714814 1120 0.03 96.6 

Table (b): PTL release in HS 

0  2368 2335 1073914 6910 1.00 0.0 

0.5  1750 1620 990879 5367 0.78 22.3 

1  3130 3360 2797981 3660 0.53 47.0 

2  1470 1680 2843190 1748 0.25 74.7 

3  1324 1520 3104509 1446 0.21 79.1 

4  834 721 2885347 850 0.12 87.7 

5  490 510 3155876 500 0.07 92.8 
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S3.12- 1H NMR data for the monitoring of PTL release from nanovectors, 
prepared in PBS, under less dilute (30-fold) dialysis conditions. With the 
normalized [PTL] in nanovectors (solid dots and line, left axis) and % 
release (open dots and dashed line, right axis) plotted together. 

 

S3.13- T-ALL viability (pts. 1-4) data treated with unloaded, 2.5, 5 and 10 wt% 
PTL nanovectors. 
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S3.14- Viability of individual T-ALL and BCP-ALL cases treated with free 
PTL, unloaded and 10 wt% PTL nanovectors. 

 

 

S3.15- The viability of a single CB sample treated with increasing 
concentrations of apo-nanovector. 
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S3.16- The uptake of 1 wt% DiO nanovectors in T-ALL. Data expressed as 
fold change in DIO fluorescence from unloaded nanovectors. Data 
represents mean ± SD. 
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CHAPTER 4: WORM-LIKE 
MICELLES FOR DRUG 

DELIVERY 
 

 

Worm-like micelles using blends of 
biodegradable block copolymers 
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Abstract 

 
 The application of nanoparticles, comprising amphiphilic block copolymers, 

for the delivery of drugs is a subject of great interest, as it holds promise for more 

effective and selective therapies. In order to achieve this ambition, it is of critical 

importance to develop our understanding of the mechanisms by which block 

copolymers (BCPs) undergo self-assembly so that we can control their 

morphology, tune their ability to be loaded with biofunctional cargo and optimize 

their interactions with target cells. To this end, we have developed a strategy by 

which blends of (biocompatible) amphiphilic block copolymers generate non-

spherical nanovectors, simultaneously enhancing drug loading without the need 

for subsequent purification owing to the use of the biocompatible direct hydration 

approach. The principal morphology achieved using this blending strategy are 

worm-like nanovectors (nanoworms, NWs), with an elongated form known in 

literature to have a profound effect on flow behavior and interactions with cells. In 

terms of drug loading, we demonstrate that uptake of dexamethasone (DEX; a 

clinically relevant therapeutic agent) in nanoworms can be enhanced using this 

process – increasing drug content up to 0.5 mg/mL (10 wt% in particles). 

Furthermore, such nanoworms are stable for at least 5 months and are, therefore, 

a promising platform for nanomedicine applications.  

 

 

 

 

This chapter has been modified from: 
Roxane Ridolfo, Jeanrick J. Arends, Jan C.M. van Hest, David S. Williams, 
Biomacromolecules, 2020, 21, 6, 2199–2207. 
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Introduction 
 
 Morphology is a key concept in the design of nanotherapeutic technologies, 

where parameters such as size and shape are key determinants of performance 

in vivo.1–5 We have recently demonstrated that nanoparticles composed of 

poly(ethylene glycol)-block-poly(trimethylene carbonate) (PEG-b-PTMC) 

copolymers are, when formulated via the direct hydration methodology, an 

excellent candidate for the solubilization of hydrophobic drugs and have well-

defined sizes from 20 up to 50 nm.6 Such polymers can be imbued with diverse 

chemical functionality to direct stimuli responsive behaviors and for the 

generation of morphologically diverse nanoparticles.7,8 In particular, the ability to 

fabricate non-spherical, drug-loaded nanovectors has significant impact for  

development of therapeutic technology due to the reported improved biological 

properties (e.g. circulation and distribution) alongside the ability to enhance 

interactions with tissues for targeted delivery.9–13 This design rationale is rooted 

in the biophysical paradigm of morphology, as epitomized by discoidal 

erythrocytes or worm-like filoviruses such as Ebola. The utilization of block 

copolymers (BCPs) as a building block for the fabrication of such biomimetic, 

functional nanosystems has been well-established and the field continues to 

expand as increasing numbers of biomedical researchers realize their potential.14 

Worm-like micelles (or filomicelles), comprising amphiphilic BCPs, have been 

developed as exemplars of this strategy and there are a diverse range of 

strategies by which they can be fabricated.15 The potential of these systems for 

nanomedical applications (e.g. drug delivery and targeted therapy) is nowadays 

well established.16–19 

 Strategies for the generation of such BCP nanoworms include thermal 

responsive behaviour,20,21 crystallization-induced self-assembly (CDSA),22,23 or 

polymerization-induced self-assembly (PISA).24,25 Although these systems meet 

the criteria for controlled morphology, their applicability in nanomedicine might be 

hindered due to the non-degradable nature of their components or difficulty in 

functionalization with (for example) hydrophobic drugs. For example, the solvent 
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evaporation process using PEG-poly(lactide) BCPs results in the formation of 

drug-loaded filomicelles with a maximum encapsulation efficiency (EE) at around 

50-70 % and overall loading capacity (LC) at up to 6.5%.26 Processes like this 

necessitate purification to remove unencapsulated drugs and residual organic 

solvents that are used during fabrication. Our approach to nanovector fabrication, 

using direct hydration, removes the need for lengthy purification by first optimizing 

drug loading in order to maximize encapsulation efficiency (EE) as demonstrated 

using dynamic light scattering (DLS) and quantified spectroscopically.6 This 

process, which has yielded excellent performance in vitro and (more recently) in 

animal studies, is facilitated by the chemical compatibility between dispersant, 

oligo(ethylene glycol) (OEG), PEG-PTMC and drug candidate; which are co-

dissolved prior to hydration directly into buffer or medium to form a homogenous 

nanovector dispersion (when properly optimized). Extending this strategy to the 

preparation of drug-loaded, worm-like nanovectors (nanoworms) requires 

revisiting BCP composition in order to improve both drug capacity and gain 

control over the resulting morphology. 

 Following approaches whereby complementary polymers are blended to 

modulate nanoparticle morphology and enhance drug capacity, we explored the 

inclusion of poly(caprolactone) (PCL) to direct the assembly toward high-aspect 

ratio nanoworms (NWs).27 Studies exploring the influence of hydrophobic block 

content on particle morphology have been mostly focused upon vesicular 

systems comprising PEG-PCL copolymers.28–30 BCPs comprising linear 

combinations of PCL and PTMC have been effectively used in the fabrication of 

polymersomal morphologies.31 Due to the crystalline nature of PCL-rich polymers 

at room temperature they can enhance the tendency of self-assembling BCPs to 

adopt lower surface curvature morphologies – which for a non-crystalline polymer 

that tends towards spherical micelles (i.e. PEG-PTMC) can yield worms or 

vesicular nanostructures.32 With this in mind, we have developed a strategy to 

generate NWs from blends of PEG-b-PTMC and PEG-b-P(CL-g-TMC) BCPs, 

which generate high aspect ratio nanoparticles (as visualized using CryoTEM and 

quantified using advanced light scattering) with an increased drug loading 
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capacity up to 10 wt% of an insoluble clinically-relevant anti-inflammatory drug 

(dexamethasone, DEX) (Scheme 4.1). In this way, we have developed a 

biocompatible platform for the delivery of an apolar drug at high concentrations 

using a scalable process that is fundamentally enabled by the versatile capacity 

of BCPs to undergo directed assembly into unique nano-morphologies. 

 

Results & Discussion 

Worm-like micelles self-assembly using direct hydration 

 Direct hydration is a particularly attractive route for nanoparticle fabrication 

due to (i) the absence of toxic (organic) solvents that would need to be removed 

prior to application and (ii) the facile fabrication process that can be readily 

implemented in a non-chemistry context (e.g. in a biomedical lab). Biodegradable 

BCPs comprising PEG-b-PTMC have proven to be uniquely compatible with this 

direct hydration method due to the affinity of the hydrophobic PTMC with the OEG 

solvent.6 Employing PTMC-based (PEGylated) BCPs, we have successfully 

generated drug-loaded spherical micelles,6 enzyme-loaded nanoreactors,31 pH-

responsive multilamellar nanovectors8 and ionically-induced nanoworms.7 Other 

biodegradable BCPs comprising, for example, poly(ε-caprolactone) (PCL) or 

poly(lactic acid) (PLA) were not as compatible with this approach, either lacking 

solubility in OEG or leading to high levels of aggregation upon hydration.  

 To develop this platform technology towards niche applications in 

biomedicine, we sought to engineer particles with high drug-loading and non-

spherical morphology, so that they would demonstrate enhanced colloidal 

properties such as flow behavior and surface interactions that can improve 

performance in vivo (Scheme 4.1).16 In particular, delivery of drugs (such as 

dexamethasone, DEX) to the eye necessitates high loadings in order to achieve 

total drug concentrations of >150 µg/mL in solution, far exceeding the negligible 

solubility of free DEX. 
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Scheme 4.1: Fabrication of drug-loaded nanoworms: Blends of amphiphilic BCPs block 
copolymers (BCPs) comprising PEG in green, PTMC in blue and PCL in red. Core of the 
worms are a PCL/TMC gradient mixture, and loaded with DEX (star). 

 

 In order to achieve this ambition, we chose to explore the ability of BCP 

blends to control particle morphology. Blending of BCPs has been presented by 

a number of authors as a robust tool to achieve structural control without having 

to rely on a single (finely tuned) molecular composition.33–36 Starting from the 

structural basis of BCPs comprising 1 kDa PEG copolymerized with a 4 kDa 

PTMC (P22-PT), which forms spherical micelles of 30-40 nm, we then generated 

a range of gradient BCPs comprising PTMC and PCL, readily synthesized 

according to a literature protocol using organo-catalyzed ring opening 

polymerization (ROP) (Table 4.1, S4.1-3).37 MSA-catalyzed ROP using ε-CL 

proceeds twice as fast as that of TMC, resulting in a gradient composition along 

the chain (from CL to TMC). BCPs comprising both PTMC and PCL (i.e.P22-PCT) 

were utilized as a counterpart to P22-PT in order to generate elongated 

nanostructures (nanoworms, Scheme 4.1) due to the reported differences in 

crytallinity.31,38 As the melting temperature of P22-PCT is only slightly higher than 

the one of P22-PT (31 vs 29°C), crystallinity differences are hard to quantify with 
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exactitude. Moreover, empirical values and theory in literature are often based on 

bulk measurements using pure polymer, whereas our formulation would require 

a careful study of mixing conditions of assembled polymers in water. However, 

the benefit of PCL incorporation (as established in the literature) towards creation 

of elongated particles was supported by our characterization data. Systematic 

blending of P22-PCT with P22-PT was undertaken in order to reduce the 

formation of visible aggregates (an obvious sign of polymer incompatibility) and 

form homogenous nanoparticle dispersions (Fig.4.1A). Direct hydration of 

unblended P22-PCT or P22-PT yielded heterogeneous aggregates or a uniform 

micellar dispersion (formulations 1 and 2), respectively. The tendency of P22-

PCT to aggregate (owing to strong intermolecular interactions and propensity to 

crystallize) highlights the need for careful tailoring when using PCL-based 

copolymers in combination with the direct hydration approach. Further 

formulations of P22-PCT/PT BCPs were undertaken in order to identify the 

optimal stoichiometry that would yield stable dispersions whilst affording 

morphological control in the fabrication of high-aspect ratio nanostructures 

(Fig.4.1A/S4.5). 

Simplified 
namea 

Block copolymer compositionb Ðc Tg
d Tm

d 

P22-PT 

P22-PCT 

P42-PCT 

(+)P42-PCT 

(-)P42-PCT 

P22-PCT-B 

CH3-PEG22-b-PTMC42 

CH3-PEG22-b-p(CL42-g-TMC10) 

CH3-PEG42-b-p(CL37-g-TMC13) 

H2N-PEG42-b-p(CL40-g-TMC10) 

HO2C-PEG42-b-p(CL36-g-TMC11) 

CH3-PEG22-b-p(CL40-g-TMC11)-Bodipy 

1.11

1.08

1.10

1.08

1.17

1.08

-47°C 

-60°C 

-58°C 

- 

- 

- 

29°C 

31°C 

43°C 

- 

- 

- 

Table 4.1: Characteristics of the polymers synthesized. a Abbreviations used in the 
manuscript. b Copolymer composition calculated from 1H NMR data (S1). c Polydispersity 
derived from GPC traces (S4.2). d Thermal behavior of neat polymer measured using 
differential scanning calorimetry, DSC (S4.3) 

 Particle morphology was principally assessed using asymmetric flow field-

flow fractionation (AF4) coupled with multi-angle light scattering (MALS) and 

dynamic light scattering (DLS). AF4-MALS/DLS permits fractionation of 
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nanoparticles and subsequent quantification of the entire population, providing 

the shape factor (ρ) as calculated from the radius of gyration (Rg) and the 

hydrodynamic radius (Rh) where ρ = Rg/Rh. The shape factor can be used to 

effectively distinguish between spherical (ρ < 1), vesicular spheres (ρ ≈ 1) and 

cylindrical (ρ > 1) morphologies.39 P22-PT/PCT blends with a 3:1 stoichiometry 

(formulation 3) yielded spherical particles (ρ ≈ 0.9) with an average size of ca. 60 

nm. Systematically increasing the proportion of P22-PCT in the blend gave rise 

to increasing values of both the hydrodynamic size and shape factor due to 

formation of high-aspect ratio structures. Blending BCPs at a 1:1 ratio 

(formulation 4) yielded particles that showed some evidence of vesicle-like 

morphology (ρ ≈ 1.2) and confirmed that increasing the fraction of PCL-containing 

polymer would lead to nanostructures with a lower surface curvature. Further 

increasing the polymer ratio to 1:2 (formulation 5) resulted in a stark increase in 

the shape factor (ρ ≈ 2.3) although the formulation did yield some aggregated 

particles. The final formulation (6), where a 1:3 polymer ratio was employed, 

yielded the most promising AF4 data (ρ ≈ 2.7) and no evidence of aggregation 

was visible in the sample.  

 Testing formulation 6 with cryo-TEM clearly evidenced the formation of 

elongated nanoworms (NWs) as the predominant morphology present in this 

sample (Fig.4.1B). Repeat preparations of formulation 6 were characterized 

using DLS (without prior filtration to bias the presence of nanoscale particles) in 

order to assess reproducibility and provide data using a more routine method of 

particle characterization (Fig.4.1C). Although the results of cumulants analysis 

(derived directly from the correlogram) for the three repeat samples were almost 

identical (Z-average = 180 +/- 30 nm / PDI = 0.25 +/- 0.15), particle size 

distribution (using multi-modal fitting of the intensity data) gave less clear 

information, returning hydrodynamic diameters over the range 20-1000 nm (likely 

reflecting the complex nature of the NW formulation). NWs were measured as 50 

nm thick and around 2 μm long, based on Cryo-TEM and DLS data. In contrast, 

AF4 analysis gave very clear information as a result of the fractionation of 

particles with different aspect ratio – yielding the previously described shape ratio 
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value of 2.7 to a good level of accuracy (+/- 0.1, Fig.4.1D). Using phosphate-

buffered saline (PBS) for the direct hydration of copolymers in this formulation 

provided a distinct advantage over water, which did not afford such elongated 

nanostructures (S4.6). This effect is likely the result of complex polymer-solvent 

interactions and differential hydration of surface PEG chains in water compared 

to salt solution – the former giving rise to higher surface curvature micelles as 

opposed to elongated (low curvature) NWs. 

 

 
Figure 4.1: Formulation and physical characterization of NWs. (A) Description of 6 
formulations; (B) Cryo-TEM image of formulation 6 (Scale bar = 0.2 µm); (C) DLS 
correlation data alongside size distributions for formulation 6 (in triplicate). (D) AF4-MALS-
DLS data for formulation 6 recording the shape factor (Rg/Rh). 

 

 In terms of the high shape factor values (>2), such high values would be 

equivalent to solid rods possessing an aspect ratio of around 30 according to 
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literature as compared to hollow tubes that reach a theoretical maximum for ρ at 

around 2.40 This is in good agreement with our cryo-TEM data, where non-hollow 

NWs are observed with aspect ratio at around 40. The potential of AF4 to provide 

robust, routine screening of nanoparticle formulations is something of great 

relevance to the ever-growing nanomedicine community. 

 

Figure 4.2: Effect of varying PEG length and increasing charge on particle formation. (A) 
Description of 4 formulations using polymer with increased PEG length (P42-PCT). (B) 
Nanoworm stability over 5 months demonstrated by consistent Rg/Rh values measured 
with AF4-MALS/DLS. (C) Description of positive and negative worm formulations 
alongside physical parameters. Cryo-TEM images of (D) 5 wt% (+)P42-PCT and (E) (-
)P42-PCT doped NWs (scale bars = 200 nm). 
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 To explore the physical consequences of varying BCP composition we 

increased the length of the PEG block in order to assess whether this would alter 

the morphology of the resultant nanostructures. Indeed, it was clear that the 

increased PEG length of the P42-PCT BCP resulted in the formation of smaller 

particles (higher surface curvature) with shape factor values ranging from 0.9-1.4 

(Fig.4.2A/S4.7). This behavior is consistent with packing parameter 

considerations in the self-assembly of BCPs whereby increases in the head group 

volume will favor smaller, more curved nanostructures. To assess the stability of 

NW formulations, the critical micelle concentration (CMC) was measured (using 

8-anilinonaphthalene-1-sulfonic acid, ANS), indicating that particles remained 

intact down to concentrations of 15 ±3 µg/mL (ca. 2 µM). NW stability was 

confirmed up to temperatures of 60°C (S4.8) and no obvious signs of degradation 

were evident after 5 months at either room temperature or at 4°C (Fig.4.2B/S4.9). 

 With an optimized process for the fabrication of NWs we attempted to 

introduce charge-bearing moieties into the blend in order to provide greater scope 

for future biomedical application of this system – where charge (along with shape 

and size) is an important factor in directing performance.16–19,41 To achieve this 

goal we synthesized BCPs with PEG-terminal amine or acid moieties, based upon 

the most abundant PCT composition ((+)P42-PCT and (-)P42-PCT, respectively), 

adding them at 5, 8 or 10 wt% into formulation 6 (Fig.4.2 /S4.10-11). For positively 

charged formulations both 5 and 8 wt% blends appeared to perform well and gave 

nanoparticles with the correct shape factor, although the zeta potential of the 

8wt% formulation was less negative due to the greater density of amine groups. 

10wt% (+)P42-PCT resulted in aggregation and the scattering results were poorly 

defined (although zeta-potential values fitted the increasing trend as expected). 

Negatively charged formulations over all conditions tested gave scattering data 

consistent with high aspect-ratio nanoparticles and the zeta-potential values were 

increasingly negative as expected. Unfortunately, formulations with 8 and 10 wt% 

(-)P42-PCT resulted in some amount of aggregation, which was undesirable in 

terms of reproducibility and reliability for the formulation in future studies. It was 

decided that 5wt% formulations were the most suitable candidates for further 
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evaluation, based upon scattering data and the absence of aggregates. CryoTEM 

confirmed the presence of NWs in both positively and negatively charged 

formulations with some vesicular particles as a minor fraction of the overall 

nanoparticle population (Fig.4.2D/E).  

 
 

Drug loading inside the hydrophobic core of worm-like micelles  

 Another important capacity for any nanotherapeutic formulation is its ability 

to sequester drugs. Although some high-aspect ratio nanoparticles have been 

presented in the literature, these are limited by low encapsulation efficiencies 

(EE) and/or low loading capacity (LC). Optimizing these important physical 

parameters is vital for the successful translation of any nanotherapy and can be 

tackled through optimizing the chemical and morphological features of the 

system. In our studies we explored the loading of a hydrophobic drug, 

dexamethasone (DEX), an anti-inflammatory corticosteroid with 

immunosuppressive properties.42,43 Nanoformulation of DEX promises to improve 

bioavailability of the drug, making it suitable for systemic/direct administration by 

increasing its concentration in aqueous media. For example, Ozurdex® implants 

(for ocular therapy)44 contain 600 μg of DEX as an indication of the levels of drug 

that need to be reached in order to have any kind of practical value.  
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Figure 4.3: Drug loading of nanoworms. (A) Scheme outlining preparation of DEX loaded 
nanoworms (DEX-NWs). (B) Results of optimized drug loading studies and averages (n = 
5, +/- st. dev.). (C) Graphical representation of the raw (UV-Vis) data from loading studies 
comparing absorbance from DEX-NWs (blue) and control samples (red) at different 
loading contents (LC) with strokes representing error (+/- st. dev.).  

 

 Using the direct hydration approach, where the presence of toxic solvents is 

circumvented by the use of oligo(ethylene glycol) (OEG) as a dispersant for both 
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BCP and drug, we were able to formulate DEX-loaded NWs (DEX@NWs, 

Fig.4.3A). The concentration of insoluble DEX in aqueous solution was measured 

by UV-Vis (λmax = 240 nm) to determine the level of drug loading. DEX-NWs with 

concentrations ranging from 100-500 μg/mL were formulated with NWs, 

corresponding to loading content values of 2-10wt% (Fig.4.3B). Very high 

encapsulation efficiencies of 95-100% were measured for all formulations, which 

were repeated at least three-fold to ensure reproducible results (Fig.4.3C). It 

should be noted that samples where EE was less than 100% did not contain any 

aggregates or detectable free drug, which means that this marginal loss is simply 

due to experimental setup (e.g. loss during filtration) and/or measurement 

limitations due to the scattering of the nanoworms. At loadings of greater than 

12wt%, where [DEX] was 660 μg/mL, some aggregation was visible in DLS that 

indicated the maximum LC (where EE was 100%) was reached (S4.12). These 

values for drug compatibility and loading efficiency using NWs were particularly 

striking and offer a valuable route towards the generation of nanotherapeutics 

across a wide range of drug candidates.6 Moreover, AF4 data comparison 

between empty NWs and those loaded with 10 wt% DEX showed no change in 

morphology, indicating that the elongated shape of the particles was preserved 

after DEX inclusion (Fig.4.4). 

 

Figure 4.4: Comparative AF4-MALS/DLS data (scattering as line and shape factor as 
dots) of unloaded vs. 10wt% DEX loaded NWs. 
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Conclusion 

 Several drug delivery products have been developed in the last decade, with 

studies aimed at correlating key properties such as size, shape, surface charge, 

and composition with biological properties to better direct the development of 

future generations of nanomedicine. Here, we have presented a well-designed 

nanoworm platform comprising blends of biodegradable polycarbonate and 

polyester copolymers that can display different surface charges and be loaded 

with high levels (up to 10wt%) of hydrophobic drug with complete efficiency. The 

direct hydration process used for NW fabrication is simple and highly scalable, 

eliminating the need for purification. Formulation parameters were optimized to 

obtain well-defined worms with high stability and good reproducibility. Very high 

drug loading capacity was demonstrated with hydrophobic DEX. With this in mind 

we are confident of the value and wide-ranging potential of this platform in 

nanomedicine and are actively seeking interdisciplinary collaboration to develop 

this system towards clinically-relevant studies. 

 

Experimental Section 

Synthesis and characterization of poly(ethylene glycol)-

poly(trimethylene carbonate -g- ε-caprolactone) block copolymers: 

The synthesis of PEG-b-p(TMC-g-CL) was performed according to a modified 

literature procedure.6  Monomethoxy-PEG-OH, tBoc-PEG-OH or CO2H-PEG-OH 

macroinitiator was weighed into a round bottom flask along with a stoichiometric 

amount of TMC and/or ε-CL in order to obtain the desired degree of 

polymerization. In all cases, dry toluene (ca. 50 mL) was then added to the flask 

and the solvent evaporated in order to dry the contents before polymerization. 

The dried reagents were then re-dissolved in dry DCM and MSA was added (2 

mol eq./initiator) under argon. The reaction was stored overnight at 30 °C, until 

there was no evidence of the monomer from the 1H-NMR spectra. After 

completion was confirmed by 1H-NMR, the reaction mixture was diluted using dry 
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DCM and washed twice with saturated NaHCO3 and once with brine before drying 

with Na2SO4, filtering and evaporating most of the solvent. The concentrated 

colorless oily organic phase (in few DCM) was then precipitated into ice cold 

diethyl ether and the remaining wax was partially dried under nitrogen before 

dissolution in dioxane and lyophilization to yield a light white powder or sticky 

transparent polymer (70-90 %). In the case of polymerization with tBoc-PEG-OH, 

a standard TFA deprotection step was performed to finally obtain NH2-PEG-R 

polymers. A detailed characterization of the products can be found in the 

Supporting Information (S4.1-S4.3). 

Coupling of BODIPY-FL dye to various block copolymers: Several 

copolymers were coupled to BODIPY-FL-CO2H dye via a Steglich esterification. 

1 eq of the desired block copolymer possessing an alcohol end group on the 

hydrophobic block, was dissolved in DCM into a round bottom flask. Activation by 

DIPEA (24 eq) was performed for 20 min at room temperature. BODIPY-FL-CO2H 

pre-dissolved in DCM (100 mg/mL, 2-3 eq) was added to the reaction flask. 

Subsequently, DCC (5 eq) and DMAP (1 eq) were dissolved in few DCM and 

added to the reaction mixture. The resulting orange to red solution was stirred at 

room temperature. After about 2 days, the mixture was filtered and washed twice 

with 1 M KHSO4, followed by washing twice with NaHCO3, once with water and 

finally once with brine. The organic phase obtained was dried with Na2SO4 before 

being concentrated to a viscous brown oil by solvent evaporation. Repeated 

precipitations (2-3 times) in ice cold ether were then performed before dissolution 

in dioxane and lyophilization to yield a dark orange fluffy fluorescent polymer (70-

80 %). A detailed characterization of the products can be found in the Supporting 

Information (S4.4). 

Self-assembly Formulations and Drug Encapsulation via Direct 

Hydration: Formulation of micelles and worm-like micelles was performed 

according to a modified literature procedure.6 Firstly, PEG-b-PTMC and PEG-b-

p(TMC-g-CL) were individually dissolved in  oligo ethylene glycol (OEG, Mw= 350 

Da) at 50 wt% using mild heating (50 °C) and manual mixing was used to ensure 
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homogeneity. In a 10 μL aliquot of these viscous liquids, 50% will be copolymer 

and 50% OEG by weight. Resulting stocks of either polymer (i.e. P22-PT and 

P22-PCT in OEG) were then combined at the desired ratio (e.g. 1:1, 1:2, 3:1 etc.). 

Thereafter, 10 µL of this viscous liquid was added to the bottom of a 5 mL glass 

vial and stirred at 168 rcf. The resulting liquid film was then hydrated using 1 mL 

of PBS with stirring for up to 1 h. Drug encapsulation was enabled by co-

dissolution of dexamethasone powder at a desired wt% into the final stock liquid 

of blended copolymer in OEG. The same formulation protocol was applied for 

modified block copolymers (with respect to charge and dye). CMC values were 

determined by measuring fluorescence intensity of ANS added on top of a range 

of formulations with various polymer concentrations (10 μL ANS at 10-3 M + 190 

μL sample in microplate). 

Drug loading determination: Co-dissolution of DEX powder at a certain wt% 

in polymer stocks was performed to encapsulate the drug. In order to evaluate 

drug loading, 10 µL of a stock were hydrated with PBS, while other 10 µL of the 

same stock were hydrated with ACN. This last sample dissolved in organic 

solvent was considered as the reference sample, containing 100% of DEX. Note 

that no self-assembly process occurred in this solvent. Resulting solutions were 

filtered with a 0.2 μm PES filter and 500 μL were transferred to a 5 mL Eppendorf 

for freeze drying overnight. The day after, 1 mL of a 1:1 mixture of ACN:water 

was added. 900 μL of supernatant were collected after centrifugation for 5min at 

high speed. Samples were then diluted 4 times before UV/VIS reading of the DEX 

signal at 240 nm in a quartz cuvette. All data was background subtracted using 

an equivalent amount of polymer in the respective solvent. DEX concentration 

was calculated from a DEX calibration curve in the same solvent (y=14.41x with 

R2=0.999). Samples hydrated by usual PBS ([DEX]PBS) were compared with 

samples in organic solvent ([DEX]ACN) as a reference. 

Drug loading efficiencies were calculated as follows: 𝐸𝐸% ∗ 100.  
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Supplementary Information 

Main materials and instruments are reported in Chapter 3. 

Materials: DCC was purchased from Acros Organics. Ɛ-caprolactone was 

purchased from Fluorochem UK. Fluorescent dye Bodipy-FL-CO2H was supplied 

by Lumiprobe.  

 

Instrumentation: 

Differential Scanning Calorimetry (DSC): Thermal properties were measured 

on a DSC Q2000 from TA instruments and raw data processed with TA universal 

analysis 2000 software. Approximately 10 mg of sample was analyzed in a 50 µL 

Tzero aluminum hermetic pan. Thermal measurements consisted out of two full 

heating and cooling cycles within a temperature range of [-80°C ; 80°C], a heating 

and cooling ramp of 10°C per minute was used. 

AF4 method for fractionation of worm-like micelles: 

Start 
(min) 

End (min) Mode 
Cross flow start 

(mL min-1) 
Cross flow end 

(mL min-1) 

0 1 Elution 1.00 1.00 

1 2 Focus - - 

2 3 Focus + inject - - 

3 4 Focus - - 

4 7 Elution 1.00 1.00 

7 8 Elution 1.00 0.60 

8 12 Elution 0.60 0.60 

12 13 Elution 0.60 0.00 

13 23 Elution 0.00 0.00 

23 24 Elution + inject 0.00 0.00 

24 25 Elution 0.00 0.00 
 

UV-Visible and fluorescent spectroscopy: JASCO V-750 spectrophotometer 

was used during drug loading experiments with the multi-cell holder accessory 

PAC-743, in a Helma Analytics High Precision Cell made of Quartz SUPRASIL. 

DEX absorbance was measured in the range of 220-260 nm, with data interval 2 
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nm, bandwidth 1 nm, response 0.24 s, scan speed 100 nm/min, D2/WI source 

and step filter exchange. A baseline correction was applied, with measured 

baseline corresponding to unloaded particles in the same buffer conditions. 

Measurements were done at room temperature. 

 

 

Figures: 

S4.1- Synthesis and characterization of poly(ethylene glycol)-
poly(trimethylene carbonate -g- ε-caprolactone) block copolymers 

 

Synthetic Scheme 

 

 

 

 

 

 

 

 

 

 

 

1H-NMR (400 MHz, CDCl3): δ 4.24 (t, 4H x 42, J = 6.42 Hz, -O-CH2-CH2-CH2-O, 
TMC), 3.64 (s, 4H x 22, -O-CH2-CH2-O, Me-PEG-OH), 3.38 (s, 3H, CH3-PEG-O-
), 2.05 (m, 2H x 42, J = 6.10 Hz , -O-CH2-CH2-CH2-O, TMC).  
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13C-NMR (100 MHz, CDCl3), δ 154.80 (-O-CO-O-, carbonate ester), 70.57 (CH3-
(O-CH2-CH2)22-O-), 64.28 (-O-CH2-CH2-CH2-O-), 28.04 (-O-CH2-CH2-CH2-O-). 
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1H-NMR (400 MHz, CDCl3): δ=4.06ppm (t, -O-(CH2)4-CH2-O-TMC, Ɛ-CL), 
3.65ppm (s, -O-CH2-CH2-O-, Me-PEG-OH), 3.38ppm (s, CH3-, Me-PEG-OH), 
2.31ppm (m, CO-CH2-(CH2)4-O-, Ɛ-CL), 2.01ppm (m, -O-CH2-CH2-CH2-O, TMC), 
1.66ppm (m, -O-CH2-CH2-CH2-CH2-CH2-O, Ɛ-CL), 1.38ppm (m, -O-CH2-CH2-
CH2-CH2-CH2-O, Ɛ-CL). 
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13C-NMR (100 MHz, CDCl3): δ=173.53ppm (C=O, Ɛ-CL), 155.15ppm (-O-CO-O-
, TMC), 70.57ppm (-O-CH2-CH2-O-, Me-PEG-OH), 64.15ppm (-O-CH2-CH2-CH2-
O-CO-CH2-(CH2)4-O-, TMC, Ɛ-CL), 34.01ppm (-CO-(CH2)4-CH2-O-, Ɛ-CL), 
28.36ppm (-CO-CH2-CH2-(CH2)3-O-, Ɛ-CL), 28.06ppm (-CO-CH2-CH2-CH2-OC-, 
TMC), 25.54ppm (CO-CH2-CH2-CH2-CH2-CH2-O-, Ɛ-CL), 24.62ppm (CO-(CH2)3-
CH2-CH2-O-, Ɛ-CL).  

 

S4.2- GPC traces of the H3C-PEG22-b-PTMC42 (left) and H3C-PEG22-b-
p(CL42-g-TMC11) (right) block copolymers. The y-axis shows the 
intensity of the dRI signal.  
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S4.3- Differential Scanning Calorimetry of H3C-PEG22-b-PTMC42 (A) 
and H3C-PEG22-b-p(CL42-g-TMC11) (B) 

 

 

A

B 
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S4.4- Coupling of BODIPY-FL-CO2H dye to H3C-PEG22-b-p(CL42-g-
TMC11) 

 
Synthetic Scheme 

 

1H-NMR (400MHz, CDCl3): δ= 6.11ppm(s, BDP-FL), 5.40ppm (s, BDP-FL), 
4.06ppm (t, -O-(CH2)4-CH2-O-TMC, Ɛ-CL), 3.64ppm (s, -O-CH2-CH2-O-, HOOC-
PEG-O-), 3.38ppm (CH3-PEG22-O-), 2.56ppm, (s, -CH3, BDP FL), 2.31ppm (m, 
CO-CH2-(CH2)4-O-, Ɛ-CL), 2.25ppm (t, OC-CH2, BDP-FL), 2.01ppm (m, -O-CH2-
CH2-CH2-O-, TMC), 1.65ppm (m, -O-CH2-CH2-CH2-CH2-CH2-O-, Ɛ-CL), 1.38ppm 
(m, -O-CH2-CH2-CH2-CH2-CH2-O, Ɛ-CL).  



 

 

137 

S4.5- AF4-MALS-DLS data for formulation 1-5 (Fig.4.1) recording the 
shape factor (ρ = Rg/Rh). (A)-(E) respectively formulations 1-5. Only A and E 
showed Rg/Rh values higher than 2, demonstrating a potential non-spherical 
shape. 
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S4.6- AF4-MALS-DLS data for buffer effect on formulation 6 
recording the shape factor (ρ = Rg/Rh). (A) PBS, (B) water, (C) Red= PBS, 
Blue= water. 
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S4.7- AF4-MALS-DLS data for formulation 1-4 (Fig.4.2A) recording 
the shape factor (ρ = Rg/Rh). (A)-(D) respectively formulations 1-4. As Rg/Rh 
values are under 2, the shape of the formulation is not elongated, but close to 
spheres.  
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S4.8- Size distribution by intensity (DLS) data for temperature effect 
on formulation 6 (3 curves for 3 repetitions). NWs formulated at RT 
were the same size as the ones formed at 60°C. 
 

 

 

 

 

S4.9- AF4-MALS-DLS data to determine long term stability at 
different time points recording the shape factor (ρ = Rg/Rh). Black= 
original sample 6, blue= after 5 months at room temperature, red= after 5 months 
in the fridge. These results show that particles are stable as nanoworms, for at 
least 5 months, stored at RT or in a fridge. Therefore, they have the potential as 
a drug delivery system with a sustained release features.  

 

 

 



 

 

141 

S4.10- AF4-MALS-DLS data to determine surface charge effects on 
formulation 6 recording the shape factor (ρ = Rg/Rh). (A) 5wt% P42-
PCT(+) , (B) 8wt% P42-PCT(+), (C) 5wt% P42-PCT(-) , (D) 8wt% P42-PCT(-), (E) 
10wt% P42-PCT(-)  blended NWs. Shape factors overlap (F) Positively charged 
nanoworms: Black= 5wt%, Red= 8wt%, (G) Negatively charged nanoworms: 
Black= 5wt%, Red= 8wt%, Blue= 10wt%. The amount of charge at the surface of 
the particles doesn’t influence significantly the shape of the NW particles. 
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S4.11- Size distribution by intensity (DLS) data to determine surface 
charge effect on formulation 6. (A) 5wt% P42-PCT(+) , (B) 8wt% P42-
PCT(+), (C) 10wt% P42-PCT(+) , (D) 5wt% P42-PCT(-), (E) 8wt% P42-PCT(-), 
(F) 10wt% P42-PCT(-)  blended nanoworms. Figure C and F demonstrate the 
appearance of aggregation with high polydispersity and/or poorly defined 
distribution. 

 

 

 

 

 

A 

B E

C F

D
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S4.12- Dexamethasone UV/VIS absorption spectra. 12 wt% loaded 
nanoworms (plain) and equivalent reference sample (dash). The overlap between 
the curves demonstrates an encapsulation efficiency close to 100%. 

 

 

 

Acknowledgements 

 The authors would like to thank Imke Welzen-Pijpers and Alexander Mason 

for CryoTEM measurements. We thank the European Union's Horizon 2020 

research and innovation programme Marie Sklodowska-Curie Innovative Training 

Networks Nanomed (No. 676137) for funding. We thank the Ser Cymru II 

programme for support of DSW; this project received funding from the European 

Union’s Horizon 2020 research and innovation programme under the Marie 

Skłodowska-Curie grant agreement No. 663830. 

 

References 

1 D. S. Williams, I. A. B. Pijpers, R. Ridolfo and J. C. M. van Hest, J. Control. 
Release, 2017, 259, 29–39. 

2 J. Zhang, H. Tang, Z. Liu and B. Chen, Int. J. Nanomedicine, 2017, 12, 8483–
8493. 

3 X. Zhu, C. Vo, M. Taylor and B. R. Smith, Mater. Horizons, 2019, 6, 1094–1121. 
4 P. Decuzzi, R. Pasqualini, W. Arap and M. Ferrari, Pharm. Res., 2009, 26, 235–

243. 
5 M. E. Fox, F. C. Szoka and J. M. J. Fréchet, Acc. Chem. Res., 2009, 42, 1141–

1151. 
6 R. Ridolfo, B. C. Ede, P. Diamanti, P. B. White, A. W. Perriman, J. C. M. van Hest, 

A. Blair and D. S. Williams, Small, 2018, 14, 1–10. 
7 S. Cao, J. Shao, Y. Xia, H. Che, Z. Zhong, F. Meng, J. C. M. van Hest, L. K. E. A. 



 

 

144 

Abdelmohsen and D. S. Williams, Small, 2019, 15, 1901849. 
8 S. Cao, L. K. E. A. Abdelmohsen, J. Shao, J. Van Den Dikkenberg, E. 

Mastrobattista, D. S. Williams and J. C. M. Van Hest, ACS Macro Lett., 2018, 7, 
1394–1399. 

9 P. Decuzzi, R. Pasqualini, W. Arap and M. Ferrari, Pharm. Res., 2009, 26, 235–
243. 

10 F. Gentile, C. Chiappini, D. Fine, R. C. Bhavane, M. S. Peluccio, M. M. C. Cheng, 
X. Liu, M. Ferrari and P. Decuzzi, J. Biomech., 2008, 41, 2312–2318. 

11 S. Y. Lee, M. Ferrari and P. Decuzzi, J. Biomech., 2009, 42, 1885–1890. 
12 J. A. Champion and S. Mitragotri, Proc. Natl. Acad. Sci., 2006, 103, 4930–4934. 
13 Y. Geng, P. Dalhaimer, S. Cai, R. Tsai, M. Tewari, T. Minko and D. E. Discher, 

Nat. Nanotechnol., 2007, 2, 249–255. 
14 H. Cabral, K. Miyata, K. Osada and K. Kataoka, Chem. Rev., 2018, 118, 6844–

6892. 
15 N. P. Truong, J. F. Quinn, M. R. Whittaker and T. P. Davis, Polym. Chem., 2016, 

7, 4295–4312. 
16 N. S. Oltra, J. Swift, A. Mahmud, K. Rajagopal, S. M. Loverde and D. E. Discher, 

J. Mater. Chem. B, 2013, 1, 5177–5185. 
17 X. Wan, Y. Min, H. Bludau, A. Keith, S. S. Sheiko, R. Jordan, A. Z. Wang, M. 

Sokolsky-Papkov and A. V. Kabanov, ACS Nano, 2018, 12, 2426–2439. 
18 K. Jelonek, S. Li, B. Kaczmarczyk, A. Marcinkowski, A. Orchel, M. Musiał-Kulik 

and J. Kasperczyk, Int. J. Pharm., 2016, 510, 365–374. 
19 Y. Kim, P. Dalhaimer, D. A. Christian and D. E. Discher, in AIChE Annual Meeting, 

Conference Proceedings, 2005, p. 4294. 
20 N. P. Truong, M. R. Whittaker, A. Anastasaki, D. M. Haddleton, J. F. Quinn and T. 

P. Davis, Polym. Chem., 2016, 7, 430–440. 
21 L. P. D. Ratcliffe, M. J. Derry, A. Ianiro, R. Tuinier and S. P. Armes, Angew. 

Chemie, 2019, 58, 2–9. 
22 L. Sun, N. Petzetakis, A. Pitto-Barry, T. L. Schiller, N. Kirby, D. J. Keddie, B. J. 

Boyd, R. K. O’Reilly and A. P. Dove, Macromolecules, 2013, 46, 9074–9082. 
23 S. J. Byard, M. Williams, B. E. McKenzie, A. Blanazs and S. P. Armes, 

Macromolecules, 2017, 50, 1482–1493. 
24 J. R. Finnegan, X. He, S. T. G. Street, J. D. Garcia-Hernandez, D. W. Hayward, 

R. L. Harniman, R. M. Richardson, G. R. Whittell and I. Manners, J. Am. Chem. 
Soc., 2018, 140, 17127–17140. 

25 K. Jelonek, S. Li, X. Wu, J. Kasperczyk and A. Marcinkowski, Int. J. Pharm., 2015, 
485, 357–364. 

26 J. C. Foster, S. Varlas, B. Couturaud, J. R. Jones, R. Keogh, R. T. Mathers and 
R. K. O’Reilly, Angew. Chemie, 2018, 130, 15959–15963. 

27 Z. Li, L. M. Johnson, R. G. Ricarte, L. J. Yao, M. A. Hillmyer, F. S. Bates and T. P. 
Lodge, Langmuir, 2017, 33, 2837–2848. 

28 D. J. Adams, C. Kitchen, S. Adams, S. Furzeland, D. Atkins, P. Schuetz, C. M. 
Fernyhough, N. Tzokova, A. J. Ryan and M. F. Butler, Soft Matter, 2009, 5, 3086–
3096. 

29 R. Šachl, M. Uchman, P. Matějíček, K. Procházka, M. Štěpánek and M. Špírková, 
Langmuir, 2007, 23, 3395–3400. 

30 E. Konishcheva, D. Häussinger, S. Lörcher and W. Meier, Eur. Polym. J., 2016, 
83, 300–310. 

31 L. M. P. E. Van Oppen, L. K. E. A. Abdelmohsen, S. E. Van Emst-De Vries, P. L. 
W. Welzen, D. A. Wilson, J. A. M. Smeitink, W. J. H. Koopman, R. Brock, P. H. G. 
M. Willems, D. S. Williams and J. C. M. Van Hest, ACS Cent. Sci., 2018, 4, 917–
928. 



 

 

145 

32 S. Varlas, J. C. Foster and R. K. O’Reilly, Chem. Commun., 2019, 55, 9066–9071. 
33 I. A. B. Pijpers, L. K. E. A. Abdelmohsen, D. S. Williams and J. C. M. Van Hest, 

ACS Macro Lett., 2017, 6, 1217–1222. 
34 A. Cho, Y. La, S. Jeoung, H. R. Moon, J. H. Ryu, T. J. Shin and K. T. Kim, 

Macromolecules, 2017, 50, 3234–3243. 
35 P. Schuetz, M. J. Greenall, J. Bent, S. Furzeland, D. Atkins, M. F. Butler, T. C. B. 

McLeish and D. M. A. Buzza, Soft Matter, 2011, 7, 749–759. 
36 S. Jain and F. S. Bates, Macromolecules, 2004, 37, 1511–1523. 
37 A. Couffin, D. Delcroix, B. Martín-Vaca, D. Bourissou and C. Navarro, 

Macromolecules, 2013, 46, 4354–4360. 
38 D. Bacinello, E. Garanger, D. Taton, K. C. Tam and S. Lecommandoux, 

Biomacromolecules, 2014, 15, 1882–1888. 
39 S. Boye, F. Ennen, L. Scharfenberg, D. Appelhans, L. Nilsson and A. Lederer, 

Macromolecules, 2015, 48, 4607–4619. 
40 L. K. E. A. Abdelmohsen, R. S. M. Rikken, P. C. M. Christianen, J. C. M. van Hest 

and D. A. Wilson, Polymer (Guildf)., 2016, 107, 445–449. 
41 S. E. A. Gratton, S. S. Williams, M. E. Napier, P. D. Pohlhaus, Z. Zhou, K. B. Wiles, 

B. W. Maynor, C. Shen, T. Olafsen, E. T. Samulski and J. M. Desimone, Acc. 
Chem. Res., 2008, 41, 1685–1695. 

42 Z. Zhang, D. W. Grijpma and J. Feijen, J. Control. Release, 2006, 111, 263–270. 
43 E. B. Rodrigues, F. M. Penha, G. B. Melo, J. M. Bottós and M. E. Farah, in Retinal 

Pharmacotherapy, Elsevier, 2010, pp. 96–103. 
44 US_8034366_B2, 2011. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

146 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

147 

CHAPTER 5: FORMULATION 
OF SPHERICAL AND 
TUBULAR VESICLES 

 
 

Influence of surface charge on the 
formulation of PEG-b-PDLLA nanoparticles 
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Abstract 

 
 Polymeric vesicles (polymersomes) are an important class of nanoparticles 

for various biomedical applications. Their interaction with biological systems is 

strongly dependent on their topological features such as size, shape and surface 

charge. We have recently developed a versatile method that enables the 

formation of tubes or bowl-shaped vesicles (stomatocytes) out of spherical 

vesicles composed of the biodegradable block copolymer poly(ethylene glycol)-

poly(D,L-lactic acid) (PEG-b-PDLLA), via a dialysis process. Applying this method 

for particles with different surface charge is however a far from trivial task, as the 

shape change process is affected by spontaneous membrane curvature, which 

is strongly influenced by the presence of charged polymer end groups. This 

chapter describes an optimized procedure to attain an effective shape 

transformation toward tubes of PEG-b-PDLLA polymersomes containing PEG 

blocks with amine (A) or carboxylic acid (CA) end groups. The salt concentration 

employed during the dialysis process turns out to be key, with the CA-

polymersomes requiring substantially lower concentrations than unmodified or A-

ones.  The ability to control now reliably shape and surface charge in these 

polymer vesicles, allows a future systematic analysis of the effect of these 

topological parameters on the biological response of the nanoparticles.  

 

 

 

 

 

This chapter has been modified from: 
Roxane Ridolfo, David S. Williams, Jan C.M. van Hest, Polym.Chem., 2020, 11, 16, 
2775-2780. 
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Introduction 
 
 Nanoparticle morphology is recognized to be a key determinant of 

performance in the field of nanomedicine.1–6 Contrary to other particle features 

such as size and surface charge, shape only recently received attention as an 

important factor determining the behavior of particles in a biological context. High-

aspect ratio nanoparticles have been shown to have improved biophysical 

properties with regard to for example flow characteristics (influencing circulation 

and distribution) and interactions with cells/tissues.6–8 An important class of 

nanoparticles that have been used in a diverse range of applications including 

drug delivery,9 radiotherapy,10 cancer cell targeting,11 and nanoreactors12 are 

polymeric vesicles, or polymersomes.13,14 The compartmentalized nature of 

polymersomes facilitates encapsulation of various types of cargo within their inner 

lumen, protecting them from unwanted degradation whilst facilitating their delivery 

to cells through passive or active uptake (using homing motifs such as peptides 

or antibodies).4,15 The shape effect of course also holds for polymersomes, and 

this has inspired researchers to develop effective methods for the construction of 

non-spherical vesicular structures. 

 For this purpose different processes have been reported such as 

polymerization-induced self-assembly (PISA),16–18 film re-hydration,19–21 or co-

solvent/evaporation.7 The PRINT technology22 and moulding23,24 have also 

proven to be very useful to create nanoparticles with different shapes, albeit that 

these techniques predominantly have been used for solid systems. In our group 

we have constructed non-spherical polymersomes by employing a dialysis 

procedure. Block copolymers were dissolved in an organic solvent, after which 

water was added to induce polymer assembly. The organic solvent was 

subsequently removed via dialysis. By careful control over the latter step a shape 

change could be realized. We were able to demonstrate this both for non-

degradable block copolymers such as poly(ethylene glycol)-poly(styrene)25,26 

and,  more recently, biodegradable block copolymers.1,27 In this way, we have 

generated tubular polymersomes (nanotubes) and bowl-shaped vesicles known 
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as stomatocytes comprising poly(ethylene glycol)-poly(D,L-lactide) (PEG-b-

PDLLA) block copolymers.  

 Surface charge is another important feature of nanoparticles that can have 

a major effect on their performance as drug delivery systems. Particle charge has 

been shown to influence phagocytosis, cellular uptake and biodistribution.28–30 

Reports on various polymeric nanoparticles indicate better cellular uptake and 

biodistribution for positively charged  particles.31–33 Negatively charged particles 

were usually less toxic 34,35 and more prone to permeate tissues for targeted 

delivery.36,37 Internalization pathways have also been linked to surface charge, 

with positively charged particles tending towards internalization via clathrin 

receptors, while negatively charged counterparts are prone for caveolae 

mediated uptake.33 With this in mind, methods should be available in which both 

shape and surface charge can be effectively engineered to tailor the performance 

of nanoparticles in vivo. 

 Various strategies exist for the display of charged moieties onto polymeric 

nanoparticles including synthetic approaches and post-modification.30,33,35,38–42 

Herein, we present a facile approach whereby the surface charge of non-

spherical polymersomes was modified by blending uncharged methoxy-

terminated PEG-b-PDLLA block copolymers with either amino (A) or carboxyl 

(CA) terminated variants. Assembly was conducted using the solvent switch 

methodology, where water was slowly added to a solution of polymer in organic 

solvent. By systematically varying the salt concentration during the subsequent 

dialysis procedure, we were able to transform the differently charged spherical 

polymersomes into nanotubes and, under certain conditions, stomatocytes. 

Having attained a robust route to the fabrication of charged polymersomes (either 

spherical or tubular) with different surface groups, raises interest for their use as 

ocular drug delivery systems. 
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Results & Discussion 
 
Polymer synthesis 

 Using either monomethoxy, carboxyl- or NHBoc-terminated poly(ethylene 

glycol) macroinitiators of narrow polydispersity, block copolymers (BCPs) were 

synthesized through the organocatalyzed ring-opening polymerization (ROP) of 

D,L-lactide monomers using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as a 

catalyst (Fig.5.1A).27 This yielded BCPs with a well-defined (45 repeats, 6.5 kDa), 

hydrophobic PDLLA block (after reaction for 2 h at room temperature) with a 

hydrophilic PEG block of either 1 or 2 kDa for uncharged and charged BCPs, 

respectively (Fig.5.1A-B). This difference in length was chosen to ensure that the 

incorporated charged groups were accessible at the particle surface. All BCPs 

had polydispersity values of approximately 1.1, which highlights the excellent 

control that was achieved using this method (Fig.5.1B/S5.1). Subsequent 

deprotection of the PEG-terminal amine was performed using trifluoroacetic acid 

(TFA) in DCM to yield the primary amine, with no detrimental effect on the reaction 

or polydispersity. The use of acid-terminated PEG did not appear to interfere with 

the polymerization. The composition of all BCPs was assessed using 1H NMR 

spectroscopy, which confirmed that precise polymerization control was achieved 

(Fig.5.1A/S5.2-5.4). In this way, a range of well-defined polymers were prepared 

as a first step in formulating biocompatible polymersomes that would be able to 

display either negative or positive charge at neutral pH through blending with the 

non-charged variant. 
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A: R= CH3, -(CH3)2-NHBoc, -(CH3)2-CO2H

 

B 

  

C 

 

Figure 5.1: (A) Synthesis of various poly(ethylene glycol)-block-poly(D,L-lactide) (PEG-b-

PDLLA) block copolymers and their characterization (B) by 1H NMR and SEC; (C) 

Formulation scheme for the preparation of PEG-b-PDLLA vesicles. 

 

Formulation of vesicles 
 
 Self-assembly of BCPs was performed using the solvent switch method, by 

dissolving the polymer in a 4:1 mixture of THF:dioxane prior to dropwise addition 

of water up to 50 vol% over 2 h (Fig.5.1C).27 The formation of polymersomal 
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nanostructures was indicated by the increased turbidity of the solution, without 

the formation of unwanted aggregates. A- or CA-modified polymersomes were 

formed using the same process, with the introduction of 10 wt% (with respect to 

total polymer content) of either A or CA terminated BCPs, respectively. From 

cryo-TEM measurements, polymersomal morphologies were evident in all three 

samples, with some influence of charge upon the size (Fig.5.2A-C/S5.5). 

Unmodified polymersomes, comprising neutral PEG-b-PDLLA, attained sizes of 

approximately 500 nm which was also the case for the A-modified samples; 

however, there was a significant difference in size for the CA-doped samples 

which were clearly smaller (ca. 200-300 nm). This was attributed to the difference 

in solvent interactions between A- and CA-containing polymers that would 

influence the kinetics of polymersome formation, thereby altering the average size 

of the nanostructures. A uniform membrane thickness of 15-20 nm was observed 

for all formulations. 

 
Figure 5.2: Cryo-TEM images of polymersomes with or without shape transformation. No 
shape transformation was observed when dialysing polymersomes against water (A = 
PEG-b-PDLLA / B = 10wt% NH2-PEG-b-PDLLA / C = 10wt% CO2H-PEG-b-PDLLA). 
Shape transformation was observed when dialysing polymersomes against 50 mM NaCl 
(D = PEG-b-PDLLA / E = 10wt% NH2-PEG-b-PDLLA) or 10 mM NaCl (F = 10wt% CO2H-
PEG-b-PDLLA). All scale bars = 0.2 µm. 
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 Inducing shape transformations of PDLLA-based block copolymers from a 

spherical to elongated tubular morphology was achieved using osmotically 

induced deflation, as described previously.27 However, the introduction of 

charged polymers affected the shape transformation process markedly, showing 

different morphological changes under the same dialysis conditions (overnight 

dialysis against water for spheres, or salted water for elongated shapes). 

Unmodified and CA-modified particles formed well-defined elongated tubes, with 

an average size of 100 nm (width) x 1 μm (length), whereas A-modified charged 

variants were not as elongated and more closely resembled peanut shaped 

morphologies as opposed to tubes (Fig.5.2D-E/S6). During the shape-change 

process, an internal volume reduction of ca. 50 % occurred, leading to an 

irreversible change in morphology owing to the semi-permeability characteristics 

of the membrane. We hypothesized that addition of charged groups at the surface 

of the polymersomes would induce distinct (lateral) electrostatic interactions, 

influencing the membrane flexibility, its spontaneous curvature and, as a result, 

the shape change pathway. Spontaneous membrane curvature (influenced by the 

packing of polymer chains in the membrane, their interactions with each other 

and surrounding solvent) is a controlling factor in the shape transformation of 

polymersomes into non-spherical morphologies.1,43 

 

Adapting salt concentration to charge composition 
 
 As the ionic strength of the dialysis medium will have an effect on the charge 

repulsion in the polymersome membrane, we set out to systematically vary the 

salt concentration during the dialysis process upon the shape transformations of 

the A- and CA-modified polymersome variants (Fig.5.3/S5.6). The use of 10mM 

sodium chloride solution resulted in small bi-layered spheres for A-doped 

assemblies, but elongated tubes for CA-doped particles. Raising the salt 

concentration of the solution to 25 mM NaCl resulted in the formation of large 

peanut-like shapes for assemblies with amine surface, often shorter than the ones 

obtained with 50 mM NaCl. However, when the same concentration of salt was 
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used for the CA-modified polymersomes, this yielded elongated tubes together 

with a small population of bowl-shaped structures (stomatocytes). At 100 mM 

NaCl, mainly stomatocytes were formed from the A-doped polymersomes. 

Stomatocytes were also seen for the polymersomes with CA surface, in equal 

amounts with the elongated tubes. These findings highlight the complex nature 

of polymersomal shape transformations, where oblate and prolate morphologies 

can be formed through controlled osmotic deflation and are significantly 

influenced by the salt concentration, composition and molecular characteristics 

of the bilayer.43 Based on these results, 10 mM and 50 mM NaCl were chosen for 

dialysis of CA- or A- modified and unmodified polymersomes, respectively, in 

order to controllably obtain tubular morphologies.  
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Figure 5.3: Cryo-TEM images of charged polymersomes after shape transformation using 
different salt concentrations. (-) 10wt% CO2H-PEG-b-PDLLA and (+) 10wt% NH2-PEG-b-
PDLLA based polymersomes. All scale bars = 0.2 µm. 

 

 Further physical characterization of polymersomes and tubes was 

performed using DLS (Fig.5.4). The average particle size was, in agreement with 

the cryo-TEM images, in the region of 400-500 nm for unmodified and A-modified 

polymersomes, whereas their CA-modified counterparts were smaller at around 

200-300 nm. It should be noted that DLS is not best suited for non-spherical 

particles, as it is based on the Stokes-Einstein relationship, and this consideration 

should thus be taken into account during the analysis of the tubes.44 All particles 

possessed a negative zeta-potential due to the negative character of 

poly(ethylene glycol)-rich membranes in solution, which was diminished in case 

of the amine-containing polymersomes.45–47 No significant difference in zeta-

potential was observed between unmodified and CA-modified polymersomes. 

Although the zeta-potential values did not yield major differences between the 

different polymersomal formulations in terms of surface charge, the presence of 

carboxylic acid and primary amine groups at the surface of polymersomes could 

still induce different interactions in a biological context.  
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Figure 5.4: Physical data for polymersomal formulations. (A) Tabulated results of dynamic 
light scattering (DLS) measurements and (B) intensity distribution data (n = 3 for each 
sample, standard deviation reported as ±x in A). 

 

 

Conclusion 

 In this work, we have explored the influence of formulation factors, such as 

salt concentration, upon the assembly of PEG-b-PDLLA copolymers bearing 10 

wt% of either carboxylic acid or amine-modified derivatives. Using optimized 

conditions we have generated tubular and spherical polymersomes composed of 

copolymer blends and characterized their morphology using both cryo-TEM and 

DLS. This platform constitutes a robust technology that can be readily tuned in 

terms of morphology and composition to suit future applications in, for example, 

therapeutic drug delivery. 
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Experimental Section 

Synthesis and characterization of poly(ethylene glycol)-poly(D,L-

lactide) block copolymers: The synthesis of PEG-b-PDLLA was performed 

according to a modified literature procedure.27 Monomethoxy-PEG-OH, tBoc-NH-

PEG-OH or COOH-PEG-OH macroinitiator was weighed into a round bottom 

flask along with D,L-lactide in order to obtain around 13 wt% PEG in the final 

copolymer composition. In all cases, dry toluene (ca. 50 mL) was added to the 

flask and the solvent evaporated in order to dry the contents before 

polymerization. The dried reagents were then re-dissolved in dry DCM and DBU 

was added (0.5 equiv. with respect to [initiator]) under argon. The reaction was 

stored at RT for around 2 hours, until there was no evidence of the monomer from 

the 1H-NMR spectra. After completion was confirmed by 1H-NMR, the reaction 

mixture was diluted using DCM and washed twice with 1M KHSO4 and once with 

brine before drying with Na2SO4, filtering and evaporating most of the solvent. 

The concentrated copolymer solution (in DCM) was then precipitated into ice cold 

diethyl ether and the remaining wax was partially dried under nitrogen before 

dissolving in dioxane and lyophilization to yield a white powder (70-90% yield). In 

the case of tBoc-NH-PEG-b-PDLLA polymers, a standard TFA deprotection step 

was performed to finally obtain NH2-PEG-b-PDLLA. Copolymer composition was 

calculated by using the protons of PEG (3.65-3.7 ppm), lactide CH3 (multiplet at 

1.55-1.65 ppm) and CH (multiplet at 5.15-5.25 ppm). All Ð values were calculated 

to be less than 1.1 using polystyrene standards for calibration, demonstrating that 

the reaction conditions and base catalyst gave good control over polymerization. 

Polymersome and tube formulation: The synthesis of PEG-b-PDLLA was 

performed according to a modified literature procedure.27 In a 15 mL vial, block-

copolymer (20 mg total; for 10 wt% of charge, 2 mg of modified-polymer was 

weighted with 18 mg of unmodified one) was dissolved in 2 mL of organic solvent 

- a mixture of distilled THF and dioxane (4:1 v/v). A magnetic stirring bar was 

added and the vial was sealed with a rubber septum. The solution was let to stir 

for at least 30 minutes. Afterward, 2 mL of Milli-Q water was added via a syringe 
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pump at a rate of 1 mL/h. After 2 hours, the resulting cloudy suspension was 

transferred into a dialysis membrane (SpectraPor, molecular weight cut-off: 

12,000-14,000 Da, flat width 25 mm), which was pre-hydrated. The 

polymersomes were dialyzed at 4 °C against precooled water (1 L) overnight with 

a water change after 1h. The replacement of the water with a NaCl solution at a 

pre-defined concentration (between 10 and 100mM) was performed in order to 

osmotically induce a shape change transformation of the spheres into tubes in 

some cases. 
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Supplementary Information 

Materials and instruments are reported in previous chapters. 

S5.1- SEC traces of all polymers   

 

S5.2- 1H NMR OF PEG-b-PDLLA 
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S5.3- 1H NMR OF H2N-PEG-b-PDLLA 

 

S5.4- 1H NMR OF HO2C-PEG-b-PDLLA 
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S5.5- Wide view CryoTEM images when [NaCl]=0 mM (scale bar 200 nm) 

Unmodified 

 

A-modified 

 

CA-modified 
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S5.6- Wide view CryoTEM images related to figure 5.3 (scale bar 200 nm) 

Unmodified surface and [NaCl]=50mM 

 

A-modified surface and [NaCl]=10mM 

 

A-modified surface and [NaCl]=25mM 
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A-modified surface and [NaCl]=50mM 

 

 

A-modified surface and [NaCl]=100mM 

 

 

CA-modified surface and [NaCl]=10mM 
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CA-modified surface and [NaCl]=25mM 

 
 

CA-modified surface and [NaCl]=50mM 

 

 

CA-modified surface and [NaCl]=100mM 
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CHAPTER 6: NANOPARTICLES 
FOR OCULAR DRUG DELIVERY 

 
 

Exploring the impact of shape and 
morphology on the properties of 

nanoparticles for ocular drug delivery 
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Abstract 

 
 Nanoparticle morphology (size, shape, composition) and surface chemistry 

are the determining factor underpinning the efficacy of such materials in 

therapeutic applications. The size, shape and surface chemistry of a nanoparticle 

can strongly influence key properties such as interactions with diverse biological 

fluids and interfaces and, in turn, impact the delivery of bioactive cargo – 

modulating therapeutic performance. This is exemplified in ocular drug delivery 

where potential therapeutics must navigate complex biological media, such as 

the gel-like vitreal fluid. Biodegradable block copolymer amphiphiles are a robust 

tool for the engineering of various types of self-assembled nanoparticles with 

diverse morphologies ranging from spherical and tubular polymersomes to 

spherical and worm-like micelles. Here, we explore the effect of morphological 

features such as shape and surface chemistry upon the interactions of a series 

of copolymer nanoparticles with retinal (ARPE-19) cells, we explore the release 

of a low solubility drug (dexamethasone) that is currently used in ocular therapy 

and study their diffusion in vitreous using ex vivo eyes. We demonstrate that both 

aspect ratio and surface chemistry of nanoparticles will influence their 

performance in terms of drug loading, cell uptake, drug release and diffusion, with 

high aspect ratio shapes demonstrating enhanced properties in comparison to 

their spherical counterparts. 

 

 

 

 

This chapter has been modified from: 
Roxane Ridolfo, Shirin Tavakoli, Vijayabhaskarreddy Junnuthula, David S. Williams, 
Arto Urtti, Jan C.M. van Hest, Biomacromolecules, 2020. 
DOI: 10.1021/acs.biomac.0c00726 
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Introduction 
 
 The important role of nanoparticle morphology for performance of such 

synthetic materials in a biological context is a well-established concept.1 Greater 

understanding of the influence that certain morphological features (such as size, 

shape and composition) can have upon complex biological interactions, and 

associated properties such as drug release, will undoubtedly furnish with design 

principles that can be implemented to engineer next-generation 

nanotechnologies that might overcome current limitations in the field.1–3 However, 

due to the inherent heterogeneity of biology (not only at the level of organs and 

tissues but also with respect to cell types and sub-cellular systems) there cannot 

be a ‘one-size-fits-all’ approach to nanomedicine.4,5 The impact of nanoparticle 

morphology may well be quite different depending upon the niche application and 

biological context, which necessitates customized in vitro and in vivo assays to 

provide specific insights towards the target.6–8 

 Ocular therapy (in contrast to areas such as neurological or immunological 

therapy) possesses a host of unique biological challenges peculiar to the biology 

of the eye.9 Drug administration to the eye is complicated by the challenge of 

intravitreal delivery, which is usually overcome using injections – an unpleasant 

procedure that could be lessened by the development of controlled release 

technology, increasing the interval between treatments.10–12 In terms of disease 

specifics, a condition like age-related macular degeneration (AMD) is a worldwide 

disease that is on the rise in an ageing population.13 AMD is now a top ten priority 

for the World Health Organization (WHO) and patient numbers are expected to 

reach 288 million by 2040 – motivating the development of new treatments.14,15 

AMD is caused by age-related degeneration of retinal pigmented epithelium 

(RPE) cells in the central region of the retina (the macula) that can lead to 

accumulation of extracellular material and inflammation.16 The vitreous fluid 

within the eye is a complex medium, accounting for 80 % of the eye volume, which 

comprises collagen fibres and hyaluronic acid making it a gel-like, viscous liquid.17  
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 Nanoparticle morphology has been shown to significantly influence 

properties such as circulation times, cell interactions and flow behavior.18–22 In 

terms of ocular therapy, particle surface charge has been shown to influence 

permeation in the vitreous, with positive charge-bearing particles showing 

enhanced diffusion without crossing the inner retinal membrane.10,23–25 In 

contrast, neutral and negatively charged macromolecules and nanoparticles 

showed some permeation across the inner limiting membrane, demonstrating a 

possible enhanced delivery to cell.10,24,25 The potential of nanoparticles to impact 

drug delivery, particularly in ocular therapy, is highly appealing and morphology 

has a key role in realizing this.  

 The anti-inflammatory corticosteroid, dexamethasone (DEX), is a frontline 

therapeutic for ocular therapy. As with many drug molecules, DEX has poor water 

solubility owing to its hydrophobic nature, which limits administration to the retina 

at doses necessary for effective therapy (ca. 150 µg/mL over 2 months).26 Without 

formulation, DEX must be given as an aggregated suspension that provides rapid 

drug release and necessitates daily intravitreal injection. Current strategies to 

improve DEX delivery include intravitreal implants (e.g. Ozurdex®, Allergan) that 

can provide sustained release for 6 months.27 However, this implant previously 

showed unwanted complications such as movement from the back to the front 

segment of the eye, altering vision, and therefore leading to surgical removal.28 

As neither topical nor systemic treatments effectively reach the back of the eye, 

due to significant ocular barriers such as the blood-retinal barrier or the natural 

elimination processes, local administration is the optimal route, which opens an 

opportunity for nanomedicine to provide a competitive solution.10 In general, the 

design of nanoparticles, particularly those comprising biodegradable copolymers, 

for application in ocular therapy is an unexplored area. 

 Here, we explore the key properties of a range of nanoparticle morphologies 

comprising biocompatible, amphiphilic block copolymers in relation to cell health 

and uptake, drug (DEX) release and diffusion in vitreous. Based on systems 

reported in the previous chapters, we utilized spherical and worm-like micelles, 

comprising poly(ethylene glycol) (PEG) and combinations of poly(trimethylene 
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carbonate) (PTMC) and poly(ε-caprolactone) (PCL), as well as spherical and 

tubular polymersomes, comprising PEG and poly(D,L-lactide) (PDLLA).29–32 

Using a range of physical characterization techniques and biological assays, we 

demonstrated that particle shape and composition have a significant effect upon 

performance to direct cellular interactions, control drug release and enhance 

diffusion in vitreous (using an ex vivo eye model). Overall, our findings highlight 

the value of high aspect nanoparticles such as tubes and worms, and the potential 

for non-spherical particles to improve the performance of nanotherapeutics. To 

the best of our knowledge, this is the first report that systematically compares the 

biological impact of such diverse morphologies arising from copolymer self-

assembly. In these terms, our findings will not only be of use for ocular delivery, 

but for broader therapeutic applications of such nanomaterials. 

 

Results 

Preparation of particles as drug delivery systems 

 In order to engineer various nanoparticle morphologies, we synthesized a 

range of well-defined, block copolymers comprising PEG, PTMC, PCL and 

PDLLA in various combinations, using procedures presented in our previous 

chapters.29–32 To enable further study into the impact of surface chemistry upon 

performance, copolymers with PEG-terminal amine (A) and carboxylic acid (CA) 

moieties were also prepared and blended with unmodified (U) polymers for 

assembly into A- and CA-bearing particles. Spherical and tubular polymersomes 

were fabricated using our protocols where 10 wt% of A or CA groups could be 

stably incorporated with sizes around 450 (U/A) or 250 nm (CA) (S6.2). Zeta-

potentials of U/CA-Spheres or Tubes were ≈ -45 mV and those of A-

Spheres/Tubes were ≈ -25 mV owing to the presence of surface amine moieties. 

Spherical and worm-like micelles were fabricated using our protocols where 10 

wt% of A or CA groups could be stably incorporated with sizes ≈ 30 nm for 

spherical and ≈ 150 nm for worm-like micelles (S6.1-6.2). Zeta-potentials of 

spherical U/CA-Micelles ≈ -5 mV with A-Micelles ≈ 4 mV and values for U/CA-
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Worms ≈ -17 mV with A-Worms ≈ 7 mV. Particle sizing was conducted using DLS, 

with the elongated particle (tube or worm) diameter calculated as if it was 

spherical (based on Stokes-Einstein equation), and cryo-TEM imaging providing 

detailed structural features of these diverse nanoparticles (Fig.6.1). High aspect 

ratio structures (tubes and worms) possess lengths > 1 µm and widths of around 

100 or 50 nm, respectively. 

 

Figure 6.1: Cryo-TEM images of unmodified (A) polymersomes, (B) tubes, (C) micelles 
and (D) worms (scale bars 0.2 µm). Images of nanoparticles with different surface 
compositions available in previous chapters. 

 

Drug loading & release 

 Investigation of the morphology effect on drug loading and release, is of 

great importance, however it has not yet been explored in literature. There were 

key distinctions, in terms of drug loading, between nanoparticles under 

examination. PEG-PDLLA polymersomes, formed via solvent switch and (in the 

case of tubes) with dialysis-induced shape transformation possessed a low 

loading of DEX at around 0.5 wt% (yielding a total concentration of ca. 25 µg/mL). 

In contrast, micellar technology was capable of higher drug loadings at up to 4 
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wt% (spherical micelles) or 10 wt% (worm-like micelles) owing to the molecular 

structure of PEG-PTMC/PCL copolymers and the direct hydration process, 

yielding total concentrations of 180 and 500 µg/mL, respectively (S6.4).  

 

 
Figure 6.2: (A) Cumulative release of DEX from spherical (black) and tubular U-
polymersomes (blue) fitted using first-order kinetics (full analysis on all polymersome 
samples available in S6). (B) Cumulative release of DEX from spherical (black) and worm-
like U-micelles (blue) fitted using first-order and Korsmeyer-Peppas kinetics, respectively 
(full analysis on all micellar samples available in S6). 

 

 Release of DEX from polymersomes, diluted using vitreous liquid, 

proceeded under first order kinetics. In contrast to free drug, which rapidly 

equilibrated across the system within 6h (k1 = 0.55 h-1, S6.5A), release from 

polymersomes was slowed; furthermore, there was a distinct impact arising from 

shape upon the rate constant (Fig.6.2A / S6.5B). Independent of the presence of 

charged groups on the particle surface, there was a 20-30% reduction in the 

release rate for the tubular as compared to the spherical polymersomes. A first 

order release was also observed for spherical micelles, comparable to that from 

tubular polymersomes. The worm-like morphologies, however, showed a striking 

difference (Fig.6.2B / S6.5C).  DEX release from worms did not follow first order 

kinetics but could be fitted using the Korsmeyer-Peppas approximation with 

values for the release exponent (n) similar to those reported for drug-loaded 

liposomes that operated in the diffusion limited regime (n = 0.2-0.3).33,34 Release 
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from 10 wt% loaded worms with various surface compositions (U/A/CA) was 

comparable and proceeded to full release over 3 days (as compared to 10-15h 

with spherical micelles). In part, this observed difference was attributed to the 

higher loading of DEX in worms and the concomitant (relative) reduction in drug 

efflux as [DEX]worms > [DEX]solubility. Reducing the loading of DEX in worms 

highlighted this property, where 6wt% and 8wt% worms showed a reduction in 

the release exponent and an increase in the rate constant highlighting faster 

release when [DEX]worms ≈ [DEX]solubility. Overall, high aspect ratio nanoparticles, 

by definition non-spherical, demonstrated their capacity to reduce the rate of drug 

release. This was particularly the case for worm-like micelles, which was probably 

caused for a large part by the higher drug loading content. 

 

In vitro evaluation of particles: toxicity and uptake 

 Using a retinal pigmented epithelial cell line (ARPE-19), no significant 

detrimental effect was observed upon cell health or proliferation using Alamar 

blue and CCK-8 assays, respectively, arising from treatment with any of the 

nanoparticle candidates (Fig.6.3). Interestingly, some reduction in viability was 

observed in cell proliferation after treatment with tubes and worms at lower 

concentrations (to a minimum of 80 %) but this did not bear out at higher 

concentrations and was not of sufficient magnitude to be of concern.  

 
 

Figure 6.3: Relative proliferation (CCK-8) and cell health (Alamar Blue) values of retinal 
cells after 24 h incubation with increasing concentrations of diverse nanoparticles with 
unmodified (U), 10 % amine-modified (A) or 10 % carboxylic acid-modified (CA) surfaces. 
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 Using confocal microscopy and flow cytometry, cellular uptake was 

confirmed in each case (Fig.6.4/S6.6-6.7).35 Overall, tubes were more readily 

uptaken by cells as compared to their spherical counterparts by ca. 20 %. In terms 

of surface composition, it was clear from flow cytometry results that A-

spheres/tubes were less readily uptaken. This result was somewhat 

counterintuitive as the introduction of positive charge on the nanoparticle surface 

should induce a favorable interaction with the negatively charged plasma 

membrane.36 In our system, this difference was related to the tendency of amine-

modified spheres/tubes to bind to and aggregate on the cell membrane, hindering 

efficient internalization (evidenced in S6.6C). Uptake of U and CA-tubes was the 

most optimal in terms of the relative number of cells that contained nanoparticles 

(as presented in flow cytometry data). In contrast, there was a strong difference 

between the uptake of spherical and worm-like micelles with almost twice the 

number cells containing worms (Fig.6.4). In this case, there was no significant 

impact arising from surface composition and all three worm systems showed 

increased cell uptake. This distinct uptake behavior was likely caused by the 

enhanced diffusive properties of high aspect-ratio structures, which was more 

intense in the case of worms due to their greater length:width aspect ratio as 

compared to that of tubes. 
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Figure 6.4: Uptake of (A) spherical and tubular polymersomes and (B) spherical and 
worm-like micelles into cells as quantified using flow cytometry accompanied by confocal 
microscopy (cytoplasm = red, nucleus = blue, nanoparticles = green and scale bars 10µm).  

 

Ex vivo evaluation of particles: mobility in vitreous 

 Following on from in vitro studies, we explored the impact of particle shape 

and surface chemistry on mobility in vitreous using ex vivo porcine eyes – an 

excellent model system due to similarity to the human eye.37 After addition to a 

prepared eye, fluorescent nanoparticles, with Bodipy-FL dye, were tracked as 

they underwent diffusion within the gel-like vitreous fluid. Particle mobility was 

quantified using the ratio of diffusion coefficients (Dw/Dv) measured in water (Dw, 

using the Stokes-Einstein equation) compared to that measured in vitreous fluid 

(Dv, extracted from mean-squared diffusion, MSD) as described in the methods.38 

MSDs of particles were calculated from tracked trajectories to provide mobility 

ratio (Dw/Dv) values (Fig.6.5/S6.8).  



 

 

179 

Figure 6.5: Diffusion of nanoparticle morphologies in vitreous. (A) Scheme for the 
preparation and sample measurement in an ex vivo eye model. (B) Example of 
nanoparticle mobility trajectories in the ex vivo eye as measured using confocal 
microscopy and processed using Imaris software. (C) Chart of Dw/Dv ratios for diverse 
particle morphologies. 

 

 Both surface composition and shape had a clear effect on particle mobility 

in vitreous fluid. In terms of surface composition, CA-modified particles showed 

enhanced diffusion in the vitreous, as compared to U or A-modified variants, 

which can be explained by negative interactions with anionic polysaccharides 

such as hyaluronic acid. In terms of shape, tubular polymersomes were clearly 

more mobile than spheres with values of 55-75 % compared to those of spheres. 

Due to the gel-like environment of the vitreous, 100 nm-wide tubular shapes (as 

opposed to bulky spheres) likely possessed enhanced diffusion due to their ability 

to transverse the vitreal gel more effectively than spheres.  In line with this logic, 

worm-like micelles (having significantly greater aspect-ratio as compared to 

tubes) yielded diffusion ratio values over three-fold lower than tubes. These 
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observations give additional insight into the enhanced cellular uptake of tubes 

and worms (particularly those with CA-modified surfaces) that can be related to 

their enhanced mobility in vitreous – increasing the degree of cell interactions in 

agreement with the literature.10 As a proof-of-principal, and to highlight the ability 

of non-spherical morphologies to enhance penetration of complex biological 

barriers, fluorescently-labelled CA-tubes were shown to penetrate the inner 

limiting membrane (ILM) of the retina (S6.9). Even though absolute conclusions 

could not be drawn from those images – the ability of elongated nanoparticles to 

transpose such an interface highlights their value for further exploration as a 

potential retinal application. 

 

Discussion 

 The importance of shape and surface charge of nanoparticles for ocular drug 

delivery was clearly highlighted in this chapter. Evident difference of drug loading 

capacity was observed between spherical and elongated micelles. Encapsulation 

efficiencies were both around 95%, showing a very good solubility of the drug in 

the polymer mixture during the formulation via direct hydration. However, DEX 

concentration in micelles was 180 μg/mL compared to 500 μg/mL for worms, 

respectively equivalent to 4 wt% and 10 wt%. It means that when considering the 

same mass of polymer, 2.5 times more mass of drug is present in the worms. The 

spherical micelle core is formed by PTMC, while the worm-like micellar core is 

composed of both PTMC and p(TMC-g-CL) hydrophobic segments. Therefore, 

the higher DEX content of worms could be explained by an increased 

hydrophobicity, with a longer hydrophobic block. Moreover, we could hypothesize 

that the arrangement of the chains in the core of the worms is tighter due to the 

length of the blocks, considering that a size difference of 20 nm (30 nm micelles 

and 50 nm worms) in diameter is not significant. Having a longer block would 

therefore lead to a thicker polymeric network, with many more drug-polymer 

interactions. Calculations (Table 6.1) also showed that, per particle, the volume 

of worms is much higher than the one of spheres.39,40 However, the surface-to-
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volume ratio is lower, meaning the inner volume is probably more compact for 

worms. 

 
Table 6.1: Mathematical calculations of surface area and volume of particles with different 
shapes. Micelles are considered as spheres with a radius of 15 nm, and worms as 
cylinders with a radius of 25 nm and length of 2 μm. 
 

 
 Drug release from all the morphologies was assumed to be driven by 

diffusion, rather than erosion of the polymer matrix.41 Indeed, the degradation 

under physiological conditions of polylactides, polylactones and polycarbonates 

is reported to be longer than a month. As the vitreous doesn’t contain degrading 

enzymes and has a stable temperature (body temperature), this assumption 

seems valid.42–47  

 Overall, non-spherical shapes demonstrated slower release rates. Several 

explanations for this result exist. For vesicular formulations, the drug is loaded 

inside the hydrophobic bilayer. Membrane formation is driven by specific 

physicochemical parameters such as interfacial pressure and membrane 

curvature.32 The Young-Laplace equation describes the pressure difference at 

the curved interface of two environments. Using this reference and figure 6.6, we 

can understand that the shape of the particle has a significant influence on the 

curvature of its bilayer membrane, and therefore on the pressure at the interface 

between the particle membrane and its microenvironment. Whereas the pressure 

induced by a sphere is identical in all directions, the one induced by tubes will 

vary depending on the position on the membrane. Where the curvature is higher, 

at the extremities of the tubes, we can expect that the pressure is quite high, 

compared to the side of the tubes where the surface is flat. Therefore, the release 

of drugs from spheres will be identical all around the surface due to the same in 
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situ pressure, but the release from tubes will be induced almost only at the 

extremities and not along the flat curvature. As the drug is stored in the bilayer 

hydrophobic membrane of the particles, those features will result in a slower 

release rate for tubular shaped particles, as the main area is flat compared to 

their spherical counterparts (from which drug is diffusing in all directions). 

Additional support of this hypothesis was found in the work of Omid Bavi and al. 

Their research showed that the local curvature of biological membranes such as 

caveolae induced quite a strong local force on channels anchored to the 

membrane.48 Moreover, Klaus and al studied the difference of diffusion from flat 

or curved surfaces.49 They demonstrated that tubular structures tend to retain 

concentration gradients of particles for a longer time compared to flat surfaces. 

 

Figure 6.6: Possible effect of the nanoparticle shape on the release behavior. 

 

 For micellar formulations, the drug is contained in the hydrophobic core, and 

as previously explained in terms of loading, the inner volume of worms, with its 

specific composition, is more compact and hydrophobic. Therefore, worm-like 

micelles will have a tendency to retain the drug for a longer time compared to 

spherical micelles. Both 1st order and Korsmeyer-Peppas (KP) kinetics release 

models (S6.5) were employed to confirm diffusion as the main drug release 

mechanism.33,34 The 1st order model is an exponential, basically representing two 

phases: a burst release followed by a slower release phase. This occurs when no 
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physical barrier retains the drug, and therefore a lot of content diffuse at once, as 

soon as a release path is created (as a pore in the membrane surface). The 

Korsmeyer-Peppas (KP) model describes which type of dissolution mechanism 

from a matrix triggers the drug release (equation in S6.5).44,47 The drug transport 

mechanism depends on the exponent n. For n lower than 0.5, regular Fickian 

diffusion is obtained, in which the diffusion process is faster than the alteration of 

the matrix. For n between 0.5 and 1, Non-Fickian transport is observed, which 

means that the mechanism of drug release is governed by both diffusion and 

swelling of the matrix at similar rates. For values at 1 and higher, we have a Case 

II transport mechanisms, in which diffusion is minimal. With values around 0.25, 

our worm-like system is driven by Fickian diffusion, creating a local drug 

concentration gradient around the surface of the particles. In this case, KP is a 

better model compared to 1st order kinetics (used for spheres), as it allows to take 

into account the high drug loading in the worms (500 μg/mL) above the solubility 

limit of DEX in PBS (100 μg/mL).  

 Worm-like micelles were taken up twice as efficiently by ARPE-19 cells than 

spherical micelles. In literature, shape has been shown to affect tumbling and 

orientation of the particles at the surface of the cells, and also influence the 

phagocytosis by macrophages due to different kinds of membrane 

deformation.21,22 To clearly understand the results for our system, further studies 

are needed, such as in vitro studies in flow, and determination of the uptake 

pathway. A first hypothesis could be the effect of orientation of the worm-like 

particles at the surface of the cells. If the worms engage in a perpendicular 

fashion, they can protrude the cell. If the worms are oriented parallel to the cell, 

uptake would require a mechanical breakdown of the worms into small pieces. 

Therefore, overall, the uptake would be enhanced due to multiple cell-worm 

interactions. A similar explanation could be considered for the vesicular system, 

although mechanical degradation along their length is less feasible due to the 

bilayer membrane. It has also been reported that charge should have an effect 

upon cellular interactions.10,23–25  However, although we varied the nature of 

charged groups, cell uptake differences were minimal, possibly as the amine or 
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carboxylic acid moieties present at the surface of the particles only inflicted subtle 

changes in ζ-potential. 

 Until now the effect of particle morphology on mobility in the vitreous has not 

been studied. Here, we have shown that worms move much faster than 

polymersomes and tubes in the vitreous. If we focus our attention on the effect of 

the shape, the actual morphology of worms vs. tubes is different. Due to its 

hydrophobic bilayer membrane, a tube is more rigid. In contrast, worms are more 

flexible along their length, and therefore more prone for enhanced mobility in the 

vitreous. The smaller thickness of the worms might also help them to freely move 

within the gel-like vitreous network. Moreover, when considering the particles in 

flow, it was described in literature that non-spherical particles have the possibility 

to adapt their orientation to a flow direction.50 At rest, they are randomly oriented 

but align to the flow direction when a shear rate is applied, leading to lower 

viscosity compared to spheres. A lower viscosity means fewer interactions with 

the vitreous gel, leading to faster moving particles. 

 

Conclusion 

 In conclusion, we have demonstrated that nanoparticle morphology is an 

important factor in the design of drug delivery systems due to its impact on 

behaviors such as cell uptake, drug release kinetics and diffusion in complex 

biological media. High-aspect ratio nanostructures (such as tubular 

polymersomes and worm-like micelles) have great potential for further 

development towards therapeutic applications (such as ocular therapy). The use 

of such morphologically diverse nanoparticles would deepen our understanding 

of the role of parameters such as size, shape and composition upon interactions 

with biological interfaces and cells.  

 Ideally, intravitreal injection should deliver 100μL drug formulation in the 

3mL human eye vitreous, which should release about 250 ng/day of DEX, aiming 

for a 2-month release.26 Therefore, a clinically relevant concentration of DEX for 
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our application is at least 150 μg/mL of DEX. Whereas loading of drug inside the 

micellar systems met this criteria, our aim wasn’t reached with vesicles. 

Moreover, both systems failed in terms of sustained release for more than two 

months. Several options are still to be explored, such as cross-linking of the 

hydrophobic segments, introduction of the nanoparticles in a gel-like structure, or 

enhancement of drug-polymer interactions (by - stacking for example). 

However, the same type of nanoparticles could also be used for other 

applications, such as local cancer treatment, for which sustained release is less 

of an issue. 

 

Experimental Section 

Polymer synthesis & NPs formulation: described in previous chapters. 

Fluorescent particles (same properties) were obtained by mixing BODIPY-

copolymer with unmodified polymer at 10wt% or 50 wt% respectively for micellar 

or vesicular systems. 

Drug loading: described in chapter 4 for the micellar systems (direct hydration 

with DEX in OEG/polymer, UV-VIS spectroscopy loading studies). For the 

vesicular systems, the solvent-switch method described in chapter 5 was used as 

stated, but DEX was added to the organic phase. For example, in an attempt to 

load 10wt% DEX, 2mg of DEX were weighted with 20mg of polymer. The 

encapsulation efficiency was then determined by UPLC. 200μL of loaded 

particles were added to a 1mL Eppendorf and the solvent evaporated. The 

resulted dried powder was dissolved in a 1:40 THF:ACN solution, and precipitates 

were removed by centrifugation (6 krcf, 10 min). Supernatant containing DEX was 

then diluted by 2 with milliQ water, and three replicates were run through UPLC 

in order to determine DEX initial concentration, and deduct the encapsulation 

efficiency (background subtraction of unloaded particles). 

Drug release: Drug release studies were performed using a Rapid Equilibrium 

Dialysis device (RED) device with 8K MWCO inserts as supplied by Thermo 
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Fisher Scientific. The donor chamber contained 250 μL sample and 250 μL buffer 

(with 25 μL pre-mixed Pen-Strep antibiotic). The receiving chamber contained 

750 μL PBS. Aliquots of 100 μL were extracted from the receiving chamber at 

specific time points, and 100 μL PBS was pipetted in replacement to maintain 

sink conditions. To each aliquot, 400 μL acetonitrile was added to dilute the 

sample and precipitate any salts prior to centrifugation at 6 krcf for 10 min. 50 μL 

of supernatant was then withdrawn and dissolved in MilliQ water at a 1:1 volume 

ratio. Each of three replicates were measured by UPLC (dilution factor 10) in 

order to determine the [DEX]. The cumulative release of DEX (%) was calculated 

as follows, with [DEX]t the measured concentration at time t: 
 

Mass of drug in device M  DEX  x 0.1 mL x 12.5 

Cumulative mass of drug released Q   Q M  M 1
.

  

 

Cell assays: ARPE-19 cells were cultured at 37°C in 5% CO2 using DMEM:F12 

medium. Cells were plated at 2x105 cells per well and treated with nanoparticle 

formulations at 3 different polymer concentrations (1.25, 0.625, 0.250 mg/mL) for 

24h. After incubation with particles, cells were washed several times with DPBS. 

To measure health, cells were treated with 10% Alamar Blue solution, incubated 

for 4h and the absorbance at 570 nm was recorded thereafter. To measure 

proliferation, cells were incubated for 3 days without particles. Thereafter, 10 μL 

per well of CCK-8 solution was added and microplates were incubated for an 

additional 3h before absorbance was read at 450 nm. 

Cellular Uptake assays: ARPE-19 cells were plated on either 24-well plates 

or special glass cover slips at 2x105 cells per well, and treated with 1 mL of 

fluorescently labelled nanoparticles in DMEM:F12 at 1 mg/mL for 24h. After 

incubation, cells were washed several times with DPBS and processed using 

either flow cytometry or confocal microscopy. 

For flow cytometry, 1 mL of medium was added per well together with 5 µg/mL 

of Hoechst 33342 nuclear stain. After 30 min incubation, cells were 3x washed in 

DPBS, trypsinized and re-suspended in DPBS, before transfer to FACS tubes.  
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For confocal microscopy, cells were fixed by incubation using 1 mL per well of 

4% paraformaldehyde solution in DPBS for 15 min. Once washed, staining was 

achieved using 300 μL of 0.2% Triton in DPBS per well for 10 min, followed by 3 

DPBS rinses and addition of 300 μL of Phalloidin568 per well. After 45 min, 5 

washing steps using 500 μL of TWEEN 20 solution per well (0.2% in DPBS) was 

performed, waiting 5 min between repeats. Finally, cells were rinsed with DPBS, 

treated with 300 μL of DAPI solution per well for 5 min and rinsed before imaging. 

Mobility studies in vitreous using ex vivo eyes: Mobility studies of 

nanoparticles in vitreous were performed using porcine eyes ex vivo.[4] To prepare 

the eyes, they were cleaned from muscles, nerves, and all other undesired 

tissues. Freshly prepared eyes were briefly dipped into 70% ethanol and then 

stored in PBS at 4 °C overnight. Thereafter, eyes were cut circumferentially below 

the limbus to remove the anterior section including iris and lens. A 30G syringe 

was used to inject (in the fresh eye vitreous) 50 μL of fluorescent nanoparticles 

at a polymer concentration of 0.25 mg/mL. Next, the cut surface was covered with 

a microwell dish (MatTek Corporation, Ashland, MA, USA), avoiding air bubbles 

between the vitreous and the glass window. The eye cup was then inverted in 

order to place the window surface facing down for imaging. 

The key parameter for mobility evaluation was the ratio of particle diffusion 

coefficient (as described in the Stokes-Einstein equation) in water (DW) compared 

to that in vitreous (DV): Dw/DV (S6.9). DW was calculated at 37 °C in water, using 

DLS. To compensate for the inaccuracies relating to the hydrodynamic radius of 

tubular polymersomes, approximations based on the diffusion of rod-like particles 

were used rather than standard calculations based upon spherical shapes.[5] 

Mobility of particles in vitreous fluid was recorded as a movie with 50 ms temporal 

resolution, and particles were tracked using single particle tracking technique. 

From the videos, the Mean Square Displacement (MSD) value was computed 

using the @MSDanalyzer MATLAB plugin in Imaris 9.2 software based on the 

equation MSD(Δt)= 4DVΔt for 2D particle tracking (S6.9). 
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Retinal explant preparation and immunohistochemistry: Fresh bovine 

eyes were cleaned and dipped shortly in 20% ethanol. In order to expose the 

neural retina in the posterior segment; first, the eyeball was bisected and the 

anterior segment was discarded followed by vitreous removal. Next, eyecup was 

filled with CO2 independent medium and cut by scissors to make 4 flaps. Circular 

section of the retina was isolated using a tissue puncture blade and two explant 

were placed on a 75mm Transwell® insert where the explant was nourished by 

culture medium (Neurobasal™-A, 2% B-27™ supplement, 2% penicillin–

streptomycin, 1% L-glutamine). 10µl of Bodipy-FL-labeled CA-tubes (3 mg/mL) 

was placed gently on top of the explant and incubated for 24h at 37°C with 5% 

CO2.  Next day, the medium was replaced with 4% PFA for fixation. After 2h of 

incubation at 4°C, PFA was replaced by 30% sucrose in PBS and incubated 

overnight at 4°C. Retinal explants were snap frozen in O.C.T (Tissue-Tek® 

Sakura) using liquid nitrogen. Cryosections (16µm) were obtained by cutting from 

four different area of the explant with cryostat (Leica CM3050s). Retinal sections 

were incubated in 50µL of blocking solution (5% goat serum) for 1h at RT followed 

by overnight incubation with rabbit antibody against Collagen IV (1:200) (ab6586, 

Abcam, US) at 4°C to tag the ILM. The next day, sections were stained with 

secondary antibody (Alexa Fluor™ 568-labeled goat anti-rabbit secondary 

antibody, A11036, Thermo Fisher Scientific) and Hoechst at 10µg/ml 

concentration (33342, Invitrogen™, Thermo Fisher) for 1h at RT.  Lastly, retinal 

sections were covered with mounting medium (Vectashield®) and kept at 4°C 

until imaging. Sections were imaged with a confocal microscope (Leica TCS SP8) 

using 20x (HC PL APO) and 93x (HC PL APO) objectives. 

Supplementary Information 

Main materials and instruments are reported in previous chapters. 

Materials: ARPE-19 cells and DMEM:F12  related medium were ordered from 

ATCC (LGC Standards). Vitreous fluid was collected from porcine eyes (HKScan 
Forssa, Finland) as reported in the literature1.  
 

[1] B. Subia, M. Reinisalo, N. Dey, S. Tavakoli, A. Subrizi, M. Ganguli and M. Ruponen, Eur. J. Pharm. 
Biopharm., 2019, 140, 91–99. 
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Instrumentation: 

Rapid Equilibrium Dialysis device (RED): RED device with 8K MWCO inserts 

were provided by ThermoFisher Scientific. The donor chamber contained 250 μL 

sample to study with 250 μL buffer (25 μL pre-mixed Pen-Strep antibiotic). The 

receiving chamber contained 750 μL PBS. Aliquots of 100 μL were extracted from 

the receiving chamber at specific time points, and 100 μL PBS was pipetted in 

replacement to maintain sink conditions. The full device was placed in a shaker-

incubator chamber, at 37°C and 300 rpm. 

Ultra-Performance Liquid Chromatography (UPLC): UPLC was run using a 

ACQUITY UPLC HSS T3 column, 100 Å, 1.8 μm, 2.1mm X 50mm, c18, in elution 

mode (isocratic) with 40:60 Acetonitrile:Phosphate buffer (50 mM, pH 2). The 

PDA detector was set at 240 nm. The injection volume was 5μL and the running 

time for all samples was 1.5 minutes. The retention time of dexamethasone was 

observed at 0.73 minutes. 

Confocal microscopy: A confocal microscope Marianas with 488 nm or 561 nm 

lasers was used for mobility studies, associated with the SlideBook software. 

Samples were kept at 37 °C in a chamber block. Imaging was performed with the 

following parameters: 63x water magnification objective, 100% aperture, 50ms 

exposure (150 frames), Width 1990 mm, Height 1454 mm. Files were exported 

as 16 bit TIFF and analyzed with IMARIS software and MATLAB plug in. 

Flow cytometry: All FACS measurements were done using a FACS Aria III 

equipped with a 70 μm nozzle. Hoechst33342 was excited by a 405 nm laser and 

detected through a 450/65 bandpass filter with a PMT voltage of 297 mV. 

BODIPY-FL was excited by a 488 nm laser and detected through a 530/30 

bandpass filter with a PMT voltage of 506 mV. For all analyses, doublet cells were 

excluded by standard doublet discrimination with forward- and side scatter area 

versus height plots. No spectral interference was observed between Hoechst and 

Bodipy-FL, therefore, no compensation was necessary. All samples were 

recorded with a flow rate of 8.0 mL/min. Data was displayed using FlowJo 

software (v10). 
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Figures: 

S6.1- 1H NMR evaluation of additional polymers 
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S6.2- Summary of vesicles characterizations: (A) Average diameter (size) 
and zeta-potential values obtained by DLS; (B) DLS plot. Due to DLS 
limitations, the tube diameter was calculated as if it was spherical (based on 
Stokes-Einstein equation). Polymer 2 and 3 are respectively amine and carboxylic 
acid modified. 

 

S6.3- Summary of micellar morphology characterization: (A) Average 
diameter (size) and zeta-potential values obtained by DLS; (B) DLS and AF4-
MALS/DLS plot. Due to DLS limitations, the tube diameter was calculated as if it 
was spherical (based on Stokes-Einstein equation). 
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S6.4- Drug loading determination for micelles and worms via UV-VIS 
spectroscopy 

Micelles 

Samples 2, 4 and 6 respectively represent 2 wt%, 4 wt% and 6 wt% DEX loaded 

micellar formulations. The reference sample is a curve demonstrating the 

absorbance for 100% loading efficiency. At 4 wt% still maximum loading is 

achieved, whereas at 6wt% the micelles are saturated and less compound can 

be encapsulated than provided (as indicated by the reference curve Ref6). 

 

 

Worm-like micelles 

Samples 2-10 respectively represent 2-10 wt% DEX loaded worm-like micelle 

formulations. The reference sample is a curve demonstrating the absorbance for 

100% loading efficiency. As all the curves overlap, we show that all the 

encapsulation efficiencies are good. 
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DEX absorption spectra showing comparison between micelles and worm-
like micelles 

 

S6.5- Release kinetics of DEX from (A) free solution, (B) spherical and 
tubular polymersomes and (C) spherical and worm-like micelles. Open 
circles represent data points and curves represent outcome of non-linear fitting 
(equations and fit values given underneath, +/- st. dev.). 
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S6.6- ARPE-19 cell uptake of different vesicles. (A) FACS graphic; (B) 
Confocal fluorescence microscopy images (Scale Bar 10 μm) with cytoplasm 
in red, nucleus in blue and nanoparticles in green; (C) Images extracted from 
3D uptake videos (scale bars = 10 μm). 
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C For A‐modified particles, there are fewer particles entering cells (equivalent to 

reduced uptake) as indicated by fewer green dots below the cells as compared 

to above the cells (arising due to a tendency to aggregate at the cell surface). 
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S6.7- ARPE-19 cell uptake of micellar morphologies. (A) FACS graphic; (B) 
Confocal fluorescence microscopy images (Scale Bar 10 μm) with cytoplasm 
in red, nucleus in blue and nanoparticles in green. A-worm image is missing due 
to microscopy limitations. 
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S6.8- Ex vivo porcine eye studies: (A) Nanoparticle mobility trajectories 
(scale bar 10μm); (B) MSD, DV and DW values. 
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S6.9- Representative retinal section images (n=3) display the permeation of 
fluorescently-labelled CA-tubes across the inner limiting membrane (ILM) 
after 24 h incubation period at two different magnifications: 20x (top row) and 93x 
(bottom row). ILM and blood vessels were stained with anti COL-IV antibody 
(red), nuclei were stained by Hoechst (blue) with Bodipy-FL-labelled particles 
shown in green. Scale bar = 50 µm. 
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Abstract 

 
 This chapter explores several approaches in order to enhance drug loading, 

particularly dexamethasone (DEX), inside polymersomes and tubes made of 

PEG-b-PDLLA block copolymers. First, the bilayer membrane was modified, in 

terms of thickness and composition. Two alternative vesicle formulation 

processes were investigated: reverse formulation and electroporation. Then, the 

use of bovine serum albumin to create drug-protein complexes was studied. 

Finally, the drug characteristic was adjusted by tuning its hydrophobicity. To this 

end, DEX-β-cyclodextrin complexes were used. Of all the methods explored, 

tuning the characteristics of the drug itself instead of the drug delivery system 

appeared to be the best approach for drug loading enhancement. 
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Introduction 
 
 In order to develop a clinically relevant drug delivery system, therapeutic 

efficacy is highly important. Drugs can’t usually be administered alone, due to 

early clearance and/or lack of solubility, therefore encapsulation is a need to 

enhance the drug bioavailability. Drug delivery systems help protecting the active 

substance from the biological environment until it reaches its target (depending 

on the disease and way of administration). Drug concentration, drug 

encapsulation and drug release have to be deeply studied in the early 

development process. To tackle this issue, several encapsulation strategies exist. 

In some cases, the drug is unmodified and scientists adapt the vehicle, for 

example by modifying the polarity of the loading environment, whereas in others, 

the drug itself is altered. The choice for one or the other relies on the delivery 

system chosen, depending on the properties desired for its function. In the case 

of micelles and polymersomes, direct dissolution, solvent evaporation/dialysis, or 

oil-in-water emulsions are the most commonly employed formulation  

methods.1–3 Addition of exterior forces such as sonication, vortexing or 

electroporation might help to multiply drug-polymer interactions, and therefore 

enhance encapsulation.4,5 

 Dexamethasone (DEX) is a corticosteroid of about 400 Da, and the drug is 

highly hydrophobic. In literature, numerous authors have reported the use of more 

hydrophilic drug derivatives to facilitate the drug loading. However, such drug 

derivatives often lack concrete proof of therapeutic efficacy, and modifying the 

drug might also modify its function. Ideally, drugs should be complexed by a host-

guest mechanism, with weak interactions rather than covalent bonds. However, 

this requires the host also to be present in high concentrations and toxicity might 

be a serious issue.  

 Different formulation methods have been reported for DEX. For example, 

200nm poly(lactic-co-glycolic acid) nanoparticles were loaded with 8wt% (DEX 

sodium phosphate)-zinc complexes using a solvent diffusion method.6 However, 

many purification steps were needed, especially to eliminate the drug-zinc 
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complex excess that could cause toxicity. Using an emulsion method coupled 

with solvent evaporation, 250 nm PLGA nanoparticles were also used to load 

DEX acetate.7 50% loading was reported, equivalent to maximum 400 μg per 

injection, however, particles appeared to be poorly stable and the formulation 

method too complex for scaling-up the process. DEX alcohol (4wt%) and DEX 

phosphate (50wt%) were also encapsulated inside different 

poly(hydroxyethylaspartamide)-based micelles, and results showed higher drug 

bioavailability in the eye for the loaded-micelles compared to the use of 

suspensions.8 For DEX eye drops formulations, cyclodextrin has been widely 

used as a solubilizer. A DEX-cyclodextrin complex formulation as a suspension 

for eye drops increased the drug delivery to the posterior segment of the eye by 

threefold.9,10 A majority of DEX-loaded vesicles found in literature are composed 

of DEX-grafted polymer chains, such as PEG-PCL-DEX polymersomes reported 

by Yuan or DEX-PEG-PLA by Mallik.11,12 However, their use for ocular treatment 

is limited due to the lack of physical conditions and mechanisms to release DEX 

from the polymer once in the eye. 

 Inspired by these strategies, we wanted to enhance the drug content of 

PEG-b-PDLLA polymersomes and tubes. The aim for our ocular drug delivery 

system in order to improve actual administration of DEX to treat AMD, is 

formulating a particle containing at least 150 μg/mL of drug, with a sustained 

release of at least two months. We demonstrated in our previous chapter that the 

DEX content inside vesicles was too low to be of therapeutic relevance, with only 

25 μg/mL, equivalent to an encapsulation efficiency of less than 5%. Herein, we 

report several strategies that have been studied in order to improve DEX loading 

inside the previously described polymersomes and tubes, either by modifying the 

nanoparticle composition, or by modifying the drug.  
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Results 

Adjusting the bilayer membrane thickness 

 Hydrophobic drug such as DEX are encapsulated in the hydrophobic domain 

of the drug delivery system, in order to minimize unfavorable interactions with the 

surrounding hydrophilic environment. In case of a vesicle morphology, this 

hydrophobic space is its bilayer membrane. The thickness of this bilayer for the 

particles applied in the previous chapters was calculated to be around 15-20 nm 

for both polymersomes and tubes (by analysis of cryoTEM images). We 

hypothesized that increasing the thickness of the bilayer, by increasing the length 

of the PDLLA hydrophobic block on the polymers, would improve drug 

encapsulation and enhance drug retention. 

 Using previously reported ring-opening polymerization method, several 

block copolymers with different composition were synthesized (Table 7.1A/S7.1), 

with a very good control of polymerization, demonstrated by polydispersity values 

closed to 1. These polymers were then used to try to formulate vesicles via the 

solvent-switch method. Formulation with polymer 4 showed signs of aggregation. 

Polymer 5 resulted in a polydisperse population of particles (45 and 400 nm), and 

the cryoTEM image revealed micelles as a morphology. Polymer 6 also formed 

micelles with a size under 100 nm. All those results confirmed the need for a 

specific polymeric composition in order to obtain well defined and stable 

polymersomes and tubes. After formulating particles out of single polymers, we 

also tried to blend several polymers together (Table 7.1B/S7.2). Only one 

blended formulation showed the desired morphologies, which was composed of 

a 1:1 mixture of polymer 1 and polymer 4. 
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Table 7.1: (A) PEG-PDLLA block copolymers with various degree of polymerization, and 
raw formulation (100% polymer x) of particles via solvent-switch method; (B) Blends of 
polymers from A based on the mass ratio between the two polymers (for example, 
formulation 1 is 10 mg of polymer 1 with 10 mg of polymer 4). 

 

 This polymer blend yielded vesicles with a similar size, of around 400 nm, 

to the ones obtained with pure polymer 1 (Fig.7.1A-B), and addition of DEX didn’t 

affect the size. However, the thickness of the bilayer membrane, 17-20 nm, didn’t 

significantly change. An increase of polymer 4 content didn’t result in a stable 

formulation (N°2). Even though the vesicle characteristics were not significantly 

altered using the blending procedure, we decided to study the encapsulation of 

DEX in this blended formulation, as the arrangement of the polymeric chains 

inside the layer could have been affected, with a possible effect on drug loading. 

However, only about 7 μg/mL (Fig.7.1C-D) was encapsulated. This study showed 

that there is a narrow window of operation in constructing stable vesicles, which 

makes it difficult to significantly increase the hydrophobic domain. As drug loading 



 

211 

needs to improve by an order of magnitude, this approach seems less feasible to 

achieve this goal. 

 

Figure 7.1: Drug loading studies of formulation 1. (A) Average size by DLS of both 
polymersomes and tubes, either unloaded or DEX-loaded. (B) CryoTEM images of 
polymersomes (left) and tubes (right) – scale bar 200 nm. (C) Overview of loading 
parameters from polymersomes (Pol) and tubes (Tub) from formulation 1 (Blend) 
compared to the formulation with 100% polymer 1 (DEX). (D) DEX absorbance trace of 
different formulations. 

 

Reverse formulation 

 Another hypothesis was the lack of drug stability inside the hydrophobic 

phase while adding water drops during the solvent-switch process. Therefore, this 

process was reversed: instead of using the syringe pump to add water to the 

organic phase, the organic phase (polymer and DEX) was added drop-by-drop to 

MilliQ water. The organic solvent, the volume of each solution, the polymer/drug 

mass ratio and the dialysis step, stayed identical. After 24h, we observed well-

defined vesicles, with a size of around 300 nm (Fig.7.2A). However, the DEX 
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loading was almost twice lower than usual, with only about 10 μg/mL (Fig.7.2B-

C), suggesting the reverse process isn’t suitable. 

 

Figure 7.2: Drug loading studies of reverse formulation. (A) Average size by DLS of both 
polymersomes and tubes. (B) DEX absorbance trace of different formulations. (C) Chart 
of loading parameters from polymersomes (Pol) and tubes (Tub) from reverse formulation 
compared to the formulation with 100% polymer 1 (DEX). 

 

Electroporation 

 As reported in literature, the bilayer of vesicles can be temporarily 

permeabilized using electroporation.5,13 Due to an external electric field, formation 

of pores occurs at the surface of the particles by polymer chain rearrangement, 

and drugs can be loaded inside the system post-formulation. Even if this method 

is mainly used for hydrophilic drugs, a possible enhancement of hydrophobic drug 

encapsulation could possibly be achieved when this process is performed in the 

presence of a large excess of drug around the pores. Pore formation and closure 

are fast processes, therefore drug might be trapped inside the bilayer. When 

using electroporation, several parameters can be varied, such as voltage and 

number of electrical pulses. Optimization of the formulation method is necessary 

in order to maintain a good stability of the system. Indeed, the particles should 
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keep the same size and shape throughout the process. Too high voltage could 

potentially induce irreversible membrane destruction.  

 

 

 

Figure 7.3: Stability and drug loading studies of electroporation formulations. (A) Table of 
experimental set-up and the resulting physico-chemical characteristics of the particles: 
dexamethasone concentration ([DEX]), encapsulation efficiency (EE%) and average size 
obtained by DLS. (B) CryoTEM images of resulting formulations (scale bar 200 nm). 

 

 Based on literature (for DEX with Mw= 400 Da), and after pre-optimization, 

voltages of 1.5 kV and 2 kV were chosen, with either 5 or 10 pulses. 

Dexamethasone was introduced in small excess in order to maximize the chance 
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of improved loading. These four conditions were repeated three times, to 

establish reproducibility in terms of particles size, drug loading and drug 

encapsulation efficiency (Fig.7.3/S7.3). 

 Without electroporation, particles possessed a size of around 400 nm, with 

about 25 μg/mL [DEX] and 5% encapsulation efficiency. Here, samples 1 and 2 

were loaded with [DEX] around 100 μg/mL at 5-8% encapsulation efficiency. In 

that sense, even if due to the excess of drug the efficiency was still low, 

electroporation enhanced the drug loading. However, the average size obtained 

by DLS (Fig.7.3A), was in the range of 300 nm for sample 1 and 250 nm for 

sample 2, which was different from the original samples. Moreover, results 

obtained by CryoTEM (Fig.7.3B) clearly showed diverse morphologies and quite 

polydisperse samples. Some worms appeared in all the systems, and few tubes 

were present together with micelles (sample 1) or even stomatocytes (sample 2). 

Therefore, electroporation induces a destabilization of the system, and this 

technique cannot be used for our PEG-b-PDLLA vesicles.  

 

Creating a drug complex with Bovine Serum Albumin (BSA) 

 Protein-drug binding is known to significantly influence the absorption, 

distribution and metabolism of drugs.14–16 Serum albumin is an abundant protein 

found in the blood stream of many living organisms. Therefore, it is a suitable 

candidate for drug binding, as it can be recognized by antibodies, excluding early 

clearance from the body (due to possible toxicity). Inspired by literature, we tried 

to form a noncovalent DEX-BSA complex in order to affect the solubility of the 

drug in the vesicular formulation.14–16 Indeed, as BSA is composed of hydrophobic 

domains nested in a hydrophilic envelope, DEX high hydrophobicity could be 

lowered by forming such a DEX-BSA complex. Two methods were tried: addition 

of BSA in the organic phase together with the drug and polymer, followed by the 

solvent switch method, or addition of BSA in the aqueous phase with which the 

solvent switch procedure was induced (added drop-by-drop to the polymer 

solution containing DEX). For this study, the dialysis bag cut-off was changed to 
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300-1000 kDa, in order to allow free BSA to escape. Four ratios BSA:polymer1 

were tried: 1:1, 1:2, 1:3 and 1:4. 

 Following the first approach, in which BSA was co-dissolved in the organic 

phase, resulted in colorless solutions with aggregates (Fig.7.4A), demonstrating 

that the stable particles that were formed were of a small size (<100 nm), and 

therefore rather micellar than vesicular by nature. When the second method was 

followed, a white cloudy solution was obtained, indicative of vesicle formation 

(Fig.7.4B). Characterization by DLS revealed that the 1:2 ratio formulation (10mg 

of BSA for 20mg of PEG-b-PDLLA) yielded the most stable particles, with a size 

of about 250nm (Fig.7.4C). Due to its large volume (70 kDa), the presence of 

BSA probably influences the packing of polymer chains, simultaneously changing 

the average size. The concentration of BSA inside the particles was calculated 

by UV-VIS spectrophotometry. As the absorbance of BSA was around 275-280 

nm, no overlap with the DEX signal (at 240-245 nm) was observed. We obtained 

30-40 EE%, equivalent to a BSA concentration of 700-900 μg/mL. However, the 

DEX content was around 10-25 μg/mL, as low as before (Fig.7.4D). An 

explanation might be that the DEX-BSA complex was not formed effectively for 

our system, and/or the partitioning of DEX between the organic solvent and the 

hydrophobic domains on the BSA surface, which induced its removal during the 

dialysis process. 
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Figure 7.4: Drug loading studies of formulation with BSA. (A) Pictures of formulations with 
different ratios of BSA:polymer1 (picture 1 to 4 equivalent to 1:4 to 1:1 ratios), addition of 
BSA in organic phase. (B)  Pictures of formulations with different ratios of BSA:polymer1 
(1-4 equivalent to 1:4-1:1), addition of BSA in aqueous phase. (C) Average size by DLS of 
both polymersomes and tubes from the 1:2 formulation (polymer:BSA). (D) Chart of BSA 
and DEX loading inside the 1:2 formulation. 

 

Use of a DEX complex to lower drug hydrophobicity 

 When changing a drug from its hydrophobic form to a more hydrophilic one, 

the therapeutic efficacy can vary. Therefore, the use of a drug complex, 

composed of a drug with a solubilizer, should be carefully considered. For 

example, conjugation or any other strong interactions between the drug and the 

solubilizer should be avoided, and weak interactions such as hydrogen bonding 

might therefore be preferred. β-cyclodextrin is a well-known cyclic 

oligosaccharide, soluble in water (thanks to pendant hydroxyl groups) and 

possessing a hydrophobic pocket.17–23 Drug-β-cyclodextrin complexes can 

therefore easily be formed, with complexation of the hydrophobic drug inside the 

pocket, enhancing its solubility in aqueous solutions. Depending on the molar 
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mass of the drug (and its volume), either 1 or 2 β-cyclodextrins are necessary per 

single drug molecule. We estimated the volume of DEX to be 288 Å3 (5x16x3), 

and the volume of the β-cyclodextrin pocket 180 Å3 (pocket radius 3.5 Å).24 

Therefore, 1 DEX guest molecule is probably too big for 1 β-cyclodextrin host, 

and we expect the formation of a double complex (Fig.7.5A).25 For our studies, 

DEX-β-cyclodextrin complexes were purchased from Merck (6.5% of DEX per 

mass, equivalent to 19 mol%). 

 In order to determine the best formulation process, both the introduction of 

the DEX-β-cyclodextrin complex in the organic phase and the aqueous phase 

were studied during the solvent switch vesicle preparation procedure. In the first 

case, the complex was weighted together with the polymer, and solubilized in 

THF/dioxane solvent. Then, the normal procedure for drug loaded vesicle 

formation was followed. In the second approach, the complex was diluted in 

water, and mixed with the polymer during the drop-by-drop water addition with 

the pump. Both formulations resulted in good stability (sizes around 300-500 nm), 

but addition of the complex in the organic phase resulted in the highest DEX 

encapsulation (200 μg/mL vs. 180 μg/mL), and was therefore selected to be 

further investigated (S7.4).  

 Next, the ratio of drug complex compared to polymer mass was varied 

(Fig.7.5C). Sample 3, a 2:1 ratio drug:polymer, was the best, with 160 μg/mL of 

DEX (concentration of drug without complex) and 25% encapsulation efficiency. 

However, the size of the particles was somewhat bigger (500 nm instead of 400 

nm) probably due to the volume occupied by the drug complex, and the tube width 

increased (300 nm instead of 100 nm) as seen on CryoTEM images (Fig.7.5B). 

In a further optimization step, sample 4 was dialyzed against 100 mM NaCl buffer 

(instead of 50mM). Well-defined polymersomes and tubes with a size around 400 

nm were obtained (tubes width 100 nm), and DEX encapsulation was as high as 

before. 
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Figure 7.5: (A) Molecular structure of  β-cyclodextrin, dexamethasone and their complex. 
(B) CryoTEM images of polymersomes (0 mM), and tubes formed with either 50 mM or 
100 mM NaCl buffer (scale bar 200nm). (C) Chart of formulations and drug encapsulation. 

 



 

219 

Conclusion 

 In order to try to enhance DEX loading inside our spherical or tubular 

vesicles, several approaches were investigated. Changing the block copolymer 

composition proved to be difficult, as this had a direct effect on particle 

morphology, without significantly changing DEX encapsulation efficiency.  This 

was also the case when using different formulation methods or electroporation. 

Drug complexation on BSA has been proved not to be effective, possibly as a 

result of the weak interactions between DEX and BSA. Complexation with β-

cyclodextrin however allowed a 6-fold increase in loading inside the vesicles (from 

25 to 160 μg/mL). This new finding enables the incorporation of therapeutically 

relevant concentrations of DEX. The effect of complexation on the drug release 

profile still needs to be determined. 

 

Experimental Section 

General polymer synthesis & NPs formulation: described in previous 

chapters (ROP, solvent-switch method, UV-VIS spectroscopy for EE% studies). 

Formulation of vesicles via electroporation: For each set of samples, two 

formulations were produced: unloaded and loaded particles. Unloaded particles 

were used as a control for particle morphology and stability. 20 mg PEG-b-PDLLA 

block copolymer was weighted in a glass vial, and 2 mL of 4:1 THF:dioxane 

solvent mixture was added. For loaded formulations, 8mg of DEX was added at 

this step. The solvent-switch procedure was performed as usual, with a drop-by-

drop water addition. Electroporation was conducted in presence of organic 

solvent to allow the solubilization of the drug, and the enhanced permeability and 

flexibility of the bi-layer membrane. 500 μL of solution was pipetted in a specific 

cuvette with electrodes, the voltage was selected, and pulses were given 

manually (intervals: few ms, 0.5 s/pulse). After electroporation, solution was 

equilibrated for a few minutes, before starting the dialysis. Samples were dialyzed 

for 6h in the fridge, in 600 mL buffer (water or NaCl buffer) under 180 rcf agitation. 
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The resulted formulations were characterized by DLS, NTA and CryoTEM. Drug 

loading was determined using UV-VIS spectrophotometry as described in 

previous chapters.  

 

Formulation of DEX-β-cyclodextrin loaded particles: As described 

before, formulation of the self-assemblies occurred through a solvent-switch 

method. Solvent removal was performed by dialysis, using NaCl salt in the 

dialysis buffer to induce shape transformation when needed. 

In order to encapsulate DEX-β-cyclodextrin, two different samples were 

formulated. The first sample was prepared by addition of the drug complex inside 

the organic phase. 21 mg of PEG-b-PDLLA polymer was weighted together with 

about 51 mg of DEX-β-cyclodextrin, and diluted in 2 mL THF:dioxane 4:1. Then, 

2 mL of water was added dropwise over 2h. Resulting initial DEX content was 

calculated to be 0.825 mg/mL. For the second sample, 21 mg of PEG-b-PDLLA 

polymer was weighted alone and diluted in 2 mL THF:dioxane 4:1. About 26 

mg/mL DEX-β-cyclodextrin were added in deionized water and 2 mL were added 

to the polymer mixture dropwise over 2h, resulting in an initial DEX concentration 

of about 0.845 mg/mL. Both formulations were dialyzed against water or NaCl 

buffer to respectively form spheres or tubes. For formulations in Figure 5C, the 

drug-complex/polymer ratio was changed as follows: 

RATIO drug/polymer Mass drug complex / mass polymer (mg) 

1:2 10.2 / 21.7 

1:1 25.2 / 22.7 

2:1 40.6 / 22.5 

5:2 51.2 / 21.0 

 

The resulted formulations were characterized by DLS, NTA and CryoTEM. Drug 

loading was determined using UV-VIS spectrophotometry as described in 

previous chapters.  
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Supplementary Information 

Materials and instruments are reported in previous chapters. 

S7.1- Membrane thickness experiment: characterization of 100% polymer 
formulations 

a- Polymer 4: DLS correlogram showing signs of aggregation 

 

b- Polymer 5: Micellar morphology 

CryoTEM images: Left 0 mM dialysis, right 50 mM dialysis (scale bar 100nm) 

 

DLS graphic: average size per volume of distribution 
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c- Polymer 6: Micellar morphology 

CryoTEM image 50mM dialysis (scale bar 100nm) – DLS graphic: average size per intensity 

 

 

S7.2- Membrane thickness experiment: characterization of blends 

a- Formulation 2: DLS correlogram showing signs of aggregation. 

 

b- Formulation 3: DLS results showed a correct size around 300 nm, however, a 
mixture of morphologies was obtained as indicated by CryoTEM (vesicles, worms 
and stomatocytes). 
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Left 0mM, right 50mM (scale bar 200nm) 

 
c- Formulation 4: Broad distribution of particles observed by DLS. 

  

 

S7.3- Electroporation formulations: DLS results of the formulations 
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Detailed loading characteristics: 

 

 

S7.4- Drug-complex formulations 

a) Dexamethasone calibration curve: Samples were diluted by 8 in order to reach 
a concentration range, where the maximum absorbance of DEX is lower than 1. 
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b- Chart of drug encapsulation from 2 methods: (1) solvent switch method with 

the drug complex in the organic phase and (2) the solvent switch method with the 

complex in the aqueous phase. Procedure (1) showed the higher drug 

encapsulation. 
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 The research reported in this dissertation clearly evidenced a high impact of 

particle shape and morphology on their behavior in a biological environment. 

Tuning material composition and formulation methods, widely influences the 

features of nanoparticles in terms of drug loading/release, cellular interaction, and 

biological environment interactions (here vitreous).  

 In this research, the possibility of tuning the shape of systems composed of 

biocompatible/biodegradable polymer building blocks was investigated. By 

varying formulation parameters, the morphology of soft particles made of 

polymers with low Tg, such as PEGylated carbonates, lactides and lactones, was 

modified. Good stability of the resulting shapes was often demonstrated in 

physiological conditions. Using PEG-b-PTMC and PEG-b-p(CL-g-TMC) block 

copolymers, spherical and worm-like micelles were obtained, with a respective 

size of 30nm and 50nm width / 2μm length. Spherical and tubular polymersomes 

were composed of PEG-b-PDLLA amphiphilic polymers. Their bilayer thickness 

was about 15-20 nm and their size 250-500 nm. The surface of all particles was 

sometimes varied, by the incorporation of PEG initiators possessing amine or 

carboxylic acid moieties at one chain end.  

 Micellar systems were shown to be advantageous in terms of drug 

encapsulation, probably due to their compact hydrophobic core, with high internal 

volume. However, the lack of physical barriers in the core, such as possible cross-

linking, induced unwanted anticipated release of drug. In our conditions, the 

micellar system was only suitable for 2-day treatments. Micelles and worm-like 

micelles also possess the advantage of size, usually smaller than vesicles (10-

100 nm vs. 100-1000 nm). This small size, combined with the high aspect ratio, 

hindered flexibility and enhanced the ability of worms to move faster in the vitreal 

environment. Vesicular systems could not be efficiently loaded with hydrophobic 

drugs, probably due to the limited space in their hydrophobic bilayered structure. 

However, tuning the hydrophobicity of the drug by using cyclodextrin complexes, 

was demonstrated as a very promising technique to enhance dexamethasone 

encapsulation in both spherical and tubular systems. Now, release experiments 

and in vivo therapeutic efficacy studies must be performed in order to evaluate 
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the potential of this promising formulation as a better drug delivery system. With 

vesicles, shape was also highlighted as a key parameter for enhanced uptake 

and mobility in the vitreous. 

 One remaining question around our system could be: what happen to 

particles in vitreous once their payload is fully released? Different mechanisms 

have been reported, concerning the elimination of polymeric particles from the 

eye. It is important to note that the polymers described in this dissertation are 

classified as biocompatible/biodegradable. Biocompatibility assures the user, in 

a sense, a limited risk for inflammation or side effect reactions. However, 

biocompatibility is often linked to concentration. Due to clinical restrictions, 

injection volumes in the eye are limited, therefore we don’t expect polymeric 

systems to have a dramatic effect on patient vision and ocular health. Today, as 

far as we know, no study has reported a maximum amount of polymer that an eye 

could contain before showing signs of toxicity and other unwanted side effects.  

 Biodegradability constitutes the start for nanoparticle elimination from the 

eye. Indeed, natural processes such as hydrolysis, or acidification, can often 

degrade long polymers in oligomeric fragments. From there, three types of 

elimination processes can occur: (1) anterior elimination, due to diffusion to 

aqueous humor and outflows; (2) elimination through the blood ocular barrier; (3) 

cellular elimination due to protein corona formation, recognition and clearance, 

for example via Muller cells or macrophages.1 Most published studies are 

qualitative, but a quantitative understanding of the elimination pathways is 

needed. Before starting clinical trials, elimination studies should therefore be 

studied in detail.  

 After discussion with clinicians, we truly believe local administration of drugs 

remains the most efficient way to treat ocular diseases such as age-related 

macular degeneration. For this specific application, intravitreal injections are 

preferred, due to limited anticipated elimination of drug, and limited injection side 

effects. Therefore, as free drug administration in the vitreous is not an option, 

polymeric nanoparticles as drug carriers remain of wide interest. Our results might 
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highlight the need for the development of combinatory systems, in which two 

systems are complementary. When the characteristics of one system are lacking, 

it could be compensated by the advantage of the other system. For example, a 

highly loaded system possessing a fast release, could be combined with a 

sustained release system containing less drug. In that sense, a cocktail of 

particles might be employed, which might be the solution for an efficient 

treatment. However, extensive studies of such a system are needed to evaluate 

physico-chemical features like stability, particle-particle interactions, particle-drug 

interactions, combined released behavior, and combined cellular uptake 

mechanisms for example. Synergy could hopefully be achieved by combining two 

simple systems, useless alone, but valuable when into a well-defined and efficient 

therapeutic formulation. 

 In conclusion, no drug delivery system can generally be qualified as good or 

bad, because it all depends on its application and on the therapeutic goal it needs 

to achieve. Our goal was to develop a better treatment for age-related macular 

degeneration, mainly in terms of patient compliance, by the use of intravitreally 

injected polymeric nanoparticles, with at least 150 μg/mL of dexamethasone, 

released over 60 days minimum. This specific goal hasn’t been reached yet, 

however, interesting results highlight the high potential of elongated nanoparticles 

as improved ocular drug delivery system. Promising results were a high drug 

loading inside the core of worm-like micelles and the lumen of tubular vesicles, 

and an enhanced motile behavior in the vitreous and improved uptake by retinal 

cells for particles with elongated shapes.  

 Over the years, Nanomedicine has developed from systems with simple 

make up and evolved to structures with increased levels of complexity that are 

equipped with targeting capacity and triggered release mechanisms. However, 

complex systems are hard to study, and even harder to translate into clinics, often 

resulting in clinical trials failure. Nowadays, scientists start to reverse such an 

engineering, and prefer to develop simple but efficient systems. This will become 

more and more achievable in the near future thanks to the rising knowledge 

collected over the last decades in this field. Moreover, emergence of 
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multidisciplinarity makes collaboration between scientists (chemists, physicians, 

mathematicians, pharmacologists, biologists, etc.) easier, which is one of the 

prerequisites to increase the clinical impact of the field of Nanomedicine. 

 As a final word: SHAPE MATTERS! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. del Amo, E. M. et al, Prog Retin. Eye Res. 57, 134-185 (2017). 
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Abbreviation List 

ACN: acetonitrile 
ALL: acute lymphoblastic leukaemia 
ANS: 8-anilinonaphathalene-1-sulfonic acid  
ARPE-19: arising retinal pigmented epithelium cell line 19 
BCPs: block copolymers 
CCK8: cell counting kit 8 
CMC: critical micellar concentration 
DAPI: 4′,6-diamidino-2-phenylindole 
DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene 
DCC: N,N’-dicyclohexylcarbodiimide 
DCM: dichloromethane 
DDS: drug delivery system 
DEX: dexamethasone 
DiPEA: N,N-diisopropylethylamine 
D,L-LA: D,L-lactide 
DLS: dynamic light scattering 
DMAP: 4-dimethylaminopyridine 
DMEM: Dulbecco′s modified eagle′s medium 
DMSO: dimethyl sulfoxide 
Ɛ-CL: Ɛ-caprolactone 
EE: encapsulation efficiency 
EG: ethylene glycol 
HS: human serum 
LC: loading capacity 
MSA: methane sulfonic acid 
NVs: nanovectors 
NWs: nanoworms 
OEG: oligo ethylene glycol 
PBS: phosphate buffer saline 
PCL: poly(Ɛ-caprolactone) 
PDLLA: poly(D,L-lactide) 
PEG: poly(ethylene glycol) 
PD: pharmacodynamics 
PFA: paraformaldehyde 
PK: pharmacokinetics 
PNPs: polymeric nanoparticles 
PTL: parthenolide 
PTMC: poly(trimethylene carbonate) 
ROP: ring-opening polimerization 
RT: room temperature 
tBOC: tert-butyloxycarbonyl 
TFA: trifluoroacetic acid 
THF: tetrahydrofuran 
TMC: trimethylene carbonate 
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Summary 

 Visual impairment is one of the most feared disabilities1, considering it 

affects activities of daily life. Some leading causes are age-related and can cause 

damage to the retina and optic nerve, such as age-related macular degeneration 

(AMD), listed among the top 10 priority eye diseases by the World Health 

Organization.2 Dexamethasone (DEX), an anti-inflammatory adjuvant, is often 

used to treat AMD by employing biodegradable implants or monthly intravitreal 

administration. However, those treatments are not patient-friendly: implants can 

move inside the eye and result in hindered visibility which requires surgery; 

intravitreal injections are costly, time-consuming and painful. Efficient and 

controlled drug delivery to the posterior eye is therefore becoming increasingly 

vital.3 This problem was tackled in this dissertation. 

 Chapter 1 provides an overview of the developments in the field of drug 

delivery in general and nanomedicine in particular. A focus was made on the 

effect of morphology on particle behavior. To better understand how 

nanomedicine can be employed in ocular drug delivery, in Chapter 2 the 

anatomical and physiological features of the eye were described, together with a 

state-of-the-art of actual ocular treatments. After the introductory chapters, the 

reminder of the thesis was focused on investigating the effect of polymeric 

nanoparticles morphology on drug release in ocular delivery applications. The 

final goal was to develop a prolonged release drug delivery system (DDS) able to 

encapsulate a clinically relevant amount of drug (>150 μg/mL), in order to improve 

patient safety and compliance by injecting intravitreally once every 2 months at 

least. By careful design, four types of morphologically different DDS were 

formulated during the doctoral research: spherical micelles, worm-like micelles, 

polymersomes and tubes. The main research question was: does shape of 

nanoparticles affect their performance as a DDS in a biological context? 

 All systems in this research were composed of biodegradable/biocompatible 

block copolymers (carbonates, lactones and lactides based), obtained by ring-

opening polymerization. Their amphiphilic properties allowed self-assembly into 
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nanoparticles, and hydrophobic drug encapsulation. Formulation methods were 

direct hydration for micelles and solvent-switch process for vesicles. The use of 

polymers with charged end groups (amine or carboxylic acid) was explored to 

vary the total surface charge of the particles. 

 Varying parameters such as size, surface charge and morphology enable 

us to understand the effect of nanoparticle features on their behavior in a 

biological environment. Spherical micelles (Chapter 3) were firstly explored as a 

treatment for leukemia. Particles were loaded with the hydrophobic drug 

parthenolide and their features were evaluated in vitro. Worm-like micelles 

(Chapter 4) were successfully formulated afterwards, and both systems were 

compared as a potential ocular DDS. Loading of DEX was really efficient in these 

micellar systems, with even much higher loading in worms compared to micelles 

(500 μg/mL vs 180 μg/mL). However, drug release was completed after less than 

3 days, which was not enough to meet our slow release standards.  

 In Chapter 5, a formulation method was developed to obtain both spherical 

and tubular vesicles, comprising different charged moieties at their surface. The 

amount of NaCl salt during the dialysis process (to induce osmotic shock) was 

the determinant factor in attaining control over the shape change process towards 

tubes. Encapsulation of hydrophobic DEX inside the vesicles led to only modest 

drug loading (25 μg/mL), and fast dug release for different morphologies. 

However, an effect of shape was clearly observed with a higher diffusivity of 

elongated and negatively charged particles in ex vivo vitreous model, with respect 

to both micellar and vesicular architectures. Furthermore, micellar worms showed 

a 2-fold enhanced uptake by retinal (ARPE-19) cells compared to their spherical 

counterparts (Chapter 6). Finally, DEX-β-cyclodextrin complexes were employed 

to improve the drug loading efficiency of the vesicular systems. Loading of such 

complexes allowed a 6-fold increase compared to the hydrophobic drug to reach 

a pharmaceutically relevant dosage of 160 μg/mL (Chapter 7). 

 In conclusion, we have demonstrated that shape and morphology are 

parameters that should be deeply considered in order to formulate an efficient 
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DDS. In particular, material composition and formulation, are two decisive 

aspects determining the performance of the system. Concerning the production 

of the most efficient ocular DDS, some work still needs to be done before being 

able to get close to therapeutic application. Combinational strategies, in which 

several systems with different properties are mixed at certain ratios, might also 

be an option to obtain the best drug delivery cocktail to treat patients efficiently. 

 

Ref: [1] Zhang and al, Nature Reviews Drug Discovery, 2012, 11, 541-559 ; [2] Thakur 

and al, Expert Opinion on Drug Delivery, 2014, 11:10, 1575-1590 ; [3] Thrimawithana 

and al, Drug Discovery Today, 2011, 16, 5-6. 
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