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 1 
Abstract 

From the extensive expertise that has been built up during the past few decades of biomedical research a 
particularly interesting platform has emerged as a successful alternative to generic therapeutics: nanoscale 
particles. Indeed, a wide range of nanoparticles has been developed and successfully applied within the 
biomedical field. Among these are polymersomes; bi-layered vesicles comprising amphiphilic block 
copolymers. Polymersomes are interesting candidates for nanomedicine due to their dual-compartmentalized 
structure; they comprise a hydrophobic membrane and hydrophilic lumen. Recent advances in polymersome 
development have mainly focused on the improved implementation in biomedical applications by enhancing 
the biodegradability and -compatibility of the polymer building blocks. Other characteristics, such as size and 
shape, or morphology, have emerged as key factors for successful implementation in nanomedicine. 
Additionally, developing such nanoparticles with active transport capacity, further enhances the versatility and 
dynamicity of these systems. In this introductory Chapter, we give an overview of (i) the development of 
nanoparticles for application in nanomedicine, (ii) adaptive morphologies based on block copolymer-based 
nanoparticles and (iii) the development of active nanoparticles as advanced drug carriers. At the end of this 
Chapter, an outline of this Thesis is presented.  

 

Parts of this chapter are published as: 

Pijpers, I. A. B., Abdelmohsen, L.K.E.A., Xia, Y., Cao, S., Williams, D.S., Meng, F., van Hest, J.C.M. & Zhong, Z.  Adaptive 
Polymersome and Micelle Morphologies in Anticancer Nanomedicine: From Design Rationale to Fabrication and Proof-of-
Concept Studies. Adv. Ther. 1, 1800068 (2018) 

and 

Williams, D. S., Pijpers, I. A. B., Ridolfo, R. & van Hest, J. C. M. Controlling the morphology of copolymeric vectors for next 
generation nanomedicine. J. Control. Release 259, 29–39 (2017) 
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1.1 Introduction 

Structures in biology display various morphologies. 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 is facilitated by distinct characteristics such as size, shape and 
surface chemistry. Similarly, virus particles have finely tuned structures in order to evade detection by the 
immune system and maximize infection to healthy cells.1 Intrigued and inspired by the intricacy of such natural 
architectures, researchers from various backgrounds seek to develop artificial counterparts in order to replicate 
and harness their function for diverse applications, from drug delivery to electronic sensing. In particular, well-
defined nanoparticles are of great interest to biomedical research, paying attention to all of the physicochemical 
characteristics of the resulting structure (size, shape, stiffness, temperature/pH/salt responsiveness, 
concentration-dependence, surface chemistry etc.).2–4 To this end, researchers are in search of a molecular 
toolbox from which a broad range of nanoscale architectures can be constructed with distinct properties 
dictated by the physicochemical traits of their building blocks. Such nanoengineering is based on employing 
the intermolecular driving forces found in biological self-assembled structures, which can be used to generate 
synthetic supramolecular architectures containing the required chemical versatility to facilitate application in 
biomedical research. The impact of morphologically discrete nanoparticles upon the development of 
nanomedicine is an important topic, gaining increasing attention for its potential to provide a new avenue for 
future therapeutic technologies. 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 copolymer design through to in vitro characterization and in vivo performance should be 
seen as one.5 For example, small changes in the chemical components used in any nanoparticle fabrication 
process (building blocks, solvents, conditions etc.) can have substantial effects on the resulting structure, which 
can, in turn, change the in vitro / in vivo performance. 

Nanomedicine focuses on the use of nanoparticles towards various applications in the life sciences (Figure 1). 
During the last decade, the field of nanomedicine has witnessed rapid growth, with promising results that 
indicate great potential to address challenging diseases such as cancer. Although a large library of molecular 
therapeutics has been designed and deployed against cancer, due to unsurpassable barriers of physicochemical 
nature (such as low solubility and instability) or poor specificity such drugs encounter, cancer continues to be 
one of the deadliest diseases affecting human health today. Conventional anticancer treatments, such as chemo- 
and radiotherapy, cause damage to both healthy and diseased tissue, significantly decreasing the survival rate 
and prolonging revalidation. In contrast, Doxil®, a pioneering example of an effective nanomedical 
formulation, is a liposomal system utilizing the ‘stealth’ behavior of a poly(ethylene glycol)(PEG)-ylated surface 
along with high drug-loading capacity that was FDA-approved and brought to market in 1995.6 More recently, 
Abraxane®, based on albumin-stabilized nanoparticles, has also come to market for breast and lung cancer 
therapy.7 Although these products have pioneered the presence of nanomedicine in the market, research 
continues towards the generation of functional nanotechnologies with greater efficacy in vivo, for example 
through the optimization of morphological characteristics. 
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Figure 1. Schematic demonstrating the various nanoplatforms currently being studied for their therapeutic applications. 
Reprinted with permission from reference.8   

One of the most well-established, beneficial properties of nanomedical formulations is their stealth-like 
character, which prevents clearance by renal filtration and the mononuclear phagocyte system (MPS) 
associated with the process of opsonization. Such processes occur shortly after nanoparticles enter the 
bloodstream, hindering their therapeutic efficacy and limiting their circulation time.9 Stealth characteristics of 
nanoparticles can be introduced through a process called PEGylation, where poly(ethylene glycol) (PEG) is used 
to create a hydrophilic, low protein binding surface to reduce opsonization and thereby evade the MPS.10 For 
this reason, the use of PEG as the hydrophilic block in the self-assembly of amphiphilic components is a 
common practice. Although the engineering of complex nanoarchitectures is not a new field, it has undergone 
a fundamental shift in recent years, with increasing attention being given to morphological features on the 
nanoscale as this has been established to be a determining factor for biological efficacy.11 When considering the 
cellular interactions of nanoparticles, it has been shown that the interplay between particle size, shape, 
chemical composition and surface properties dictates the rate and pathway of cellular internalization.12 It has 
also been demonstrated that the stiffness or rigidity of a particle plays an important role in determining the 
cellular fate, uptake dynamics and, ultimately, the therapeutic efficacy of the system.13 Not only does the 
morphology of a particle have a strong effect upon the fate of nanoparticles at the point of interaction with 
target cells, it also has a significant role when considering behaviour in flow. Understanding this behaviour is 
essential for their utilisation in medical applications because they will function in a fluidic environment.  

It has been reported that high-aspect ratio nanoparticles, in contrast to their spherical counterparts, 
demonstrate enhanced circulation times and possess favourable uptake properties leading to greater 
therapeutic efficacy.14 Other non-spherical architectures have reported favourable properties in vivo, with 
careful examination of their behaviour highlighting that certain types of particle may have preferences for 
certain tissues, which could be exploited for site-specific therapeutics.15,16 Morphology-dependent 
characteristics of nanoparticles in biological fluids can arise as a consequence of the way in which proteins and 



Chapter 1 
 

12 
 

 1 
other materials interact with particle surfaces in a shape/size dependent fashion 17 and the way in which flow 
attenuates or enhances the interaction of particles with cell surfaces.18 

In terms of particle size, relatively large nanotherapeutics are less effective at treating for example solid tumors 
due to their preferential association with peripheral cells after extravasation from adjacent blood vessels, 
limiting penetration and compromising efficacy.19 Such limited tumor penetration in nanomedicine has been 
recognized as the main hindrance in the treatment of solid tumors. Until now, there have been very few 
nanoparticles with novel structures that could meet the requirements for particle size while effectively 
achieving both enhanced tumor accumulation/retention and deeper penetration.19,20 Therefore, rationally 
engineering the morphological properties of nanoparticles provides a promising avenue of development to 
address key limitations of nanomedical technology (Figure 2). 

 

 

Figure 2. Intelligent particle design determines the distribution of nanoparticles in the bloodstream and their interaction 
with cells is tailored by their contact surface resulting from morphological features. Reprinted with permission.20 

 

Successful fabrication of nanoparticles for biomedical applications relies heavily on their ability to overcome 
various biological barriers. With this in mind, researchers now seek to engineer adaptive nanoparticles that 
are able to explore new frontiers for the development of increasingly effective nanomedical formulations. For 
example, the biological (immunological) response to size-controlled particles is well studied. Larger stealth 
nanomedical formulations (ca. 200 nm) are recognized to accumulate in solid tumor regions but are poor at 
penetrating the dense collagen matrix, which greatly limits efficacy.19 Conversely, smaller nanomedicines (ca. 
20-50 nm) demonstrate far more effective tumor penetration, potentially improving treatment because of a 
reduced diffusional hindrance. However, such particles suffer from rapid clearance by renal filtration and 
inferior circulation half-life time with inefficient tumor accumulation/retention because of their ability to re-
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enter the bloodstream.9 Currently, research is focused on exploiting the enhanced permeation and retention 
(EPR) effect as a method of passively diffusing particles through the (leaky) endothelial vascular wall of 
tumors.21 However, the EPR effect only occurs in fast growing tumors, severely limiting its application as a 
general targeting mechanism. Additionally, only a small amount of nanoparticles eventually reach the tumor 
tissue, fueling discussion as to whether exploitation of the EPR effect is a viable strategy for nanomedicine.22 
As opposed to passive targeting mechanisms, active targeting, using surface-bound antibodies, ligands or 
peptides, can be employed to selectively direct nanoparticles towards specific tissues.23 Although this strategy 
has been adopted in a number of studies, active targeting is limited by the need for nanoparticles to be in close 
proximity to the targeted tissue.24 Although targeting might increase selectivity and cell uptake in vitro, 
effective targeting in vivo is minimal. With this in mind, adapting the morphology of nanoparticles to 
synergistically enhance efficacy is an important strategy. For example, elongated particles show deeper tumor 
tissue penetration and interact with a larger volume fraction of the surrounding vasculature than that of 
spherical particles.25 With shape and size being such essential factors that influence targeting properties, the 
versatility of polymeric vesicles can be effectively utilized to engineer materials that can be adaptive to their 
direct environment. 

 

1.2 Block copolymer particles as platforms for therapeutic and smart drug delivery 
applications 

1.2.1 Polymeric nanoparticles as therapeutic platforms 

It is important that the chemical basis for developing nanoparticles for medical applications (whether 
therapeutic or diagnostic) should be highly versatile so that control can be achieved at every stage in the 
fabrication process. 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.26 The assembly of in particular 
block copolymers (BCPs) into well-defined architectures such as spherical micelles, worms, polymersomes and 
tubes has been documented and is an excellent basis for the design of nanoparticles with well-defined 
characteristics.27–29 The capacity of synthetic BCP vesicles to embody a number of key properties such as 
compartmentalization has been established.30–32 BCP membranes display the same amphiphilic character as 
lipids and biological membranes but are more stable and chemically versatile.33 Self-assembly of BCP 
nanosystems has been studied extensively to unravel their dynamics, with polymer geometry and packing 
determining particle morphology (e.g., lamellar, micellar or vesicular; Figure 3).34 Although micellar systems 
show great promise as drug delivery platforms, their relative instability compared to polymeric vesicles is 
disadvantageous for long circulation and targeting studies.  
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Figure 3. Schematic demonstrating the bottom-up design of the controlled self-assembly of block copolymers into 
nanoparticles, where polymer design (a) and self-assembly conditions (b) can influence resulting particle morphology (c).  
Panel (a) reproduced from 28 (copyright John Wiley & Sons, Inc. 2009), panel (b) reproduced from 35 and panel (c) 
reproduced from 36 (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.37 
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 has been a much more 
challenging prospect. 

There is a wide range of copolymers and fabrication methodologies that have been presented in the literature, 
many of which have properties that have potential for nanomedical applications. Although there has been 
substantial progress towards the generation of polymersomes for biological applications, this is usually 
accomplished via the self-assembly of non-biocompatible/-degradable components comprising building blocks 
such as polystyrene (PS) and poly(dimethyl siloxane) (PDMS).38,39 To further develop the utility of copolymers, 
an important consideration is biocompatibility, which can be imparted through the use of biodegradable 
subunits such as polyesters and polycarbonates. With this in mind, biodegradable polymers, such as poly(ε-
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caprolactone), polylactide and poly(trimethylene carbonate), have been presented as excellent candidates for 
developing nanostructures that are inherently biocompatible; however, achieving control over the self-
assembly of such materials remains a challenge.40 Fine-tuning the self-assembly of these copolymers can be 
accomplished through systematically engineering both physical and chemical aspects. Poly(ethylene glycol)-
block-poly(ε-caprolactone) (PEG-b-PCL) has been extensively studied and is FDA-approved for biological 
applications. PCL undergoes degradation by means of enzymatic and nonenzymatic hydrolysis into nontoxic 
products and has been shown to undergo self-assembly using the biocompatible direct hydration method, 
which has potential for the encapsulation of active materials.41,42 Copolymers comprising poly(lactid acid) 
(PLA) can similarly be degraded hydrolytically or enzymatically and are often applied in nanoparticle 
formulations with adjustable physical properties by employing its different enantiomers. 43,44  

Another important feature of polymersomes that has an impact over their implementation in biomedical 
applications is the permeability of their membrane. A number of different approaches have been described to 
provide control over the permeability of copolymeric bilayers. For example, polyionic complex-based 
polymersomes (PICsomes) have been shown to be permeable to small compounds due to the loose packing of 
their membranes.45,46 Additionally,  this membrane-engineering can be used to introduce hydrolysis-, pH- or 
UV-sensitive moieties that can induce stimulus-responsive permeability, which can be useful for site-specific 
drug release.34,38,47 The porosity of polymersomes has also been established by the insertion of channel 
proteins, enabling selective molecular transportation.48 The development of such functional nanosystems 
allows for an additional level of control in nanomedicine applications. 

1.2.2 Adaptive polymeric nanoparticles for smart drug delivery 

Having established the design principles that underpin polymersome fabrication, 34,49  it is also important to 
consider how we might induce more dynamic adaptability into such systems. Smart polymeric nanoparticles 
are capable of undergoing some kind of (morphological) switch in response to a chemical or physical stimulus. 
For example, stimulus-responsive polymersomes have been designed to respond to certain biological 
environments in order to allow site-specific, ‘on-demand’ release of cargo (Figure 4).50  

 

Figure 4. Schematic showing the responsive behavior of a redox-responsive nanoparticle influenced by the concentration of 
glutathione (GSH) corresponding to the environment inside and outside of cells. Reprinted with permission.51 

 

Size switchable nanoparticles (SSNs) have been developed to adjust their size when triggered by an 
environmental (internal) or external trigger.52–54 Chemically, SSNs respond to changes in local environment, 
for example, in peripheral tumor tissues through bond cleavage, protonation, or conformational changes that 
induce major changes in the overall structure. For application in treatment of solid tumors, SSNs are 
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engineered to adapt their hydrophilic/hydrophobic properties, association/disassociation interactions, or alter 
their surface charge in response to increased local acidity (pH 6.5–6.8), which leads to deeper tumor 
penetration and efficient nuclear uptake.55 Alternative, enzyme-, pH- and reduction/oxidation-responsive 
materials have also been fabricated to induce cargo release around tumor tissue.56,57 Other external stimuli, 
such as temperature, light or ultrasound are additional intriguing features for intelligent polymer drug delivery 
platforms to increase drug release and targeted delivery.57  

More recently, polymersomal nanoreactors have been developed that encapsulate enzymatic cargo, which are 
capable of regulating cascade reactions and can be applied in cellular therapies as a kind of ‘synthetic organelle’. 
These synthetic organelles are interesting candidates as to not only gain a deeper understanding of the 
intracellular processes but also to enhance the activity of existing organelles and actively produce drugs.48 
Driven by membrane permeability, nanoreactors can process active compounds using catalysts sequestered 
inside the vesicle, releasing products in the vicinity of the particle.58,59 Such compartmentalized systems reduce 
the diluting effect that occurs when free active compounds are distributed in the body and prevents premature 
chemical degradation or processing by the immune system. Responsive nanoreactors are highly interesting 
candidates as they rely on site-specific activation of the catalytic properties of the system. The in situ activation 
of drugs, or prodrugs, can occur by deactivating the active compound by, for example, immobilization on the 
polymer shell.60 In a specific example, the anticancer drug camptothecin (CPT) was immobilized in the 
membrane of a pH-sensitive polymersome (Figure 5) via an oxidation-sensitive linkage. Glucose oxidase, a 
highly efficient catalyst generating H2O2 through oxidation of glucose and often studied as an oxidation 
therapeutic, was encapsulated in the vesicle. By lowering the pH, the membrane permeability was increased 
allowing glucose to be converted by the enzyme into gluconolactone and H2O2. The production of the latter 
increased oxidative stress in tumors, inducing cell death, and additionally released the CPT into the 
environment.  

 

  

Figure 5. Prodrug-based nanoreactor displaying increased permeability in low tumor environmental pH, thus activating the 
release of CPT and the formation of peroxide. Reprinted with permission.60 
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Although our ability of decorating structures and creating certain functions to mimic the natural environment 
has improved greatly over the years, it also has led to the development of multifunctional nanoparticles that 
tend to suffer from over-complexity. Each addition influences not only the materials’ physicochemical 
properties but also, and more importantly, their biological behavior. Although this over-complexation might 
aid in the understanding and development of complex materials such as artificial cells and organelles, it is vital 
for the progress of this research field to maintain focus on the subject and, described by ‘less-is-more’, steer 
clear from researching materials that in the end do not benefit the purpose. Additionally, as functionalization 
on a high number of particles, as is usually the case, causes a statistical disparity in added functionality to 
particles, more additions lead to larger significant difference between the particles and particle batches. This 
broad deviation in true functionality might result in unwanted or unrealistic effects when studying the 
biological response of these particles.  

 

1.3 Controlling the morphology of polymeric nanoparticles 

To quote the author: “few people care that bacteria have different shapes. Which is a shame, because the 
bacteria seem to care very much.” 61, which is to say that bacteria are an excellent example of the biophysical 
advantages of complex morphology. 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 bacteria of varying sizes, external and internal diffusional advantages for elongated 
species, film formation or surface attachment for rod-like and filamentous bacteria and, importantly, both 
smaller and elongated bacteria appear to circumvent cellular predation and clearance from the body. 

The morphology of nanoparticles, including size and shape, is therefore an interesting factor to study how 
different particles migrate through the body and penetrate tissue and cells. Demonstrated in multiple studies, 
the morphology has such a profound effect on these subjects that the addition of multiple functionalities might 
even prove redundant. Significant progress has been made over the past years towards the morphological 
manipulation of polymeric particles. Pioneering research of the group  of Mitragotri showed the mechanical 
stretching of a polymer substrate, yielding a large variety of elongated polymeric particles of different aspect 
ratios.62,63 Studying the uptake of particles in macrophages and tumor cells, it was found that elongated or 
wormlike structures inhibited phagocytosis by macrophages due to their high aspect ratio and high flexibility.62 
On average, nanoparticles with higher aspect ratios inhibited uptake more extensively compared to spherical 
particles. Aside from elongated structures, several, more exotic, morphologies were studied regarding cell 
uptake, internalization and biodistribution. The DeSimone group developed the Particle Replication In Non-
Wetting Templates (PRINT) technique, where a porous template is used to produce particles of the desired 
nano-geometry.64–67 The non-adherent templates are produced by casting a chemically-resistant, rigid 
polymeric mold on a photolithographically patterned silicon wafer. The versatility of such a methodology has 
been demonstrated by the formation of multiphase nanorods68 and hydrogel-based69 particles that can be 
implemented in nanomedical research. Indeed, they found that particle design influenced cellular integration 
pathways and uptake.12,64 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 that have suitable thermal and physical properties to make them amenable to this type 
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of processing. Additionally, the solid nature and micrometer size leads to limitations in drug encapsulation and 
subsequent applicability in nanomedicine.70  

Controlling the morphology of polymersomes or micelles will provide us with the means to further the 
implementation of these structures in nanomedicine. 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.71,72 Inducing shape transformations in 
polymersomes allows us to extend the versatility of this system towards different morphologies. Physically, 
shape transformation can be accomplished through out-of-equilibrium processing 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 organic solvent composition, rate of addition of aqueous 
solution, temperature cycling, osmotic shock and chemical cross-linking.39,73–75 The packing parameter of 
polymers inside self-assembled structures was already described to be a driving force for the membrane 
architecture and, therefore, the resulting structure.49,76,77 To study this in more detail, polymers comprising of 
water soluble poly(glycerol monomethacrylate) (PGMA) and poly(2-hydroxypropyl methacrylate) (PHPMA) 
were prepared and the (polymerization-induced) self-assembly was studied comparing different degrees of 
polymerization, and therefore varying architectures, for the HPMA monomer. Increasing the hydrophobic 
PHPMA block led to the transformation of spherical micelles to worms with increasing aspect ratios and 
eventually polymersomes. Intermediate structures were followed with TEM and various other structures were 
found, such as coalesced worms and jellyfish type particles.78 Utilizing environmental factors during 
polymersome fabrication is another easy method to tailor polymersome morphology. Recently, perylene 
containing amphiphilic block copolymers were self-assembled into a variety of structures dependent on the 
solvent composition during the fabrication. Interestingly, faceted polymersomes were formed, which was 
attributed to the aggregation of perylene groups, leading to phase separation of the different polymer 
components.79 Using a different approach, the Lecommandoux group investigated the effect of hypo- and 
hypertonic shock upon the morphology of polymersomes and observed the formation of nested vesicles and 
stomatocytes under hypertonic conditions.39 Such control over morphology of nanoparticles is imperative to 
studying the particles’ behavior in in vivo settings and increases their chance of being considered for large-
scale productions.  

 

1.4 Considerations for nanoparticle morphology in in vivo applications. 

Nanoparticle morphology has also shown to be key for improving their performance in vivo. 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.80 Such morphologically diverse nanoparticles show high specific 
adhesion and limited non-specific interactions with excellent haemostatic capability over more rigid, spherical 
counterparts due to their propensity to marginate to the vascular wall and their ability to induce a substantial 
reduction of bleeding time in vivo. Elongated particles that possess targeting motifs, like 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.81,82 However, it should be 
noted that there are complexities relating to ligand density on the surface of the NP as it has been described 
that excessive cellular binding can also inhibit uptake83, which means that this parameter also requires 
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optimization. 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.14 Implementation of such nanoparticles 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.36 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 extent84 ; highlighting 
another facet of the way in which morphology determines nanoparticle behavior and efficacy in vivo and how 
this feature can aid in the passive targeting towards certain areas. Overall, the importance of morphology on 
in vivo performance is clear and should be considered as a fundamental principle in next generation 
nanomedicine.85 

As mentioned above, 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. 
Selected examples of in vitro studies that have examined the effect of particle morphology upon cellular 
interactions are presented in Figure 6. 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.86 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.87 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.88 In other studies, it has been demonstrated that excessive particle stiffness can impede cellular uptake 
13 and it is possible to add cholesterol, a ubiquitous plasticizer of biological membranes, to a polymersome in 
order to enhance uptake.89 Enhanced cellular uptake has also been demonstrated as a consequence of imbuing 
nanoparticles with non-spherical shapes, which needs to be investigated more extensively in order to give more 
extensive understanding.90 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 behaviours.91,92 It has also been 
demonstrated that the aspect ratio of rod-like nanoparticles impacts cellular internalization, with different 
pathways being triggered depending upon the particle length.93 One significant challenge in this area of 
research is that different cell types possess unique characteristics and therefore it is very difficult to 
comprehend the mode of action of particular nanoparticles in certain cellular environments. While the current 
state of knowledge gives us excellent indication that we are on the correct trajectory 94, there is great need for 
collaborative efforts to unpack the consequences of nanoparticle morphology upon the diverse range of cellular 
interactions. Moreover, cellular trafficking of nanoparticles is also of great importance in order to understand 
the internal processing of particles by the cell. Up to this point most work has focused upon cellular uptake, 
and the examples of nanoparticles 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. 95 
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Figure 6. The role of nanoparticle morphology in dictating the mode of interaction with cells and their endocytosis is under 
much investigation and is an important basis for understanding how such particles will perform in vivo. In vitro studies have 
demonstrated that (a) multiple endocytotic pathways are used by bone-derived macrophages when endocytosing 100 nm 
nanoparticles, (b) both size and morphology can impact the amount of cellular uptake, (c, d) the degree to which particles 
become either attached, internalized or phagocytosed varies with morphology. Panel (a) reproduced from 96 (copyright 
Elsevier 2014), panel (b) reproduced from 65 (copyright Royal Society of Chemistry 2006), panel (c) reproduced from 92 and 
panel (d) reproduced from 91 (copyright National Academy of Sciences USA 2006). 

1.5 From passive to active transport systems. 

In the previous sections we have discussed the effect of a number of nanoparticle parameters on their 
application potential in nanomedicine.  These particles are passive vehicles, which means that they are 
distributed through the body via the blood flow or diffusion. This is in contrast with many therapeutic cells, 
such as to be found in the immune system, which show directed motion towards the target site. It is clear that 
additional advantages can be gained by imbuing nanoparticles with non-Brownian motility. Indeed, the 
development of such active particles has witnessed great advancement over the past few years, and an 
impressive library of motile nanoparticles has been developed since.97,98 For example, stomatocytes, bowl-
shaped polymersomes with an opening connecting the outer environment to the inner lumen, have been 
utilized in the fabrication of nanomotors towards biomedical applications.99,100  The propulsion of such 
stomatocytes was a result of transduction of chemical energy into kinetic energy, through the platinum-
catalyzed decomposition of H2O2 into oxygen.101 Similarly, Abdelmohsen et al. developed the same type of motor 
to be more biocompatible, by substituting platinum with enzymes (e.g. mixture of catalase and glucose 
oxidase). This allowed such motors to utilize biofuel (i.e. glucose) for propulsion.  
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Figure 7. Enzyme-loaded stomatocytes generate oxygen by fueling catalase with glucose via a cascade reaction yielding self-
propelling particles (A). The concentration glucose influences the particles’ speed (B). Reprinted with permission from 
reference.102 

 

Incorporating biocompatible catalysts into the stomatosomal nanocavity is an interesting basis for their 
implementation for nanomedical applications. However, the nondegradable nature of PS-based 
nanocompartments, severely limits their applications in a biological setting. The ability to design such 
structures from biodegradable components holds great potential for nanomedical applications and still needs 
further investigation.74  

Introducing motility in drug delivery platforms provides an intriguing and new alternative to passive targeting 
methods. For example, pH-responsive inorganic silica nanoparticles equipped with nanovalves and urease 
ligands were shown to exhibit enhanced diffusion in the presence of fuel, allowing increased cellular 
internalization. At lysosomal pH,  such  motors were able to release their cargo, enabling active transport of 
drugs into cells or tissues.103 Another approach to increase motors’ efficacy in nanomedicine is the utility of 
enzyme-substrate specific reactions, allowing activation (i.e. propulsion) in the intended environment - 
increasing the chance of successful penetration of targeted tissues. To this end, Sanchez et al. developed urease-
powered nanomotors to target bladder cancer, with motors becoming activated in the presence of urea.104 
Additionally, the group of Sen has demonstrated the ability of enzyme-decorated protocells to show 
chemotactic behavior towards fuel, which opens up new opportunities for intercellular transport or active 
targeting towards specific tissues.105 The same group has also verified the impact of morphology of the motile 
chassis on the resulting motion in the presence of fuel due to shape-specific particle rotations. 106  

Although there are highly promising reports on incorporating motile functionality into nanoparticle systems 
towards biomedical applications, implementation of biodegradable and/or -compatible materials with well-
defined morphologies remains a significant challenge. Additionally, a more detailed understanding of the effect 
of particle morphology and behavior upon biophysical performance will aid in engineering nanoparticles and 
bring us closer to a tangible system that can be used in nanomedicine. Although we have made much progress, 
detailed in vitro studies still need to provide us with a great deal of information about suitable design criteria 
for nanoparticles. There are currently a number of particles being studied for their nanomedical capabilities in 
vivo, an important precursor to clinical trials. However, as we continue this scientific endeavour, there will be 
new synthesis strategies, materials and test models available, and so the process of nanoparticle development 
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must be integrative as we progress in a cyclic rather than linear fashion towards the end goal of medical 
application.20 

 

1.6 Conclusions 

The past decade has witnessed increasing interest in the development of nanoparticles, in particular 
polymersomes, as advanced carriers for nanomedicine. The novel fabrication methods developed by different 
research groups facilitate the fabrication of polymersomes with varying morphologies. Despite significant 
progress, the development of polymersomes with distinct morphological features remains challenging. So far, 
wormlike micelles, tubes, discs and stomatocytes can be prepared only from a small library of copolymers at a 
narrow composition range and under particular conditions. In most cases, employed polymers are not 
biodegradable or biocompatible, which renders previously reported nanoparticles with little potential for 
clinical translation, although they can be interesting as a model to study the effect of shape on drug delivery in 
vitro. The dimension of many nanoparticles is another concern since many of them are long (from hundreds 
to thousands of nanometers) or too large.  

From proof-of-concept studies, it is evident that non-spherical nanoparticles show distinctly different behavior 
than spherical particles both in vitro and in vivo, emphasizing the important role of vehicle morphology in the 
development of advanced and novel (cancer) therapeutics. Controlling the particle morphology is an ever-
increasing field of research with a promising foothold in future medical applications. Moreover, the 
development of nanoparticles with a motile function adds a new dimensionality for development of novel 
therapeutics. Studying these systems further will enhance our knowledge regarding particle behavior in vivo 
and can provide important perspectives on advanced or smart drug delivery systems.  However, there remain 
many pitfalls that need to be taken into consideration when translating this knowledge into clinical trials. One 
of the pitfalls of designing different morphologies for drug delivery platforms is that although our knowledge 
of the effect of morphology in vivo and in vitro is ever increasing, such interactions and processes remain 
extremely specific to for example cell type. Additionally, the low drug-loading efficiency and uncontrolled 
release profile for many nanoparticles impedes their clinical, but also industrial, integration.  

In conclusion, the future development and success of nanomedicine is reliant on the effort of materials 
scientists, biochemists and medical professionals to collaborate and refine our understanding of what makes a 
good nanoparticle. Up to this point, we have deepened our understanding of the effect of size, shape and surface 
chemistry upon aspects of nanoparticle behaviour 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 knowledge we have gained up to this 
point has been invaluable in developing morphological design principles that can make an effective 
nanoparticle.  
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1.7 Outline of this Thesis 

From this introductory Chapter it is evident that nanoparticles hold great potential in the development of new 
therapeutic platforms. Polymersomes, more specifically, are highly versatile and intriguing structures which 
can be easily customized for a large variety of applications. The goal of the work described in this Thesis is to 
demonstrate the versatility and tunable morphological properties of biodegradable polymersomes and to 
demonstrate how these features can be exploited to introduce ‘advanced’ functionality to the system. In Chapter 
2, we show that by finely tuning the chemical composition of the polymersome membrane, the pathway-
specific shape transformation of polymersomes into bowl-shaped structures can be induced. In Chapter 3, the 
influence of solvent on the morphology of polymersomes is discussed, demonstrating that both internal and 
external parameters involving polymersome formation affect the resulting morphology. In Chapter 4 we 
demonstrate the drug-loading capacity of polymersomes and look into the effect of morphology on their in 
vitro toxicity, showing the capacity of our system for biomedical applications. In Chapter 5, we utilize the 
specific morphology of bowl-shaped polymersomes to induce motility, by incorporating active catalysts inside 
the nanoparticles, and we demonstrate their applicability in nanomedicine. In Chapter 6, we utilize 
polymersomes and giant liposomes as synthetic models to study dynamic intercellular interactions at the 
mesoscale. To this end, we employed complementary, dynamic motifs on the surface of the liposomes and 
polymersomes and studied their stimulus-responsive docking and release. Finally, this thesis will conclude with 
a summary and a description of the outline of future research.  
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Abstract 

Biodegradable nano-architectures, with well-defined morphological features, are of great importance for 
nanomedical research; however, understanding (and thereby engineering) their formation is a substantial 
challenge. Herein, we uncover the supramolecular potential of poly(ethylene glycol)-block-poly(D,L-lactide) 
(PEG-PDLLA) copolymers by exploring the physicochemical determinants that result in the transformation of 
spherical polymersomes into stomatocytes. To this end, we have engineered blended polymersomes, 
comprising copolymers with varying lengths of PEG and PDLLA which undergo solvent-dependent 
reorganization into polymersomes. Under conditions of anisotropic solvent composition across the PDLLA 
membrane, facilitated by the dialysis methodology, we demonstrate osmotically-induced stomatocyte 
formation as a consequence of changes in PEG solvation, inducing negative spontaneous membrane curvature. 
The controlled formation of biodegradable stomatocytes via supramolecular engineering has become possible 
with theoretical understanding of the underlying shape transformation phenomena. 

 

This chapter is published as: 

Pijpers, I. A. B., Abdelmohsen, L. K. E. A., Williams, D. S. & Van Hest, J. C. M. Morphology under Control: Engineering 
Biodegradable Stomatocytes. ACS Macro Lett. 6, 1217–1222 (2017)  
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2.1 Introduction 

Polymeric vesicles, or polymersomes, are spherical bilayered structures formed via spontaneous self-assembly 
of block copolymers. During self-assembly, hydrophobic forces drive the configuration of amphiphilic 
copolymers into an energetically favorable state thereby reducing the system’s free energy. Polymersomes are 
highly versatile structures due to the ability to tune their size, shape, membrane parameters and surface 
chemistry.1–7 Moreover, the ability of polymersomes to encapsulate and compartmentalize functional materials 
enhances their utility towards nanomedical applications and in generating biomimetic nanosystems.8–14 In 
order to enhance the functional capacity of polymersomal technologies, the ability to induce shape 
transformations is an exciting prospect whereby converting spherical structures into oblates 
(discs/stomatocytes) or prolates (tubes) can unlock new opportunities.15,16 In particular, stomatocytes, bowl 
shaped structures with an opening connecting the inner cavity to the outer environment, are compelling dual-
compartmentalized nanostructures that are capable of encapsulating, for example, enzymatic networks 
towards the formation of complex nanoreactors and nanomotors. 17–25 

The bulk of research in this area has up to now focused on reshaping polymersomes comprising non-
biodegradable poly(ethylene glycol)-block-poly(styrene) (PEG-PS)22–26 or poly(ethylene glycol)-block-
poly(dimethylsiloxane) (PEG-PDMS) block copolymers as main structural element,22 which has been 
indispensable in developing our understanding of polymersomal shape transformations. However, the lack of 
full biodegradability in such systems severely limits their utility in nanomedical applications.27 Therefore, it is 
of utmost importance to utilize biodegradable copolymers in order to engineer novel copolymeric architectures 
with tailored shapes. To this end, Abdelmohsen et al. have previously presented the shape transformation of 
biodegradable PEG-PDLLA into prolate nanotubes utilizing a dialysis methodology.28 However, there remains, 
until now, no unifying understanding of the chemical basis for this shape transformation process and how a 
single copolymeric system can be tuned towards both oblates and prolates. Therefore, adopting a molecular 
engineering approach to making biodegradable stomatocyte nanostructures, utilizing PEG-PDLLA, would close 
the gap between the theoretical and empirical knowledge of (osmotically induced) polymersomal shape 
transformations. Herein, we demonstrate the formation of PEG-PDLLA stomatocytes through engineering of 
the membrane composition in order to induce negative membrane curvature; thereby directing shape 
transformation via the oblate pathway. 
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Figure 1. Schematic overview: A. the influence of spontaneous curvature (C0) on the osmotically induced shape 
transformation of spherical polymersomes into prolates (tubes) or oblates (stomatocytes) and B. the proposed mechanism 
for inducing negative membrane curvature toward stomatocyte formation. In our strategy, negative C0 is induced in a PEG–
PDLLA membrane by rapid removal of organic solvent molecules (red spheres) from the external microenvironment (by 
dialysis) leading to anisotropic hydrodynamic chain volume (Vh) of PEG between the exterior and interior surfaces. 

 
 
The biodegradability and self-assembly properties of poly(lactide) copolymers have been reported by a number 
of authors.29–31 Previously, the formation of nanotubular structures from polymersomes comprising PEG22-
PDLLA45 copolymers was explained using equation 1. In this equation, the role of spontaneous curvature (C0) 
as a critical factor in directing the shape transformation process was formulated. Equation 1 describes the 
bending energy of the membrane (Eb), expressed in terms of the bending rigidity of the membrane (k), the 
mean surface curvature (C) and C0:  

𝐸𝐸𝑏𝑏 = 𝑘𝑘
2
∮ (2𝐶𝐶 − 𝐶𝐶0)2𝑑𝑑𝑑𝑑   (Eq.1) 

Although the role of C0 in the shape transformation of bilayer membranes has been extensively discussed, there 
are few reports that actually demonstrate the physicochemical origins of this property in the lab. For example, 
rigid PEG-PS based polymersomes can be transformed into stomatocytes by tailoring the self-assembly 
protocol. Such work towards understanding the PEG-PS shape transformation process informed us that, in 
accordance with existing theory, the role of C0 is such that values ≥ 0 or values < 0 would direct transformation 
of spherical polymersomes towards the prolate or oblate pathway, respectively (Figure 1A).32–35 Unfortunately, 
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PEG-PS has limited utility due to the relatively thick membrane required for polymersome formation, which 
inhibits exploration of the physicochemical landscape underlying their shape transformation. In order to 
expand our knowledge into shape transformations, we first need to fulfil these essential pre-requisites: (i) 
copolymers should form spherical polymersomes, (ii) copolymer rigidity should be sufficient to sustain 
membrane curvature and (iii) semi-permeability of the membrane should facilitate osmotically-induced 
volume reduction. Thereafter, the physicochemical origins of C0 (and therefore the shape transformation 
process) can be unraveled through systematic engineering of PEG-PDLLA copolymers, and their self-assembly, 
into oblate stomatocytes (as a complement to existing work towards formation of prolate nanotubes, Figure 
1A). Computational simulations of lipid vesicles (liposomes) have demonstrated that subtle changes in 
headgroup interactions (either intermolecularly or with the solvent) between the inner and outer membrane 
surfaces can induce positive or negative C0, resulting in shape transformations.36 Experimentally, it has been 
shown that liposomal tubulation can be induced through biomolecule binding on the external membrane 
surface.33 From this work, we understand that inducing physicochemical anisotropy between inner and outer 
envelopes of a vesicular membrane is the key to modulating (and controlling) C0 and, by association, shape 
transformation. In contrast to lipids, copolymeric membranes possess hydrated PEG chains at their internal 
and external surfaces, which can be an excellent chemical handle with which to gain control over shape 
transformations. 

In forming nanotubes from PEG22-PDLLA45 polymersomes, it was postulated that a membrane comprising 1 
kDa PEG and a 15 nm thick PDLLA bilayer was not sufficient to induce negative C0, resulting in prolate 
formation. With this in mind, we can expand our understanding by exploring the capacity of PEG-PDLLA 
polymersomes, which possess thicker PDLLA membranes and longer PEG chains, to affect C0. It is understood 
that PEG chain expansion, quantified by the hydrodynamic chain volume (Vh), is dependent on solvent 
composition, with low-dielectric organic solvents, such as THF (ε = 7.5), having a greater solvating power than 
water (ε = 78.3).37 PEG solvation, and thereby the degree of expansion of the polymer chains, can be a powerful 
tool in conceptualizing the physicochemical origins of C0 in this system.38,39 We postulate that changes in PEG 
conformation arise during the dialysis process, whereby internal and external solvent compositions are 
disproportionately altered due to the presence of a semi-permeable polymeric membrane, providing a steric 
driving force for the induction of a negative C0. Therefore, we anticipate that trans-membrane solvent 
anisotropy (induced during dialysis, as outlined in Figure S1) can result in a partial collapse of external PEG 
chains (relative to those on the interior) such that Vh(int)> Vh(ext), thus inducing negative C0 and directing 
shape transformation down the oblate pathway towards stomatocytes (Figure 1B). In order to realize this 
strategy, it is necessary to re-engineer PEG-PDLLA polymersomes with respect to: (a) increasing the length of 
surface PEG, in order to induce negative C0 through anisotropic polymer solvation, and (b) increasing the 
thickness of the PDLLA membrane, in order to support transmembrane solvent anisotropy during the dialysis 
process. However, re-engineering the molecular composition of such a copolymeric system requires a creative 
and systematic strategy due to the limitations encountered in the self-assembly of such amphiphilic molecules 
into higher order structures, such as polymersomes. 

The engineering of polymersomal shape transformation is constrained by copolymer self-assembly, which is 
dictated by geometric (relating to the packing parameter) and environmental factors.40 Copolymers with the 
same relative compositions can result in differing morphologies as, for example, we have previously shown 
that PEG22-PDLLA45 forms polymersomes in contrast to PEG44-PDLLA90 that forms micelles under the same 
conditions.28 In order to create polymersomes that have longer PEG chains and thicker PDLLA membrane, we 



 Morphology Under Control: Engineering Biodegradable Stomatocytes 

33 
 

 2 

need to look towards careful molecular engineering in order to overcome the apparent practical limitations 
encountered. Indeed, systematically varying block copolymer composition has been shown to be an excellent 
tool in directing self-assembly;41,42 furthermore, copolymer blending has also proven to be an effective design 
strategy.43 In contrast to blending dissimilar copolymers, which can undergo nanophase separation forming 
polymersomes with uniquely discontinuous surface topology,44 homogeneous copolymer blends present the 
opportunity to access otherwise elusive particle morphologies.45–47 Homogeneous mixtures of micelle- and 
lamellar-forming copolymers can be co-assembled to form nanostructures that are trapped in a local-
equilibrium (non-ergodic) state because the individual components do no separate out.46,47 Moreover, the 
stoichiometry of mixing between copolymeric components can be tailored in order to isolate a diverse range of 
colloidal morphologies.45 We therefore decided to utilize a combination of molecular engineering and blending 
to construct polymersome membranes with the desired properties. 

 

2.2 Results and Discussion 

Block copolymers comprising PEG22 or PEG44 and PDLLA of 45, 70, 95 and 120 repeats were synthesized via 
organocatalyzed ring opening polymerization with dispersity Ð (<1.2) and Tg values between 21 and 36 °C 
(Figure S2 and Table S1).48 According to previously published procedures, we employed the solvent switch 
methodology for self-assembly whereby a 10 wt% copolymer solution in THF/dioxane (1:4) was diluted with 
water up to 50 % v/v at a rate of 1 mL hr-1 with stirring.28 Following self-assembly, shape transformation was 
induced by cold dialysis (5 °C) against aqueous solutions of varying ionic strength ([NaCl] from 0 – 100 mM) 
with concurrent (osmotically-induced) volume reduction and membrane de-plasticization (through removal of 
organic solvent); key factors in the process.28  As a starting point for formulation we chose to use an equimolar 
blend of PEG22-PDLLAx and PEG44-PDLLAx (hereafter P22/44-PDLLAx) having the same length PDLLA block. 
Using the aforementioned conditions presented in previous work with 50 mM NaCl for the dialysis step, we 
attempted to induce self-assembly and subsequent shape transformation. It was observed that blends of 
PDLLA70 and PDLLA95 both formed stomatosomal structures of ca. 350 and 400 nm, respectively, whereas 
blends of PDLLA45 formed micelles (Figure 2A-C). Without blending, copolymers of PDLLA70 and PDLLA95 did 
not form polymersomes, but tended to form aggregates (PEG22-PDLLA) and micelles (PEG44-PDLLA) instead 
(Figure S3), which aptly demonstrates the value of blending in providing access to non-ergodic polymersomal 
morphologies. In contradistinction to this, however, although blends of PDLLA120 were observed to form 
sponge-phase particles (Figure S4, left), it was observed that P44-PDLLA120 formed polymersomes (Figure S4, 
right) and, thereafter, stomatocytes (Figure 2D). Membrane thicknesses of the P22/44-PDLLA70 & 95 and P44-
PDLLA120 stomatocytes were measured to be 22, 24 and 30 nm, respectively (Figure S5). In this way we have 
successfully demonstrated the formation of stomatocytes with a larger PEG corona and a range of membrane 
thicknesses (facilitated by varying copolymer composition or blending); in accordance with our prior 
hypothesis. Further examination of this process was conducted using a combination of cryogenic transmission 
electron microscopy (cryo-TEM) and light scattering techniques for the shape characterization of the resulting 
polymersomal morphologies. For further characterization, the P22/44-PDLLA95 system was chosen as it 
represents a composition that was presented in former work but was unable to form polymersomes without 
blending. (Figure S6A).  

 



Chapter 2 
 

34 
 

 2 

 

Figure 2. Cryo-TEM images of A. P22/44–PDLLA45 micelles, B. P22/44–PDLLA70 stomatocytes, and C. P22/44–PDLLA95 and D. P44–
PDLLA120 stomatocytes (scale bars = 500 nm). 

To gain an understanding of the shape transformation process, the effect of [NaCl] was investigated in order 
to explore and quantify the amount of control we could achieve in this process. Dialysis at 5 °C against pure 
water yielded discoidal structures, an intermediate morphology between spheres and stomatocytes,32 formed 
through partial volume reduction as a consequence of outflow of organic solvent and partial deflation into 
oblate structures (Figure 3B & S6B). Dialysis against salt solution enhanced polymersome deflation by 
introducing an increasing osmotic component to the outflow of internal solvent. Using 10 mM NaCl, it was 
evident that all structures were proceeding via the oblate pathway; however, a heterogenous mixture of discs 
and open stomatocytes was formed under these conditions (Figure S6C). A population of well-structured 
stomatocytes was generated by dialysis against NaCl at 50 and 100 mM, with increasing volume reduction 
being quantified as the average neck size decreased from 127 ± 60 to 47 ± 25 nm (Figure 3C-D & S7). One 
consequence of the fabrication process, utilizing lab dialysis apparatus, was that in the ripened stomatocyte 
samples there was a sub-population of nested polymersomes (where no neck was obvious from cryo-TEM 
images) that increased from ca. 15 to 25 % with dialysis at 50 and 100 mM NaCl, respectively. This represents 
a shortcoming in the macro-engineering, which necessitates more careful control over stirring and solution 
homogeneity and is a consequence of the inherent sensitivity in this system. Indeed, dynamic light scattering 
(DLS) data indicates that substantial deflation occurs within the first 5 minutes of dialysis, where the 
hydrodynamic diameter (Dh) decreased by ca. 40% from 693 to 454 nm (all PDI values were lower than ≤ 0.1), 
and a further 6% deflation occurring over the next 30 minutes, where after Dh = 414 nm (Figure 3E).  
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Figure 3. Cryo-TEM images of P22/44–PDLLA95 A. before dialysis and after dialysis against B. 0, C. 50, and D. 100 mM NaCl 
(scale bars = 500 nm). E. DLS correlation data showing the reduction in hydrodynamic size during dialysis against 50 mM 
NaCl (cf. Cryo-TEM images in Figure S8). F. Asymmetric flow field–flow fractionation (AF4) fractograms of P22/44–PDLLA95 
spheres, discs, and stomatocytes alongside G. the results of multiangle light-scattering (MALS) analysis and their respective 
Rg/Rh values. 

 

Indeed, cryo-TEM images support the time course DLS measurements, with stomatosomal structures being 
formed after 5 minutes reaching maturity at 30 minutes, at which point open-necked stomatocytes are fully 
formed (Figure S8). Quantitative assessment of this process was performed using asymmetric flow field-flow 
fractionation (AF4) in combination with static (SLS) and dynamic light scattering (DLS), a powerful 
counterpart to cryo-TEM, which can provide more insight into the shape change process (Table S2). The 
combination of multi-angle SLS and DLS provides data on the radius of gyration (Rg) and hydrodynamic radius 
(Rh), respectively, for the entire particle population; the ratio of Rg/Rh, or shape ratio (ρ), provides insight into 
particle morphology. Elution profiles of P22/44-PDLLA95 polymersomes before dialysis (spheres), after dialysis 
in water (discs) and 50 mM NaCl (stomatocytes) were in good accordance to previous samples (Figure 3F).18 
Significantly, the values obtained were in agreement with the prior observation with discoidal, spherical and 
stomatosomal polymersomes having ρ values of 1.25 ± 0.07 , 1.08 ± 0.04 and 0.82 ± 0.04, respectively.17–19 
Having successfully demonstrated the formation of stomatocyte nanostructures, a final demonstration of 
control in this system was to induce the reverse process. Through the re-addition of organic solvent, at 50 vol% 
(1:4 THF/dioxane), rigid stomatocytes were reverted to spherical polymersomes by reverse dialysis (in 50 mM 
NaCl at 5 °C). As the organic solvent re-plasticizes the PDLLA membrane it facilitates inversion as the system 
reverts to its (energetically favorable) spherical state over the course of 1-2 hrs (Figure 4 & S9). 
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Figure 4. Cryo-TEM images tracking the reverse dialysis process as stomatocytes are reverted to spherical polymersomes 
after dialysis against 50 vol % organic solvent (scale bars = 500 nm). 

 

2.3 Conclusions 

In this Chapter, we have demonstrated the controlled formation of biodegradable stomatocytes through the 
osmotically induced shape transformation of PEG-PDLLA spherical polymersomes. Spherical polymersomes 
were constructed by rational engineering of both the molecular composition and fabrication process, giving 
control over the length of surface PEG and membrane thickness. In contrast to former work on PEG-PDLLA 
nanotubes, the structural characteristics of this system successfully directed the osmotically-induced shape 
transformation down the oblate, rather than prolate, pathway. This work demonstrates that subtle changes in 
the chemical composition of such self-assembled architectures can have significant consequences for their 
physicochemical properties. Control over this shape transformation process was demonstrated by the 
reversibility of the system, where spherical polymersomes could be obtained by admixing organic solvent. This 
conceptually new approach to form stomatosomal structures from biodegradable PEG-PDLLA co-polymers 
does not only aid in deepening our fundamental understanding of shape transformations of polymersomes, 
but is also a crucial step towards developing versatile biodegradable nano-systems, such as nanomotors and 
nanoreactors, in a biomedical context. 
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2.4 Experimental Details 

2.4.1 Materials and Instrumentation 

 
Materials 
All chemicals were used as received unless otherwise stated. For the synthesis of poly (ethylene glycol)-b-poly 
(D, L-lactide) (PEG-PDLLA), poly (ethylene glycol) 1K and 2K were purchased from JenKem technology and 
freeze-dried before use. D, L-lactide was purchased from Acros and used as supplied. All other chemicals were 
supplied by Sigma-Aldrich and were used without any purification. Ultrapure MilliQ water obtained from 
Merck Millipore Q-Pod system (18.2 MΩ) with a 0.22 µm Millipore ® Express 40 filter was used for the 
polymersome self-assembly and their dialysis. Dialysis Membranes MWCO 12-14000 g mol-1 Spectra/Por® were 
used for dialysis during the stomatocyte formation. Sodium chloride was purchased from Merck.  

 
Instrumentation 
Nuclear Magnetic Resonance (NMR): Proton nuclear magnetic resonance measurements were performed 
on a Bruker 400 Ultrashield™ spectrometer equipped with a Bruker SampleCase autosampler, using CDCl3 as 
a solvent and TMS as internal standard. 

Gel permeation chromatography (GPC): GPC was conducted using a Shimadzu Prominence-i GPC system 
with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standards and equipped with 
a Shimadzu RID-20A differential refractive index detector and THF used as an eluent with a flow rate of 1 mL 
min-1. 
 
Differential scanning calorimetry (DSC): DSC measurements were performed using TA Instruments 
Multicell DSC.  
 
Dynamic Light Scattering (DLS): DLS measurements were performed on a Malvern instrument Zetasizer 
(model Nano ZSP) equipped with an autosampler. Zetasizer software was used to process and analyse the data. 

Cryogenic transmission electron microscopy (cryo-TEM): 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 polymersome 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, 20eV energy slit) on a CCD camera (Gatan model 794). Processing of TEM images was 
performed with ImageJ, a program developed by NIH and available as public domain software at 
http://rsbweb.nih.gov/ij/. 
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Asymmetric Flow Field-Flow Fractionation and multi-angle light scattering (AF4-MALS): The 
asymmetric flow field-flow fractionation – UV – Quels (AF4-UV-Quels) experiments were performed on a 
Wyatt Dualtec AF4 instrument connected to a Shimadzu LC-2030 Prominence-i system with Shimadzu LC-
2030 autosampler. The AF4 was connected to a Wyatt DAWN HELEOS II light scattering detector (MALS) 
installed at different angles (12.9 º, 20.6 º, 29.6 º, 37.4 º, 44.8 º, 53.0 º, 61.1 º, 70.1 º, 80.1 º, 90.0 º, 99.9 º, 
109.9 º, 120.1 º, 130.5 º, 149.1 º, and 157.8 º) using a laser operating at 664.5 nm and a Wyatt Optilab Rex 
refractive index detector. Detectors were normalized using Bovine Serum Albumin (BSA). The processing and 
analysis of the LS data and radius of gyration (RG) calculations were performed on Astra 7 software (using the 
Berry 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.  
 
2.4.2 Experimental Procedures 

Ring opening polymerization (ROP) of poly(ethylene)glycol-poly(D,L-lactide) PEG-PDLLA block 
copolymers:  

O
O

O
O

H

O

O

X Y

 

PEGx-PDLLAy was synthesized by ring opening polymerization starting from PEG-macro initiators and using 
DBU as a catalyst as described previously28. Briefly, poly(ethylene) glycol (PEG) was weighed into a flame-dried 
50 mL round bottom flask. D, L-lactide (DLLA, 45, 70, 95 or 120 eq.) was added and all reagents were 
subsequently dried by co-evaporation with toluene. Thereafter, dry dichloromethane (DCM) was added (so 
that the [monomer] = 0.5M) under argon. Afterwards, 1,8-diazo-bicyclo[5.4.0]undec-7-ene (DBU, 0.5 eq to 
PEG) was added to initiate the ring opening polymerization. The reaction was left stirring under Ar atmosphere 
at RT for 2 hours. Disappearance of monomer peaks was monitored using 1H-NMR spectroscopy. The reaction 
mixture was diluted with DCM and extracted with KHSO4 (2x), water (1x) and brine (1x). The organic layer 
was collected and dried with Na2SO4, filtered and concentrated in vacuo. The resulting oil was precipitated in 
ice-cold diethyl ether and lyophilized from dioxane to yield a white powder (yield = 75-85%). 

1H-NMR (CDCl3, Table S1, Figure S2): 5.17 ppm (-C=OCHCH3-, 2H, multiplet), 4.31 ppm (PEGCH2-CH2-O-
PDLLA, 2H, triplet), 3.63 ppm (-CH2CH2O-, 4H PEG, multiplet), 3.55 ppm (-PEG-CH2-CH2O-PDLLA, 2H, 
triplet), 3.35 ppm (CH3-PEG, singlet) and 1.59 ppm (C=OCHCH3-, 6H, multiplet). 

All Ð values were calculated to be less than 1.2 using PS standards for calibration. Differential Scanning 
Calorimetry measurements were performed to determine glass transition temperatures (Tg) by scanning from 
-20 °C to 60 °C at a rate of 0.5 °C/min. and 3 heating/cooling steps. The average polymer compositions and 
values for Ð and Tg are given in Table S1.  
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Preparation of polymersomes: In a 15 mL vial, PEG22-PDLLA95 and PEG44-PDLLA95 block copolymers (1:1 
w/w, 20 mg) were dissolved in 2 mL of THF and dioxane (1:4 v/v) and the vial was sealed with a rubber 
septum. The solution was stirred at 700 rpm for a minimum of 30 minutes prior to the addition of MilliQ (2 
mL, 1 mL h-1) via a syringe pump. A needle was inserted into the septum to release pressure. The resulting 
cloudy suspension was transferred into a prehydrated dialysis bag (SpectraPor, MWCO: 12-14 kDa, 2 mL/cm). 
Dialysis was performed against MilliQ at room temperature for max. 24 hours with a water change after 1 
hour.  

Preparation of discs: Polymersomes were prepared according to the abovementioned procedure. Afterwards, 
dialysis was performed against MilliQ at 5 °C for max. 24 hours with a water change after 1 hour.  

General method for stomatocyte preparation: First, a batch of polymersomes was prepared following the 
previously mentioned procedure. Polymersomes were dialyzed against pre-cooled salt solution (50 mM NaCl, 
unless stated otherwise) at 5 °C for max. 24 hours. 

Reverse engineering of stomatocytes into polymersomes: Stomatocytes were prepared according to the 
above described procedure. Stomatocytes were transferred into a prehydrated dialysis bag. Stomatocytes were 
dialyzed against 50 vol % organic solvent (THF/dioxane (1:4)). Aliquots of 250 µL were withdrawn every hour 
and quenched with water to a total volume of 2 mL. Samples were directly used for cryo-TEM imaging and 
DLS. 
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2.5 Supplementary Figures and Tables 

 

Figure S1. Description of the shape transformation process utilized in this work, whereby polymersomes (having been 
fabricated in 50 vol% of organic solvent) are dialyzed against salt solution at 5 °C. During the early stages of dialysis, as 
organic solvent re-equilibrates across the polymersomal membrane, shape transformation occurs as a result of osmotically-
induced volume reduction and consequent folding of the membrane. The color scheme here is intended to highlight the 
solvent composition inside and outside of the polymersome inner cavity during this process. Shape transformation of 
spherical into bowl-shaped (stomatocytes) polymersomes proceeds via an oblate pathway as a result of induced negative C0. 
 

 

Polymer DP (1H-NMR) Average polymer 
composition (1H-NMR) 

Ð (GPC) Tg (DSC) 

PEG22-PDLLA45 47 PEG22-PDLLA47 1.13 26 °C 49 

PEG44-PDLLA45 45 PEG44-PDLLA45 1.15 - 

PEG22-PDLLA95 98 PEG22-PDLLA98 1.17 29 °C 

PEG44-PDLLA95 95 PEG44-PDLLA95 1.11 26 °C 
PEG22-PDLLA70 72 PEG22-PDLLA72  1.09 32 °C 
PEG44-PDLLA70 68 PEG44-PDLLA68 1.15 36 °C 
PEG22-PDLLA120 125 PEG22-PDLLA125 1.06 35 °C 
PEG44-PDLLA120 121 PEG44-PDLLA121 1.07 21 °C 

 
Table S1. Characterization of PEGa-PDLLAb block copolymers. The Tg of PEG22/44-PDLLA45 was not determined in this Thesis. 
Degree of polymerization (DP) of PDLLA block was determined by 1H-NMR, whereby the terminal methyl group was used as 
a reference. Dispersity measurements were performed with GPC calibrated with PS standards. The molecular weights were 
not determined by GPC due to the large deviation of the PS standard for PEG polymers. 
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Figure S2. (A) Organocatalyzed synthesis of block copolymer PEGX-PDLLAY with X = 22/44 and Y = 45/70/95/120 and (B) 
typical 1H-NMR (CDCl3) spectrum (shown is PEG22-PDLLA45). Since the polymers only vary in chain length, the 1H-NMR 
spectra are similar. The degree of polymerization of the PDLLA block was determined by using the methyl peak (peak A) as 
a reference.  

 

 

 

 



Chapter 2 
 

42 
 

 2 

 

Figure S3. (Top) Photographs showing the outcome of the self-assembly of PDLLA70 and PDLLA95 based copolymers. 
(Bottom) DLS intensity profile and cryo-TEM images confirming micelle formation from PEG44 -PDLLA70 (blue) and PEG44 
-PDLLA95 (red) with average hydrodynamic diameters (Dh) of 39 and 47 nm, respectively. Scale bars=200 nm. 

 

 

 
Figure S4. Cryo-TEM images of blended PEG22/44-PDLLA120 and non-blended PEG44-PDLLA120 prepared via dialysis against 
50 mM NaCl at 5 °C or water at RT, displaying sponge-phase particles (left) and polymersomes (right) respectively.  
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Figure S5. Cryo-TEM images of stomatocytes with varying membrane thickness and corresponding line profile: A. PEG22/44-
PDLLA70 stomatocytes, B. PEG22/44-PDLLA95 and C. PEG44-PDLLA120 stomatocytes. Scale bars = 200 nm. 
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Figure S6. Cryo-TEM images of A. PEG22/44-PDLLA95 polymersomes before dialysis. Shape transformation of polymersomes 
B. after dialysis against MilliQ at 5 °C and C. against 10 mM NaCl at 5 °C. Scale bars = 500 nm. 



 Morphology Under Control: Engineering Biodegradable Stomatocytes 

45 
 

 2 

 

Figure S7. Cryo-TEM images of stomatocytes prepared from PEG22/44-PDLLA95 obtained via dialysis against 50 mM NaCl A. 
and 100 mM NaCl B. at 5 °C. Please note decreasing neck size at higher salt concentrations. Scale bars = 500 nm.  
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Figure S8. Cryo-TEM images of the shape transformation of polymersomes towards stomatocytes at different time intervals 
(A-D). Stomatocytes were obtained via dialysis of polymersomes of PEG22/44-PDLLA95 against 50 mM NaCl at 5 °C. Scale bars 
= 500 nm. 
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Start (min) End 

(min) 

Mode Cross flow start (mL min-1) Cross flow end (mL min-1) 

0 2 Elution 0.20 0.20 

2 3 Focus - - 

3 5 Focus + inject - - 

5 6 Focus - - 

6 36 Elution 0.20 0.10 

36 43 Elution 0.10 0.00 

43 44 Elution 0.00 0.00 

44 45 Elution + inject 0.00 0.00 

45 50 Elution 0.00 0.00 

 

Table S2. General method for AF4 fractionation. 20 µL Aliquots of polymersome samples were injected into the AF4 short 
channel and the conditions were programmed as follows: detector flow (1.5 mL min-1), focus flow (0.70 mL min-1) and 
injection flow (0.2 mL min-1) 

 

Figure S9. Cryo-TEM images tracking the reverse dialysis process as stomatocytes are reverse engineered to spherical 
polymersomes after dialysis against 50 vol% organic solvent (A-B). Scale bars = 200 nm. 
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Abstract 

The assembly of amphiphilic block copolymers in well-defined polymer nanoparticles is an intricate interplay 
between polymer composition, method of assembly and the properties of the organic solvent used to dissolve 
the polymer building blocks. Remarkably, the role of organic solvent composition has been much less studied 
in comparison to the other two parameters. Here we have systematically investigated the effect of organic 
solvent composition, namely, the ratio between tetrahydrofuran and dioxane, on the self-assembly of PEG-
PDLLA copolymers into polymer vesicles and their subsequent shape change in different topologies. 
Uncovering such physical basis unlocks new opportunities for the development of complex nanoparticles 
without the need of extended polymer engineering processes. 

 

This chapter is published as:  

Pijpers, I., Meng, F., van Hest, J. & Abdelmohsen, L. Investigating the Self-Assembly and Shape Transformation of 
poly(ethylene glycol)-b-poly(D,L-lactide) Polymersomes by Tailoring Solvent-Polymer Interactions. Polym. Chem. 11, 275–
280 (2020). 
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3.1 Introduction 

The molecular engineering of polymeric architectures from amphiphilic copolymers has been documented 
since the pioneering work of Eisenberg.1 Despite the large body of research currently done on the subject, 
achieving control over the morphology of such supramolecular structures has proven to remain challenging.2–

6 Although we have much more detailed understanding of the morphological features on the nanoscale, it is 
observed that apparently small changes in chemical composition (such as polymer chain length, polydispersity, 
composition, blending etc.) and fabrication methodology have significant consequences for the resulting 
particle morphology.7–14 External factors, such as temperature, pH and osmotic pressure contribute to the 
dynamicity of the system and, indeed, to the final supramolecular structure.15–20 With this in mind, researchers 
from diverse backgrounds have sought to unravel the physicochemical basis for copolymer self-assembly in 
order to enhance our fundamental understanding of these systems. Often, however, only the relationship 
between the polymeric composition and the resulting assembly is considered, see for example Chapter 2. 
Remarkably, the (organic) solvent that is crucial in the formation and subsequent manipulation (such as 
resizing / shape change) of the assemblies is an underexposed element in the entire structure formation. 
Commonly, the choice of solvent is based on its miscibility with water, and its ability to molecularly dissolve 
the copolymeric material. In this Chapter, we show that the composition of the organic solvent enables the 
creation of a multitude of vesicular topologies (both during formation and manipulation), whereby small 
variations can have major consequences. A better understanding of this effect increases the reproducibility of 
the formation process and gives access to a wider range of structures.  

The self-assembly of polymersomes can be performed in a wide variety of manners, one of which is the solvent 
switch methodology, which involves dissolving a copolymer into a ‘good’ solvent, followed by slow addition of 
a ‘poor’ solvent.16,21 Increasing the amount of the poor solvent in the mixture leads to hydrophobic membrane-
formation – as a result of copolymer reorganization. The outcome of such solvent switch methodology largely 
depends on the respective properties of the organic solvent and its interaction with the polymer building blocks. 
In general, good solvents promote material-solvent interactions, wherein polymers can be molecularly 
dissolved. On another note, non-solvents, or poor solvents, stimulate polymer-polymer (hydrophobic) 
interactions where polymer chains are folded into each other and become self-knotted.22,23 Indeed, the solvation 
and de-solvation of polymers and the way they influence polymer aggregation play a significant role in driving 
the self-assembly process toward the formation of bilayered membrane or micellar structures, for instance.24 
Moreover, solvents impact the way the polymers are packed in the self-assembled structures, which in turn 
affects the way in which they undergo subsequent shape change process. 25–28 

As demonstrated in Chapter 2, we have developed extensive knowledge towards the self-assembly and shape 
transformation of PEG-PDLLA. Briefly, by applying the above-mentioned solvent switch methodology, such 
PEG-PDLLA copolymers assemble into spherical polymersomes (Figure 1). Upon their exposure to hypertonic 
conditions, these spherical structures can undergo an osmotic-induced shape transformation process into 
prolates or oblates, depending on the chemical composition of the copolymer used during the initial assembly.29 
Resizing such polymersomes was shown to be feasible by repeated extrusion – a process aiming to yield smaller 
sized nanoparticles.30  
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Figure 1. Schematic describing the self-assembly of PEG-PDLLA polymers into polymersomes and subsequent morphology 
control. First, polymers are assembled into polymersomes. Then, particles are either dialyzed against water to yield spherical 
particles or salt to induce shape transformation into tubes; or particles are first extruded and then dialyzed to form spherical 
polymersomes or tubes. 

 

Although the changes in the chemical composition of PEG-PDLLA affect the self-assembly and shape 
transformation, it is evident that the choice of solvent is crucial to bring reproducibility to this system. Herein, 
we provide an insight to our initial hypothesis regarding the influence of the solvent composition on the self-
assembly of PEG-PDLLA polymersomes and subsequent shape transformation process – a study that aims to 
enhance our fundamental understanding in order to bring control and reproducibility to these systems, 
broadening our accessibility to new structures. 

 

  



Chapter 3 

54 
 

 3 

3.2 Results and Discussions 

A mixture of tetrahydrofuran (THF) and dioxane (in different ratios) is typically used as solvent for PEG-PDLLA 
copolymers, and as a plasticizer for the resulting bilayered membrane.19,29 In order to study how the 
composition of the organic solvent affects the behavior of PEG22-PDLLA45 during the self-assembly and shape 
transformation processes, we systematically varied the ratio of THF and dioxane during the initial 
polymersome formation. Thereafter, the results of both the self-assembly process and shape transformation 
were investigated.  

First, PEG22-PDLLA45 with Đ ≤ 1.2 copolymer was synthesized following a previously published method.19 In 
short, ring-opening polymerization (ROP) was carried out with D, L-lactide, using methoxy PEG-OH as 
macroinitiator and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) as organocatalyst. The resulting chain length and 
Đ were determined by 1H-NMR and GPC, respectively (Figure S1, Chapter 2: Figure S2). Previously, such 
copolymers were shown to form spherical polymersomes, and upon their exposure to hypertonic conditions, 
elongated tubes could be formed. Initial polymersome formation was performed by dissolving the polymers in 
a mixture of THF and dioxane with a ratio of 4:1 (v/v), followed by slow addition of an equal volume of water 
to the mixture. Subsequently, the organic solvent was removed via dialysis against MilliQ at 4 °C. Inverting the 
ratio of THF:dioxane to 1:4 during the self-assembly process resulted in unreproducible polymersome 
formation and major formation of aggregates - even after removing organic solvents, which was expected to 
force membrane rearrangement (Figure 2).  

 

Figure 2.  Cryo-TEM images of spherical polymersomes (A) and tubular polymersomes (B). C. Hydrodynamic size of 
polymersomes and tubes measured by DLS. Please note the difference in size in polymersomes and tubes which is a result 
of the volume reduction following the shape transformation process. D. Formation of polymersomes (left) and aggregation 
(right) with varying THF:dioxane ratio. Scale bars = 500 nm. 
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This result indicates that indeed THF is crucial to the formation of stable PEG-PDLLA polymersomes, and the 
increased polarity of THF increases repulsive interactions between polymer chain ends, which is necessary for 
the formation of ordered polymeric membranes with well-defined organization. As such, undefined polymer 
aggregates were formed by increasing polymer-polymer interactions - a result of increasing the amount of 
dioxane during the self-assembly in the initial polymer solution.  

Systematic variation of the THF and dioxane ratios in the initial polymer solution, and accordingly, in the final 
assembled-polymersome solution resulted in clear differences in the formation of spherical vesicles. High 
amounts of THF resulted in the self-assembly of spherical polymersomes, while addition of increasing volumes 
of dioxane induced aggregation in the resulting structures (Table 1). Contrarily, the presence and quantity of 
dioxane in the polymer mixture proved to influence the shape transformation of the spherical particles (Figure 
3 and S2B, 3). It was clear that the size of the formed spherical polymersomes was larger at higher dioxane 
ratios (Figure S2). Moreover, the length of the resulting tubes increased at a higher dioxane to THF ratio. 
Additionally, aggregates were observed when no THF was present in the system, confirming the importance 
of THF in modulating the stability of the assembled membrane. From cryo-TEM image analysis, it is apparent 
that the mean aspect ratio of the tubular structures increased with increasing dioxane content (Figure 3E and 
S4). 

 

Figure 3. Cryo-TEM images of tubes formed with THF:dioxane ratio (v/v%) A. 100:0, B. 80:20, C. 70:30 and D. 50:50.  
Mean aspect ratio measured from image analysis (E). Scale bars = 500 nm. 

 

Interestingly, the presence of nested vesicles, closed stomatocytes, became increasingly apparent at higher THF 
ratios (Figure S3). Experimental details are given in Table 1. 
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Table 1: Summary of experimental data from varying the THF:dioxane solvent ratio during polymersome formation and 

shape transformation. Mean Aspect Ratio is measured after shape transformation. 

 

Indeed, both solvents play their respective part in the self-assembly process; their individual properties, such 
as dielectric constant and solubility parameter, have significant consequences for how PEG and PDLLA chains 
are folded in the membrane.  The dielectric constant (ε) can be used as an indication of solvents’ polarity, with 
values for THF and dioxane being ε=7.5 and ε=2.3, respectively. The higher polarity of THF results in increased 
repulsive interactions between the hydrophilic chains of the membrane. Dioxane, having a lower polarity, leads 
to weaker repulsive interactions.31 As a consequence, the ratio between both THF and dioxane in the solvent 
mixture determines the polymer conformation (or stretching), and therefore membrane architecture.22 In 
general, solvent-induced repulsive (electrostatic) interactions among polymeric chains of copolymeric 
assemblies originate predominantly from electrostatic repulsion between hydrophilic polymer chains,31 and 
possibly from adsorption of negative ions onto the hydrophobic chains.32 The effect of various solvents with 
distinct dielectric constants on the resulting vesicle morphology was established by Yu and Eisenberg, where 
varying amounts of DMF, THF and dioxane yielded vesicles, spheres or rods with various sizes.33 These results 
were explained to be a consequence of a combination of effects that involve interactions between the solvent 
used and the copolymers, which in turn affects both polymer folding in solution and the repulsion of chains in 
the membrane of the resulting assembly. Moreover, the organic solvent composition influences the dimensions 
of the polymer during self-assembly (i.e. packing parameter) and the critical water content necessary to initiate 
self-assembly. Our hypothesis states that based on the ε values, an increase in THF content should lead to the 
self-assembly of stable structures. On the other hand, dioxane can modulate the rigidity of the polymer chains 
in the membrane, allowing subsequent shape transformation processes to occur. From our research into 
vesicular shape changes of polymersomes, we understand that both membrane flexibility and vesicle volume 
reduction are deciding factors in whether a spherical polymersome undergoes shape transformation. 
Originally, the shape change of PEG22-PDLLA45 spherical polymersomes was induced by dialyzing flexible 
spherical polymersomes (in 50 % organic solvent v/v) against salt solution. Indeed, organic solvent directly 
contributes towards the degree by which the self-assembled membrane is plasticized, facilitating efflux of 
solvent molecules from the polymersomes’ lumen upon their exposure to hypertonic conditions. Equation 1 
describes the membrane’s bending energy (Eb) in terms of its bending rigidity k. 

𝐸𝐸𝑏𝑏 = 𝑘𝑘
2
∮ (2𝐶𝐶 − 𝐶𝐶0)2𝑑𝑑𝑑𝑑  (Eq.1) 
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C is the mean surface curvature and C0 is spontaneous surface curvature. Although k is valuable to the shape 
transformation process, there are few studies that actually demonstrate its importance. K is directly affected 
by the intrinsic properties of the membrane, which is impacted by the amount of the organic solvent available 
during the shape transformation process.28 Dioxane plays an important role in plasticizing the membrane and 
thus, decreases bending rigidity k. According to equation 1, decreasing k would result in a lower Eb and thus, a 
faster shape transformation process. Moreover, when the membrane is highly flexible, out-flow of solvents 
from the polymersome lumen occurs at a faster rate - meaning increased volume reduction (at faster rate) and, 
ergo, longer tubes. 

In order to confirm our hypothesis on the effect of both THF and dioxane on PDLLA-based polymersomes, we 
set out to study their extrusion (i.e. mechanical resizing), and the consecutive shape transformation of the 
resulting structures in presence of different THF: dioxane ratios. In general, extrusion of polymeric particles 
requires high degree of membrane flexibility. Such extrusion process results in the formation of small 
polymersomes (ca. 100 nm), which possess higher surface curvature when compared to their counterparts (ca. 
400 nm) (figure S5). Such size control over PEG-PDLLA polymersomes was previously realized by repeated 
extrusion of ca. 400 nm polymersomes, which are suspended in a higher content of organic solvent to water 
(66/33 v/v%).30 This solvent condition ensured membrane flexibility as well as permeability to allow efflux of 
solvent from the polymersome lumen during their shape transformation into tubular morphologies. Without 
dioxane present in the solution, ca. ± 400 nm polymersomes were successfully extruded into ca. 150 nm 
polymersomes (Figure 4A and S6, 7); however, no shape transformation could be observed when osmotic 
shock was applied. These results highlight the role dioxane plays in reducing k and Eb, so that the shape 
transformation of high surface curvature structures can take place. 

 

Figure 4. Cryo-TEM images depicting the effect of increasing the concentration of dioxane on the shape transformation of 
extruded polymersomes (ca. 150 nm) Respective THF:dioxane ratios (v/v%) are: A) 100:0, B) 80:20, C) 70:30, D) 50:50 and 
E) 30:70. The mean aspect ratio calculated from image analysis (F) depicts the increase in length-to-width variation with 
increasing dioxane ratios. Scale bars are 200 nm. 
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Higher aspect ratio particles could be obtained by further increasing the concentration of dioxane to a final 
THF:dioxane ratio of 30:70 (figure 4 and S6-8), elongating spherical nanoparticles into prolates and eventually 
tubes - demonstrating the role dioxane plays in plasticizing the PDLLA membrane. At a mixture of THF and 
dioxane with a ratio 1:4, the shape transformation of the extruded polymersomes, in most cases, yielded a 
mixture of polymersomes and aggregates – again, highlighting the role of THF in modulating the polymer-
solvent interactions and yielding a well-ordered membrane. Table 2 displays the results of the extrusion of 
polymersomes and their shape transformation with varying solvent composition.  

 

 

Table 2. Results from varying THF:dioxane ratios in extrusion of polymersomes and subsequent shape transformation. 
Mean Aspect Ratio is measured after shape transformation. 

 

From these experiments it is clear that the properties of the solvent are of utmost importance in modulating 
not only membrane formation but also the bending rigidity, either allowing or impeding shape transformation. 
Furthermore, increasing solvent polarity (by increasing the amount of THF) is a significant driving factor in 
tailoring repulsive interactions between PEG-PDLLA polymer chains to yield stable assemblies. On the other 
hand, membrane flexibility is necessary to induce shape transformation; as evident by the formation of longer 
tubes at higher dioxane content.  

 

3.3 Conclusions 

The intricate interplay between dioxane and THF demonstrates that polymer swelling in cosolvents contributes 
immensely to the supramolecular structure of the self-assembled polymers and, in turn, morphology can be 
controlled. This provides us with more facile means to direct the morphology of PEG-PDLLA nanoparticles 
rather than by adjusting the chemical composition of the copolymer.  
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3.4 Experimental Details 

3.4.1 Materials and Instrumentation 

 
Materials 
All chemicals were used as received unless stated otherwise. For the synthesis of poly(ethylene glycol)-b-
poly(D,L-lactide) (PEG-PDLLA), poly(ethylene glycol) 1K was purchased from JenKem technology and freeze-
dried twice before use. D,L-lactide was purchased from Acros and used as supplied. 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) was purchased from Sigma Aldrich and used as supplied. All other 
chemicals were supplied by Sigma-Aldrich and were used without any purification. Ultra pure MilliQ water, 
obtained from a Merck Millipore Q-Pod system (18.2 MΩ) with a 0.22 µm Millipore ® Express 40 filter, was 
used for the polymersome self-assembly and dialysis. Dialysis membranes MWCO 12-14000 g mol-1 
Spectra/Por® were used for dialysis during the tubes formation. Sodium chloride was purchased from Merck. 
 
Instrumentation 
Nuclear Magnetic Resonance (NMR): Proton nuclear magnetic resonance measurements were performed 
on a Bruker 400 Ultrashield™ spectrometer equipped with a Bruker SampleCase autosampler, using CDCl3 as 
a solvent and TMS as internal standard. 

Gel permeation chromatography (GPC): GPC was conducted using a Shimadzu Prominence-i GPC system 
with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standards and equipped with 
a Shimadzu RID-20A differential refractive index detector and THF as eluent with a flow rate of 1 mL min-1. 
 
Dynamic Light Scattering (DLS): DLS measurements were performed on a Malvern instrument Zetasizer 
(model Nano ZSP) equipped with an autosampler. Zetasizer software was used to process and analyse the data. 

Cryogenic transmission electron microscopy (cryo-TEM): 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 polymersome 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, 20eV energy slit) on a CCD camera (Gatan model 794). Processing of TEM images was 
performed with ImageJ, a program developed by NIH and available as public domain software at 
http://rsbweb.nih.gov/ij/ 
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3.4.2 Experimental Procedures 

 
Ring opening polymerization (ROP) of poly(ethylene glycol)-poly(D,L-lactide) PEG-PDLLA block 
copolymers: PEG22-PDLLA45 was synthesized according to a previous publication and as described in Chapter 
2 by ring opening polymerization starting from PEG as macro initiator and using DBU as a catalyst, yielding 
PEG22-PDLLA45 polymer with ±80 % yield.19 Copolymer composition was determined by integrating the 
protons of PEG (3.65-3.7 ppm), terminal methyl unit (singlet at 3.37 ppm) and PDLLA CH (multiplet at 1.4-1.8 
and 5.11-5.28 ppm). Polymer batches from Chapter 2 were used for this study. For typical polymer 
characterization, see Chapter 2, section 2.5.  

Preparation of spherical polymersomes: In a 15 mL vial, PEG22-PDLLA45 was dissolved in 2 mL of THF and 
dioxane (4:1 v/v) unless stated otherwise and the vial was sealed with a rubber septum. The solution was 
stirred at 400 rpm for a minimum of 30 minutes prior to the addition of MilliQ (2 mL, 1 mL h-1) via a syringe 
pump. The resulting cloudy suspension was transferred into a prehydrated dialysis bag (SpectraPor, MWCO: 
12-14 kDa, 2 mL/cm). Dialysis was performed against MilliQ at room temperature for max. 24 hours with a 
water change after 1 hour.  

Preparation of tubes: Polymersomes were prepared according to the above-mentioned method. Dialysis was 
performed against 50 mM NaCl at 5 °C for max. 24 hours with a water change after 1 hour.  

Extrusion of spherical polymersomes: Extrusion was performed according to previously published 
research.30 In a 15 mL vial, PEG22-PDLLA45 was dissolved in 2 mL of THF and dioxane (4:1 v/v) unless stated 
otherwise and the vial was sealed with a rubber septum. The solution was stirred at 400 rpm for a minimum 
of 30 minutes prior to the addition of MilliQ (2 mL, 1 mL h-1) via a syringe pump. The resulting suspension was 
extruded through an Avanti Mini Extruder with a 0.1 µm membrane filter in between filter supports. The 
solution was extruded for a minimum of 20 times. The resulting cloudy suspension was transferred into a 
prehydrated dialysis bag (SpectraPor, MWCO: 12-14 kDa, 2 mL/cm). Dialysis was performed against MilliQ at 
room temperature for max. 24 hours with a water change after 1 hour. 

Shape transformation of extruded spherical polymersomes into elongated tubes: Polymersomes were 
prepared according to the above-mentioned extrusion method. Dialysis was performed against 100 mM NaCl 
at 5 °C for max. 24 hours with a water change after 1 hour.  
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3.5 Supplementary Figures 

 

 

O
O

O
O

O

O

H
22 45O

O

O

O

O
O

H

22

N

N

DCM

Cat.

 

Figure S1. Organocatalyzed synthesis of PEG22-PDLLA45 using DBU as catalyst. 

 

 

 

 
 
Figure S2. DLS intensity plots of spherical polymersomes (A) and tubes (B) prepared with various THF/dioxane ratios. 
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Figure S3. Cryo-TEM images of tubes prepared with dofferemt THF/dioxane ratios: A) 100/0, B) 80/20, C) 70/30 and D)  

50/50. Scale bar is 500 nm 
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Figure S4. Bar graphs depicting the width and length of tubes measured from cryo-TEM images for different solvent ratios. 
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Figure S5. DLS intensity plot for polymersomes and extruded polymersomes demonstrating the size decrease after 
extrusion. 

 

 

 
Figure S6. DLS data of extruded spherical polymersomes (A) and their respective tubes (B) prepared in various 
THF/dioxane ratios.  
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Figure S7. Cryo-TEM images of the outcome of the shape transformation process of the extruded spherical polymersomes, 
prepared with different THF/dioxane ratios: A. 100/0, B. 80/20, C. 70/30, D. 50/50 and E. 30/70. Scale bar is 200 nm. 
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Figure S8. Bar graphs depicting the width and length of extruded tubes measured from cryo-TEM images for different 
solvent ratios. 
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Abstract 

Nanocarriers loaded with active pharmaceutical ingredients have much potential in biomedical research. Such 
carriers can be employed to fight diseases, in particular cancer, as they in principle allow more effective 
therapies by delivering the active ingredients to the target site, while limiting systemic exposure to 
chemotherapeutic agents. Several challenges, such as targeted delivery, tumor penetration, barrier crossing, 
evading drug clearance and effective release at the target destination, must be addressed for the successful 
development and implementation of these therapeutic carriers. Polymeric nanoparticles, due to their high 
physicochemical versatility, are excellent candidates for nanocarrier applications. In this Chapter, we examine 
(i) the encapsulation of anti-cancer drug doxorubicin (DOX) into PEG-PDLLA spherical and tubular 
polymersomes, (ii) their uptake and (iii) toxicity to cancer cells. Although further research into 
pharmacokinetics and the in vivo fate of these particles is necessary, the current study is significant toward 
enhancing our understanding regarding the importance of morphology in the design of new drug carriers.   
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4.1 Introduction. 

With cancer being one of the most fatal diseases worldwide, it is not surprising that a large section of biomedical 
research is focused upon improving and developing anti-cancer treatments. Currently, most therapies consist 
of drug administration intravenously or removal of cancerous tissue via invasive surgery. These strategies are 
not target-specific and as a consequence healthy tissues are almost always affected – severely limiting patients’ 
survival rate. The need for non-invasive and/or targeted therapies is tangible and even though novel therapies, 
such as photodynamic therapy (PDT), are being developed and currently reaching clinical trials, up until now 
the development of a well-established and generally applicable solution remains a challenge.  With regard to 
targeted therapies, nanomedicine holds great promise, as it ideally allows the use of nanocarriers as a drug 
reservoir, which are passively or actively targeted to the diseased tissue. The reservoir function prevents on 
the one hand the exposure of healthy tissue to the often toxic drugs and on the other protects the active 
ingredients from deactivating conditions found in the body1–3. Although only a few examples of nanomedical 
formulations exist on the market today, the future of vesicular nanoparticles in the medical field is promising.4 
The unique structural and physicochemical features of polymeric bilayered vesicles, or polymersomes, make 
them well suited as nanocarriers for invasive (cancer) therapeutics.5,6 The polymer composition, morphology 
and surface chemistry of these nanoparticles can be easily tuned by various chemical and mechanical 
methods.7–9 Additionally, their dual-compartmentalized structure, hydrophobic membrane and hydrophilic 
lumen, make polymersomes interesting candidates for the encapsulation or entrapment of both hydrophilic 
and hydrophobic (drug) molecules.10–14 During the past decade, a large variety of drug-loaded polymersome 
formulations has been developed and their release behavior in vitro and in vivo has been studied.15,16 More 
recent publications have mainly focused on tailoring the particle degradability and on-demand drug release by 
implementing a variety of stimulus-sensitive polymers in the nanoparticles’ framework.14,17–19  

As was discussed in Chapter 1, the importance of the morphological features of nanoparticles, including 
polymersomes, on the fate of the particles in vivo is apparent. Importantly, particle size and shape strongly 
influence the behavior of particles through the bloodstream, their clearance rate through filtration systems and 
their cellular uptake, parameters which are indispensable for their implementation in the bio-/ nanomedical 
field. For example, 15 years ago, Mitragotri and coworkers demonstrated the role of particle morphology in 
phagocytosis, by showing that uptake of elongated particles was significantly different than that of spherical 
particles.20 This was confirmed by various other studies since then.16,21–25 Moreover, although the cellular 
uptake of nano/microparticles is dependent on several other physical parameters, such as stiffness and 
membrane smoothness, and no real consensus exists on the ‘ideal’ size for cellular uptake, it is evident that size 
has an enormous impact on different processes such as particle internalization.26–31 As a result, controlling both 
the morphology and size of polymeric drug carriers has been gathering much interest. Several robust 
techniques have been developed in order to transform polymeric nanocarriers into different sizes and shapes, 
as was discussed in Chapter 1.8,16 However, often, these particles are composed of non-degradable polymers. 
As discussed in Chapters 2 & 3 we have developed an osmotic pressure induced, controlled shape 
transformation process of biodegradable polymersomes comprising biodegradable PEG-PDLLA polymer.32,33 
This deformation is a direct result of a volume reduction in the inner lumen and is intricately connected to the 
membrane curvature during this process, guiding the shape transformation pathway and therefore controlling 
the morphology of the polymersome into either oblate (stomatocyte) or prolate (tube) structures. Furthermore, 
by repeated extrusion, we were able to tailor the size of the polymersomes from ca. 400 to ca. 100 nm, providing 
us with a library of different structures from the same polymer to be studied in vitro. 34 

A next step in the investigation is to assess the drug-loading capacity and subsequent in vitro behavior of the 
differently shaped and sized particles. Doxorubicin (DOX) is an anthracycline anti-cancer drug often used as 
model drug for its fluorescence and high absorbance. DOX is exceedingly efficient in anticancer treatment and 
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highly effective against a large variety of cancer types.35 However, due to its high cardiotoxicity in free form, 
its applicability as therapeutic is hampered.36 By its encapsulation into vesicles, thereby limiting its free 
diffusion through the body, it can be successfully implemented in (nano)medical applications. For example, 
Doxil, the first nanomedical therapeutic on the market, utilizes crystallized DOX inside liposome formulations, 
thereby increasing its efficacy.37   

Achieving high drug loading content in polymersomes can be challenging due to physicochemical restrictions 
imposed by the drug, such as low solubility. Various approaches have been developed over the past years to 
gain a more in-depth understanding towards the encapsulation mechanism and parameters involved to 
optimize the process.38 Indeed, several approaches have been developed, such as passive encapsulation 
strategies, where a drug is intermixed with polymer during the nanoparticle formulation process.39 Utilizing 
the drugs’ hydrophobic or hydrophilic properties enables them to be trapped in respective hydrophobic or 
hydrophilic segments in polymersomes. Exploiting this strategy, drug-loaded polymersomes have been 
prepared using hydrophobic drugs (dissolved into polymer mixture) and hydrophilic drugs (dissolved in water 
and added during solvent exchange).40 In this Chapter, we investigate the passive loading of DOX inside PEG-
PDLLA polymersomes and induce the subsequent shape transformation into tubes. Size manipulation will be 
facilitated by using extrusion, as described in Chapter 3, and the in vitro cytotoxicity of DOX-loaded particles 
of various morphologies is studied (Figure 1). 

 

 

Figure 1. Graphical impression of employing DOX-loaded PEG-PDLLA polymersomes for the delivery of DOX into cells, 
thereby inducing cell toxicity and eventually cell death.   
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4.2 Results and discussion. 

4.2.1 Encapsulation of doxorubicin 

Polymers comprising PEG and D,L-lactide were synthesized via ring opening polymerization, using PEG as 
initiator and DBU as organocatalyst, as is described in previous Chapters (Figures S1, Table S1). Polymersomes 
were prepared from PEG22-PDLLA45 block co-polymer via the solvent switch methodology. The passive loading 
of drug molecules into polymersomes was considered to be the easiest method of encapsulation, since the drug 
molecules can be simply intermixed with the polymer mix prior to polymersome formation. Therefore, we 
explored and optimized the passive loading method for PDLLA-based polymersomes, by using DOX in either 
its hydrophobic or hydrophilic form. Hydrophilic molecules, such as the water soluble DOX·HCl, can be added 
during solvent displacement in the aqueous phase, allowing its incorporation in the aqueous lumen of the 
polymersome. Hydrophobic DOX must be added into the polymer-containing organic phase, prior to solvent 
switch procedure, to ensure full solubilization. To this end, PEG22-PDLLA45 polymer was dissolved into a 
THF/dioxane (80/20) mixture and aqueous phase was added, to initiate polymer phase separation and 
polymersome formation, to a final concentration of (organic solvent : water) 50 v/v %. Hydrophobic or 
hydrophilic DOX in different amounts (final concentration in solution: 0.25, 0.5 and 1.25 mg mL-1) were added 
to the organic phase or aqueous phase, respectively. Afterwards, the formed polymersomes were dialyzed 
against water to remove organic solvent and free DOX·HCl. In the case of hydrophobic DOX, the non-
encapsulated molecules formed aggregates, which were removed using centrifugation. In both cases, DOX 
content was determined by fluorescence measurements (Ex/Em = 470/590). The concentration of DOX in the 
polymersome solution was calculated and the encapsulation efficiency was determined (supplementary 
information, section 4.4.2). To verify the removal of free, unencapsulated DOX from the polymersome solution 
and test the absence of any unspecific adsorption of DOX onto or inside the polymersome, controls were carried 
out by adding hydrophilic or hydrophobic DOX to aqueous preformed polymersome solutions prior to dialysis. 
The hydrophobic DOX aggregates were removed via centrifugation. By measuring the remaining polymersome 
solution for DOX residues, only <0.5 % of both the added hydrophilic and hydrophobic DOX remained in the 
solution; a negligible amount, indicative of a successful dialysis and purification methodology.  

DLS measurements of the DOX-loaded polymersomes showed adequate stability and slight size changes after 
drug loading (Figure 2, S2). The size change might be induced by the formation of DOX domains due to non-
covalent interactions, such as pi-pi stacking, in the membrane, which in turn affects its assembly. Nevertheless, 
cryo-TEM confirmed polymersome formation without any noticeable structural deformations (Figure S3).  
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Figure 2. A. DLS correlogram of polymersome solution containing doxorubicin (top) and doxorubicin.HCl (bottom) with 
addition of 0.25, 0.5 or 1.25 mg mL-1 DOX. DLS was measured after dialysis. B. Concentration of encapsulated DOX (DOX 
and DOX·HCl) in solution after dialysis.  

 

The drug loading content of hydrophilic DOX was significantly lower than the hydrophobic variant; a loading 
efficiency of ca. 1.5% was obtained. This is likely due to the high organic solvent content (required for the 
polymersome assembly), which enhances both membrane permeability and drug solubility, resulting in rapid 
outflow of the water-soluble drug into the bulk aqueous medium during dialysis. The hydrophobic drug loading 
efficiency was ca. 6 times higher, with an average of ca. 10 %. Increasing the initial amount of DOX added to 
the polymer mixture led to a slight decrease in the encapsulation efficiency (Figure S4). This is not completely 
unsurprising as DOX, at high concentrations, is not easily soluble in the organic solvent mixture employed in 
this system. Such aggregation hampered the integration of DOX in the hydrophobic polymersome membrane. 
Aggregation of DOX during and immediately after polymersome formation was increasingly visible in 0.5 and 
1.25 mg mL-1 samples, hence, utilizing 0.25 mg mL-1 DOX in this polymersome formation methodology was 
most ideal and used throughout the remainder of this study. 
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4.2.2 Shape transformation of DOX-loaded polymersomes  

Having established a methodology for loading of DOX inside PEG-PDLLA polymersomes, we set out to explore 
their shape transformation. From the results described in Chapter 2, it is evident that relatively small changes 
in the hydrophobic membrane of PEG-PDLLA polymersomes have an impact on the shape transformation 
pathway and therefore the resulting morphology. Tailoring membrane permeability and thickness influences 
the membrane curvature in such a way that either prolate or oblate structures are formed when the particles 
are exposed to osmotic pressure.33  With this information at hand, we hypothesized that the addition of 
hydrophobic molecules, such as DOX, to the membrane might affect the overall membrane architecture, and 
therefore its curvature, directly influencing polymersome formation and subsequent shape transformation. 
Previous research concerning the self-assembly kinetics of polymeric vesicles reveals that the initial liquid-
liquid phase separation of polymer affects the self-assembly process and the structural properties of the 
resulting architectures. 41 Therefore, small alterations to the polymer liquid phase was expected to impact both 
self-assembly and shape transformation of PEG-PDLLA polymersomes. Therefore, the formation and shape 
transformation of polymersomes in the presence of hydrophobic DOX was investigated. Polymersome 
formation was initiated by dissolving PEG22-PDLLA45 into a THF/dioxane (80/20) mixture and subsequent 
addition of an equivalent amount of water.  

Tube formation was performed by dialysis against 50 mM NaCl. Hydrophobic doxorubicin was dissolved into 
the polymer mixture before solvent displacement and the shape transformation into tubes was monitored via 
cryo-TEM (Figure 3).  

 

Figure 3. Cryo-TEM images of polymersomes exposed to 50 mM NaCl during dialysis and their resulting morphology as a 
result of solvent composition during formation: A. without DOX and 80% THF, and with DOX containing B. 80%, C. 70% 
and D. 50% THF. Scale bars = 500 nm. 

 

Following the procedure described above, the formation of unloaded tubes was successful (Figure 3A). 
However, when following the same procedure in the presence of DOX, successful formation of tubes was 
hampered (Figure 3B). Indeed, the addition of hydrophobic DOX to the polymersome membrane led to 
disruption of the membrane flexibility hampering the shape transformation process from sphere to tube, 
confirming our hypothesis. From the results obtained in Chapter 3, we have learned that THF plays an essential 
role in facilitating polymersome formation and overall stability, while the presence of dioxane leads to increased 
membrane flexibility enabling shape transformation. In line with these results, DOX-loaded tube formation 
was systematically monitored by varying amounts of THF and dioxane employed during polymersome 
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formation. Indeed, a larger amount of dioxane led to the formation of DOX-loaded tubes, its aspect ratio 
increasing linearly with the amount of dioxane (Figure S5A). In order to formulate DOX-loaded tubes for in 
vitro experiments, a THF/dioxane ratio of 70/30 was chosen.  

Having developed a methodology to formulate shape transformed DOX-loaded nanoparticles, we investigated 
the ability to resize DOX-loaded PEG-PDLLA polymersomes via extrusion methods (as discussed in Chapter 3) 
and study the shape transformation of these extruded particles. Loading hydrophobic compounds in smaller 
polymersomes (with higher curvature) would, with the information at hand, complicate not only the shape 
transformation but also the resizing process. To this end, DOX-loaded polymersomes were prepared in a 
THF/dioxane (80/20) solution and a volume of water was added to reach a final aqueous concentration of 33 
v/v%. Extrusion of particles through a 0.1 µm filter was attempted, however, it was problematic with high 
pressure having to be applied to the extruder, leading to visible larger structures and aggregates. Following 
this observation, larger amounts of dioxane were added during DOX-loaded polymersome formation, extrusion 
was repeated, and the shape transformation was initiated.  Indeed, the formation of extruded structures was 
confirmed with cryo-TEM and shape transformed particles were visible, however, their aspect ratio varied 
significantly from structures formed after extrusion without DOX, where more elongated tubes were formed 
in the same conditions. (Chapter 3, Figure 4). 

 

 

Figure 4. Cryo-TEM images of DOX-loaded extruded polymersomes exposed to 100 mM NaCl and their resulting 
morphology as a result of solvent composition during formation with DOX A. 70% and B. 50% THF content. Scale bars = 
200 nm.  

 

Indeed, similar to the observation from Figure 3, decreasing the amount of THF in the polymersome mixture 
during shape transformation, increased the aspect ratio of the resulting morphology after exposure to osmotic 
pressure, albeit to a lower extent than expected (Figure S5B). Also, in this case, a mixture of spherical, prolate 
and tubular structures were obtained, while only tubes were obtained with the same solvent content and 
following the same procedure, in the absence of DOX (Chapter 3, Figure 4). In line with results from non-
extruded DOX-loaded polymersomes and tubes, the addition of hydrophobic DOX to the polymersome 
membrane decreased the structural flexibility, resulting in lower aspect-ratio structures. Decreasing THF 
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content even further (<50 % THF), to facilitate further membrane flexibility and, therefore, the formation of 
tubes, led to severe extrusion complications due to aggregation of both the polymer and undissolved free 
doxorubicin. To ensure a reproducible extrusion procedure to formulate DOX-loaded tubes/prolates for the in 
vitro experiments, 50 % THF content was used for all formulations that required extrusion.  

4.2.3 In vitro toxicity induced by DOX-loaded polymersomes  

In order to investigate the applicability of DOX-loaded spherical and tubular PEG-PDLLA polymersomes in 
nanomedicine, we set out to explore the DOX induced cell toxicity of differently shaped polymersomes. 
Although there are many studies covering the in vitro behavior of differently shaped polymersomes, an 
important parameter that distinguishes these studies is particle size and polymer material and, therefore, the 
importance of comparing the effect of morphology and size of PEG-PDLLA polymersomes is highly important 
to gain a better understanding on the underlying effects of particle shape and size on cell interactions. DOX-
loaded spherical and tubular polymersomes, both large and extruded, were prepared and their size, structural 
integrity and DOX-loading was confirmed and quantified. (Table S2, Figure S6). A cyclic RGD peptide with 
strong integrin binding properties, was covalently attached to the hydrophilic chain-end of the polymer via 
maleimide-thiol chemistry (Supplementary, section 4.4.2), to ensure cell uptake.42   

Cell viability assays were performed on lung cancer cells (A549) to test if polymer concentration and/or 
polymersome morphology (unloaded) had a significant effect on toxicity in vitro (Figure 5, left). Human lung 
cancer cells are known to interact with cRGD motifs by their αvβ3/5 -integrin on their surface and were used as 
a model cancer-cell line for further experiments involving PEG-PDLLA polymersomes. No noteworthy toxicity 
was observed, however, at polymer concentrations above 10 mg mL-1 cell viability decreased to ca. 85%, which 
might be attributed to changes in solution viscosity. No additional effect of morphology on cell toxicity was 
observed. Then, DOX-loaded polymersomes were incubated with A549 cells and a cell viability assay was 
performed. The IC50 value was determined from this data, which specifies at what concentration of drug, the 
cell viability decreases below 50% and which is commonly used for drug formulations to determine their 
efficacy. Here, intriguingly, a significant effect of morphology was observed (Figure 5B). 

 

 

Figure 5. A. Cell viability of A549 cells incubated with unloaded polymersomes with different morphologies in increasing 
concentration. B. Cell viability of A549 cells incubated with DOX-loaded polymersomes with different morphologies including 
IC50 values. Data of B was plotted using the Log3P1 function of OriginLab Pro. Legend: polymersome/tube (P/T), extruded 
(p/t) and with cRGD peptide (c). C. Flow cytometry data showing delivery of DOX-loaded particles in A549 cells and 
macrophages. The geometric mean, the number average signal, of average DOX measured in the lung cancer cells and 
macrophages is plotted.  
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Notably, the difference in IC50 values between spherical (P) and tubular (T) particles was significant, with 
tubes displaying almost half the IC50 value of spheres, indicating a ca. 1.5-2 fold difference in potency. The 
addition of the cRGD peptide led to an even higher drug potency, with IC50 values decreasing further. This 
observation is in line with the fact that cRGD motifs lead to increased binding of polymersomes to the cell’s 
surface integrins. Extruded (p/t) nanoparticles showed a similar difference between tubes and spheres as in 
case for the large particles. Additionally, the IC50 values of the extruded particles were 1.5-2 fold lower than 
for the large particles. From these results, it is apparent that tubes show enhanced toxicity over spheres and 
that extruded particles are more toxic then larger particles. Several explanations can be provided. First, large 
particles and elongated particles can be taken up by specific internalization mechanisms, resulting in 
differences in internalization rate.43 There exist many conflicting studies on the effect of shape on cellular 
internalization. For example, studies showed that tubular particles are quickly internalized by cells due to a 
multivalency effect, arising from their ‘flat’ surface.44,45 Other studies, however, show that such long structures 
remain attached to the cell surface, and internalization is impeded by its large surface area.46,47 Additionally, 
the drug release profile of shape transformed polymersomes may vary due to their specific membrane 
architecture and curvature. An additional effect in these experiments was that the polymer concentration 
during polymersome fabrication and size manipulation was kept constant to ensure a fair comparison, meaning 
that the concentration of actual extruded particles is higher than that of the larger particles. This could lead to 
a larger number of particles taken up by the cell, therefore causing more toxicity.  

To verify whether the shape and size specific toxicity originates from differences in cell internalization as a 
consequence of particle morphology, the uptake of both lung cancer cells and macrophages was studied by 
Flow Cytometry (FC) by measuring DOX fluorescent signal (Figure 5C). Macrophages have a high tendency to 
internalize (nano)particles and are an interesting model to study how particle morphology might affect particle 
clearance prior to delivery.22 From Figure 5C, it is clear that macrophage uptake was much higher than cancer-
cell internalization, which is expected from the enhanced (non-specific) uptake from these cells. Additionally, 
there seemed to be an effect of morphology on their internalization, where large tubes were taken up slightly 
less efficiently than spheres, while this effect was reversed and more noticeable for extruded particles. From 
literature, macrophages are observed to demonstrate size and shape specific attachment behavior, which would 
explain the size and shape specific uptake of PEG-PDLLA polymersomes.22 It appears that small and tubular 
particles show enhanced macrophage evasive behavior, which would be beneficial for biomedical applications, 
however, this experiment needs to be repeated, as well as more in-depth research on this phenomenon needs 
to be performed in order to draw a conclusive statement.   

Interestingly, the morphology of the PEG-PDLLA nanoparticles does not seem to have a significant effect on 
the internalization in A549 cancer cells (Figure 5C). In comparison with the toxicity data, this is quite 
surprising. The morphology dependent toxicity might be an indication of differences in intracellular drug 
release behavior. A study comparing long aspect ratio particles to spherical counterparts showed similar 
findings to ours, where elongated particles demonstrated enhanced cytotoxicity over spherical particles.48 It 
was found that morphology dictated the intracellular trafficking of drug-loaded particles leading to site-specific 
drug-release for each morphology. Additionally, elongated particles delivered more drug into the cell nucleus 
due to efficient crossing of the nuclear barrier, which resulted in increased toxicity. Overall uptake of our 
nanoparticles might be very similar for all morphologies, however, the intracellular fate of both the particle 
and (released) DOX can be highly specific, as observed for the cell viability data in Figure 5B. More detailed 
studies on the fate of DOX-loaded PEG-PDLLA nanoparticles and their intracellular release behavior are 
necessary to determine whether this effect is indeed caused by morphology specific intracellular fate.  
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4.3 Conclusions and Outlook 

The effect of shape and size of DOX loaded PEG-PDLLA polymersomes as a drug-delivery was investigated. 
Their drug-loading capacity and subsequent shape manipulation allows for a highly versatile model system to 
further elucidate the optimal nanoparticle formulation for drug delivery. To facilitate implementation in 
nanomedicine, the drug loading of DOX into PEG-PDLLA polymersomes should be further enhanced and the 
subsequent shape transformation of polymersomes should be carefully monitored. Morphology plays a role by 
a number of cell uptake processes, but not always in a similar fashion. Especially the effect of morphology on 
intracellular trafficking should be studied in further detail.  
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4.4 Experimental Details 

4.4.1 Materials and Instrumentation 

 
Materials 
All chemicals were used as received unless stated otherwise. For the synthesis of poly(ethylene glycol)-b-
poly(D,L-lactide) (PEG-PDLLA), poly(ethylene glycol) 1K and Mal-poly(ethylene glycol) 1K were purchased 
from JenKem technology and freeze-dried before use. D,L-lactide was purchased from Acros and used as 
supplied. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) and tin(II) 2-ethylhexanoate (stannous octoate) were 
purchased from Sigma Aldrich and used as supplied. Doxorubicin and Doxorubicin·HCl were purchased from 
MedKoo. cRGDfC peptide was supplied by China Peptides. All other chemicals were supplied by Sigma-Aldrich 
and were used without any purification. 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT, 
Sigma), trypsin (Jinuo Biomedical Technology, Hangzhou, China) were used as received. 1640-RPMI cell culture 
medium and fetal bovine serum (Gibco) were obtained from Sinochrome Biotech. Co., Ltd. Human non-small 
cell lung cancer cells (A549) was obtained from China Center for Type Culture Collection (CCTCC). RAW 264.7 
(mouse monocyte macrophage) were kindly provided from Prof. Dr. Lichen Yin in Soochow University and 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA). Ultrapure MilliQ 
water, obtained from a Merck Millipore Q-Pod system (18.2 MΩ) with a 0.22 µm Millipore ® Express 40 filter, 
was used for the polymersome self-assembly and dialysis. Dialysis membranes MWCO 12-14000 g mol-1 
Spectra/Por® were used for dialysis during the tube formation. Sodium chloride was purchased from Merck.  
 
 
Instrumentation 
Nuclear Magnetic Resonance (NMR): Proton nuclear magnetic resonance measurements were performed 
on a Bruker 400 Ultrashield™ spectrometer equipped with a Bruker SampleCase autosampler, using CDCl3 as 
a solvent and TMS as internal standard. 

Gel permeation chromatography (GPC): GPC was conducted using a Shimadzu Prominence-i GPC system 
with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standard and equipped with 
a Shimadzu RID-20A differential refractive index detector and THF used as an eluent with a flow rate of 1 mL 
min-1. 

 
Dynamic Light Scattering (DLS): DLS measurements were performed on a Malvern instrument Zetasizer 
(model Nano ZSP) equipped with an autosampler. Zetasizer software was used to process and analyse the data. 

Cryogenic transmission electron microscopy (cryo-TEM): 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 polymersome 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, 20eV energy slit) on a CCD camera (Gatan model 794). Processing of TEM images was 
performed with ImageJ, a program developed by NIH and available as public domain software at 
http://rsbweb.nih.gov/ij/ 
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Fluorescence measurements: Fluorescence intensity measurements were performed on a Tecan Safire II 
plate reader.  

Flow Cytometry: Flow cytometry measurements were performed on a FACS Calibur, BD Biosciences, USA 

Microplate reader: MTT assays were quantified by using a Thermo Multiskan FC microplate reader.   
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4.4.2 Experimental Procedures 
 

Synthesis of poly(ethylene)glycol-b-poly(D,L-lactide) 

 

The reaction was carried out using previously published procedures. Briefly, poly(ethylene) glycol (PEG) was 
weighed into a flame-dried 50 mL round bottom flask. D,L-lactide (DLLA, 45 eq.) was added and all reagents 
were subsequently dried by co-evaporation with toluene. Thereafter, dry dichloromethane (DCM) was added 
(so that the [monomer] = 0.5M) under argon. Afterwards, 1,8-diazo-bicyclo[5.4.0]undec-7-ene (DBU, 0.5 eq 
to PEG) was added to initiate the ring opening polymerization. The reaction was left stirring under Ar 
atmosphere at RT for 2 hours. Disappearance of monomer peaks was monitored using 1H-NMR spectroscopy. 
The reaction mixture was diluted with DCM and extracted with KHSO4 (2x), water (1x) and brine (1x). The 
organic layer was collected and dried with Na2SO4, filtered and concentrated in vacuo. The resulting oil was 
precipitated in ice-cold diethyl ether and lyophilized from dioxane to yield a white powder (yield = 75-85%).  

Polymer batches from Chapter 2 were used for this study. For typical polymer characterization, see Chapter 2, 
section 2.5.  

Synthesis of Mal-PEG22-PDLLA45 

 

To a 25 mL flame-dried round-bottom flask, Mal-PEG and D,L-lactide (45 eq.) were added and all reagents 
were subsequently dried by co-evaporation with toluene. The compounds were dissolved in 10 mL dry toluene 
and the solution was heated under Ar to 90 ℃. When all compounds were dissolved, stannous octoate (1 eq. to 
PEG) was added and the reaction was left stirring under Ar at 90 ℃ overnight. Disappearance of monomer 
peaks was monitored using 1H-NMR spectroscopy.  Toluene was removed via evaporation and the resulting oil 
was precipitated in ice-cold diethyl ether and lyophilized from dioxane to yield a white powder. Yield = 75%. 

1H-NMR (CDCl3): 6.74 ppm (Mal-PEG, 2H, singlet), 5.17 ppm (-C=OCHCH3-, 2H, multiplet), 4.31 ppm (PEG-
CH2-CH2-O-PDLLA, 2H, broad), 3.63 ppm (-CH2CH2O-, 4H PEG, multiplet), 3.60 ppm (-PEG-CH2-CH2O-
PDLLA, 2H, triplet), 3.55-3.35 ppm (Mal-CH2CH2-PEG, 4H, triplets) and 1.59 ppm (C=OCHCH3-, 6H, multiplet).  

Dispersity values were measured with GPC, all analysis data is given in Table S1. 
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Synthesis of cRGD-PEG22-PDLLA45 
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In a 2 mL vial, peptide-SH was added and dissolved into 1 mL DMF and 0.5 mL TCEP resin (Piercer; 
(https://www.thermofisher.com/order/catalog/product/77712) was added. The solution was stirred very 
gently, to avoid grinding the resin, for at least 1 hour at RT to reduce disulfide bonds. The solution was plunged 
through a 1 µm glass fiber syringe filter and the filter was washed twice with 1 mL DMF. Polymer (1.2 eq) in 1 
mL DMF was added and the solution was left stirring overnight at RT. Disappearance of maleimide signal was 
monitored with 1H-NMR. The mixture was diluted with DCM and extracted vigorously with water (3x) and 
brine (1x). The organic layers were collected and dried with Na2SO4, filtered and concentrated in vacuo. The 
product was lyophilized from dioxane to yield a white powder. Yield = 80%  

Disappearance of Mal peak (6.74 ppm, 2H, singlet) after coupling was confirmed by 1H-NMR. Conjugation 
efficiency of cRGD was determined by 1H-NMR (d-DMSO): 7.2 ppm, 5H, multiplet) = 94%. 

 

 

Preparation of spherical polymersomes: In a 15 mL vial, 20 mg PEG22-PDLLA45 was dissolved in 2 mL of 
THF and dioxane (4:1 v/v) unless stated otherwise and the vial was sealed with a rubber septum. The solution 
was stirred at 400 rpm for a minimum of 30 minutes prior to the addition of ultrapure water (2 mL, 1 mL h-1) 
via a syringe pump. The resulting cloudy suspension was transferred into a prehydrated dialysis bag 
(SpectraPor, MWCO: 12-14 kDa, 2 mL/cm). Dialysis was performed against ultrapure water at room 
temperature for max. 24 hours with a water change after 1 hour.  

Preparation of tubes: Polymersomes were prepared according to the above-mentioned method. Dialysis was 
performed against 50 mM NaCl at 5 °C for max. 24 hours with a water change after 1 hour.  
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Preparation of DOX-loaded polymersomes: Hydrophobic/hydrophilic doxorubicin (5 wt%, 1 mg, unless 
stated otherwise) was added to 20 mg polymer and dissolved in 2 mL of THF and dioxane (7:3), unless stated 
otherwise. The procedure was followed as usual. Hydrophilic doxorubicin (5 wt%, 1 mg, unless stated 
otherwise) was dissolved into 2 mL ultrapure water prior to addition to 20 mg polymer in THF and dioxane 
(7:3).  

Preparation of DOX-loaded tubes: Doxorubicin-loaded polymersomes were prepared as described above in 
the THF and dioxane mixture (7:3), unless stated otherwise. Particles were dialyzed against 100 mM NaCl at 5 
°C for max. 24 hours with a water change after 1 hour. 

Extrusion of spherical polymersomes: Extrusion was performed according to previously published 
research.49 In a 15 mL vial, 20 mg PEG22-PDLLA45 was dissolved in 2 mL of THF and dioxane (4:1 v/v) unless 
stated otherwise and the vial was sealed with a rubber septum. Ultrapure water (1 mL, 1 mL h-1) was added via 
a syringe pump. The resulting suspension was extruded through an Avanti Mini Extruder with a 0.1 µm 
membrane filter in between filter supports. The solution was extruded for a minimum of 20 times. The 
resulting cloudy suspension was transferred into a prehydrated dialysis bag (SpectraPor, MWCO: 12-14 kDa, 2 
mL cm-1). Dialysis was performed against ultrapure water at room temperature for max. 24 hours with a water 
change after 1 hour. 

Preparation of extruded tubes: Extruded polymersomes were prepared according to the above-mentioned 
extrusion method. Dialysis was performed against 100 mM NaCl at 5 °C for max. 24 hours with a water change 
after 1 hour.  

Extrusion of spherical DOX-loaded polymersomes: Doxorubicin-loaded polymersomes were prepared as 
described above in the THF and dioxane mixture (1:1), unless stated otherwise. Ultrapure water (1 mL, 1 mL h-

1) was added and particles were immediately extruded as described above. Particles were dialyzed against 
ultrapure water at RT for max. 24 hours with a water change after 1 hour. 

Preparation of DOX-loaded extruded tubes: Doxorubicin-loaded extruded polymersomes were prepared 
according to the above. Dialysis was performed against 100 mM NaCl at 5 °C for max. 24 hours with a water 
change after 1 hour.  

Determination of DOX encapsulation: To determine DOX encapsulation inside polymersomes, fluorescence 
signal of DOX was measured by plate reader experiments. To prevent light scattering from the nanoparticles, 
DOX fluorescence was measured in DMSO to molecularly dissolve the polymersomes. Fluorescence 
measurements were performed in a Greiner 96 flat back black well-plate (Ex/Em = 490/570 nm). Calibration 
curves were prepared of 0.1 – 0.0005 mg mL-1 DOX in DMSO. Polymersome samples were used as is and diluted 
10x with DMSO to dissolve the polymersomes. As a control, unloaded polymersomes were also diluted 10x in 
DMSO. DOX concentrations were determined from the calibration curves. To determine the loading efficiency, 
equation 1 was used: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐𝐸𝐸 𝑋𝑋
𝑇𝑇ℎ𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐𝐸𝐸 𝑋𝑋

 × 100%  Eq. 1 

 

Cell viability of empty polymersomes: A549 cells were cultured in RPMI medium at 37 °C, supplemented 
with 10% FBS and 1% penicillin-streptomycin. Cell viability of empty polymersomes was evaluated with MTT 
assay. The cells were seeded in 96-well plates at a density of 5000 cells/well in 100 µL medium for 24 h at 
37 °C. Medium was refreshed before addition of sample. Polymersome samples were added so final 
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concentration of polymer was 0.1, 1, 5, 10 and 20 mg mL-1 per well. Cells were incubated for another 48 h, 
washed and fresh medium containing MTT was added. The cells were incubated for another 4 hours. After 
removing the medium containing MTT, dimethyl sulfoxide (150 μL) was added to each well to dissolve the 
formazan crystals. Finally, the plate was gently shaken for 5 min and the absorbance at 490 nm was recorded 
with a micro-plate reader. 

Cell viability of DOX-loaded polymersomes: A549 cells were cultured in RPMI medium at 37 °C, 
supplemented with 10% FBS and 1% penicillin-streptomycin. Cell viability of DOX-loaded polymersomes was 
evaluated with MTT assay. The cells were seeded in 96-well plates at a density of 8000 cells/well for 24 h at 
37 °C. Medium was refreshed before addition of sample. Polymersome samples were added to a final 
concentration of DOX of 0.01, 0.1, 0.5, 1, 2, 5, 10 and 20 µg mL-1 per well. Cells were incubated for another 24 
h, washed and fresh medium containing MTT was added. The cells were incubated for another 4 hours. After 
removing the medium containing MTT, dimethyl sulfoxide (150 μL) was added to each well to dissolve the 
formazan crystals. Finally, the plate was gently shaken for 5 min and the absorbance at 490 nm was recorded 
with a micro-plate reader. 

Cell uptake experiments: A549 cells and RAW 264.7 cells were cultured in RPMI/Dulbecco medium at 37 °C, 
supplemented with 10% FBS and 1% penicillin-streptomycin. The uptake of polymersomes towards 
macrophages and A549 cells was quantified by measuring DOX signal with flow cytometry. The cells were 
seeded in 6-well plates with 2 .105 cells/well for 24 h. Medium was refreshed before addition of sample. 
Polymersome samples were added to a final concentration of DOX of 10 µg mL-1 per well, using PBS as control. 
After 3 h incubation, the wells were washed with PBS for 3 times and released from the well by trypsin. The 
cells were then washed with PBS for 3 times prior to flow cytometry. 

For the uptake of RAW 264.7 cells the same protocol was used, however, instead of trypsin a cell scraper was 
used.  
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4.5 Supplementary Figures and Tables 
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Figure S1. Organocatalyzed synthesis of PEG22-PDLLA45 using DBU as catalyst. 

 

 

Polymer DP Average polymer 
composition (1H-NMR) 

Ð (GPC) 

Mal-PEG22-PDLLA45 47 Mal-PEG22-PDLLA47 1.16 
 

Table S1. Characterization of Mal-PEG22-PDLLA45 block copolymer. Analysis of all other polymers was described in Chapter 
2. Characterization of cRGD-PEG22-PDLLA45 was described in section 4.4.2. GPC was used to determine dispersity values by 
Mw/Mn, as measured and calibrated by PS standards. NB: the molecular weights were not determined by GPC due to the 
large variation of the PS standard for PEG polymers. 

 

 

 

Figure S2. DLS intensity plots of hydrophobic DOX loaded polymersomes (left) and hydrophilic DOX loaded polymersomes 
(right). 
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Figure S3. Polymersomes formed with A. 0.25 mg mL-1 DOX and B. 1.25 mg mL-1 DOX. Spherical particles are formed 
without severe morphological alterations induced by presence of DOX in the membrane. Scale bars = 500 nm. 

 

 

 
Figure S4. Encapsulation efficiency of hydrophobic DOX, calculated by Eq. 1.  
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Figure S5. Aspect ratios of particles as determined by cryo-TEM analysis of A. tubes and B. extruded tubes.  

 

 

 

 
Table S2. Table showing the DOX concentrations of the samples prepared for MTT assays and Flow Cytometry experiments 
(theoretical concentration added to sample = 0.25 mg mL-1) 

 

MTT Assays Flow Cytometry 
Morphology DOX concentration (mg mL-1) Morphology DOX concentration (mg mL-1) 
Sphere 0.02111 Sphere 0.01636 
Tube 0.02116 Tube 0.01788 
Sphere (extr) 0.01740 Sphere (extr) 0.02227 
Tube (extr) 0.01719 Tube (extr) 0.02227 
cRGD-Sphere 0.01953 cRGD-Sphere 0.01959 
cRGD-tube 0.01838 cRGD-tube 0.01694 
cRGD-sphere (extr) 0.01844 cRGD-sphere (extr) 0.02369 
cRGD-tube (extr) 0.01889 cRGD-tube (extr) 0.01990 
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Figure S6. DLS intensity plots and cryo-TEM images (tubes only) of A. DOX-loaded polymersomes, B. cRGD DOX-loaded 
polymersomes, C. Extruded DOX-loaded polymersomes and D. Extruded cRGD DOX-loaded polymersomes. Scale bars A&B 
= 500 nm, C&D = 200 nm. 

  



Biodegradable PEG-PDLLA polymersomes as a drug delivery platform 

91 
 

 4 

References 

1. Peer, D. et al. Nanocarriers as an emerging platform for cancer therapy. Nat. Nanotechnol. 2, 751–760 (2007). 
2. Wang, F. et al. Polymer Vesicles : Modular Platforms for Cancer Theranostics. Adv. Mater. 30, 1–8 (2018). 
3. Miele, E. et al. Nanoparticle-based delivery of small interfering RNA: Challenges for cancer therapy. Int. J. 

Nanomedicine 7, 3637–3657 (2012). 
4. Banik, B. L., Fattahi, P. & Brown, J. L. Polymeric nanoparticles: The future of nanomedicine. Wiley Interdiscip. 

Rev. Nanomedicine Nanobiotechnology 8, 271–299 (2016). 
5. Christian, D. A. et al. Polymersome carriers: From self-assembly to siRNA and protein therapeutics. Eur. J. Pharm. 

Biopharm. 71, 463–474 (2009). 
6. Levine, D. H. et al. Polymersomes: A new multi-functional tool for cancer diagnosis and therapy. Methods 46, 25–

32 (2008). 
7. Egli, S. et al. Biocompatible functionalization of polymersome surfaces: A new approach to surface immobilization 

and cell targeting using polymersomes. J. Am. Chem. Soc. 133, 4476–4483 (2011). 
8. Williams, D. S., Pijpers, I. A. B., Ridolfo, R. & van Hest, J. C. M. Controlling the morphology of copolymeric vectors 

for next generation nanomedicine. J. Control. Release 259, 29–39 (2017). 
9. Egli, S., Schlaad, H., Bruns, N. & Meier, W. Functionalization of Block Copolymer Vesicle Surfaces. Polymers 

(Basel). 3, 252–280 (2011). 
10. Ghoroghchian, P. P. et al. Quantitative membrane loading of polymer vesicles. Soft Matter 2, 973–980 (2006). 
11. Mai, Y. & Eisenberg, A. Controlled incorporation of particles into the central portion of vesicle walls. J. Am. Chem. 

Soc. 132, 10078–10084 (2010). 
12. Ahmed, F. et al. Biodegradable polymersomes loaded with both paclitaxel and doxorubicin permeate and shrink 

tumors, inducing apoptosis in proportion to accumulated drug. J. Control. Release 116, 150–158 (2006). 
13. Allen, S., Osorio, O., Liu, Y.-G. & Evan Scott. Facile Assembly and Loading of Theranostic Polymersomes via Multi-

Impingement Flash Nanoprecipitation. J. Control. Release 262, 91–103 (2017). 
14. Thambi, T., Park, J. H. & Lee, D. S. Stimuli-responsive polymersomes for cancer therapy. Biomater. Sci. 4, 55–69 

(2015). 
15. Yoo, J.-W., Irvine, D. J., Discher, D. E. & Mitragotri, S. Bio-inspired, bioengineered and biomimetic drug delivery 

carriers. Nat. Rev. Drug Discov. 10, 521–35 (2011). 
16. Pijpers, I. A. B. et al. Adaptive Polymersome and Micelle Morphologies in Anticancer Nanomedicine: From Design 

Rationale to Fabrication and Proof-of-Concept Studies. Adv. Ther. 1, 1800068 (2018). 
17. Hu, X. et al. Stimuli-Responsive Polymersomes for Biomedical Applications. Biomacromolecules 18, 649–673 

(2017). 
18. Lei, Q. et al. Stimuli-Responsive ‘cluster Bomb’ for Programmed Tumor Therapy. ACS Nano 11, 7201–7214 (2017). 
19. Palivan, C. G. et al. Bioinspired polymer vesicles and membranes for biological and medical applications. Chem. 

Soc. Rev. 45, 377–411 (2016). 
20. Champion, J. a & Mitragotri, S. Role of target geometry in phagocytosis. Proc. Natl. Acad. Sci. U. S. A. 103, 4930–

4934 (2006). 
21. Simone, E. a, Dziubla, T. D. & Muzykantov, V. R. Polymeric carriers: role of geometry in drug delivery. Expert 

Opin. Drug Deliv. 5, 1283–1300 (2008). 
22. Doshi, N. & Mitragotri, S. Macrophages recognize size and shape of their targets. PLoS One 5, 1–6 (2010). 
23. Smith, B. R. et al. Shape Matters: Intravital Microscopy Reveals Surprising Geometrical Dependence for 

Nanoparticles in Tumor Models of Extravasation. Nano Lett. 12, 3369–3377 (2012). 
24. Decuzzi, P. et al. Size and shape effects in the biodistribution of intravascularly injected particles. J. Control. Release 

141, 320–327 (2010). 
25. Liu, Y., Tan, J., Thomas, A., Ou-Yang, D. & Muzykantov, V. R. The shape of things to come: Importance of design 

in nanotechnology for drug delivery. Ther. Deliv. 3, 181–194 (2012). 
26. Tang, L. et al. Investigating the optimal size of anticancer nanomedicine. Proc. Natl. Acad. Sci. 111, 15344–15349 

(2014). 
27. Euliss, L. E., DuPont, J. A., Gratton, S. & DeSimone, J. Imparting size, shape, and composition control of materials 

for nanomedicine. Chem. Soc. Rev. 35, 1095–1104 (2006). 
28. Banerjee, A., Qi, J., Gogoi, R., Wong, J. & Mitragotri, S. Role of nanoparticle size, shape and surface chemistry in 

oral drug delivery. J. Control. Release 238, 176–185 (2016). 



Chapter 4 

92 
 

 4 

29. Jiang, W., Kim, B. Y. S., Rutka, J. T. & Chan, W. C. W. Nanoparticle-mediated cellular response is size-dependent. 
Nat. Nanotechnol. 3, 145–150 (2008). 

30. Link, C., Alexis, F., Pridgen, E. & Molnar, L. K. Factors Affecting the Clearance and Biodistribution of. Mol. Pharm. 
5, 505–515 (2008). 

31. Cabral, H. et al. Accumulation of sub-100 nm polymeric micelles in poorly permeable tumours depends on size. 
Nat. Nanotechnol. 6, 815–823 (2011). 

32. Abdelmohsen, L. K. E. A. et al. Formation of Well-Defined, Functional Nanotubes via Osmotically Induced Shape 
Transformation of Biodegradable Polymersomes. J. Am. Chem. Soc. 138, 9353–9356 (2016). 

33. Pijpers, I. A. B., Abdelmohsen, L. K. E. A., Williams, D. S. & Van Hest, J. C. M. Morphology under Control: 
Engineering Biodegradable Stomatocytes. ACS Macro Lett. 6, 1217–1222 (2017). 

34. Wauters, A. C. et al. Development of Morphologically Discrete PEG-PDLLA Nanotubes for Precision Nanomedicine. 
Biomacromolecules 20, 177–183 (2019). 

35. Tacar, O., Sriamornsak, P. & Dass, C. R. Doxorubicin: An update on anticancer molecular action, toxicity and novel 
drug delivery systems. J. Pharm. Pharmacol. 65, 157–170 (2013). 

36. Unverferth, D. V., Magorien, R. D., Leier, C. V. & Balcerzak, S. P. Doxorubicin cardiotoxicity. Cancer Treat. Rev. 9, 
149–164 (1982). 

37. Barenholz, Y. Doxil® - The first FDA-approved nano-drug: Lessons learned. J. Control. Release 160, 117–134 
(2012). 

38. Matoori, S. & Leroux, J.-C. Twenty-five years of polymersomes: lost in translation? Mater. Horizons 1297–1309 
(2020). doi:10.1039/c9mh01669d 

39. Lee, J. S. & Feijen, J. Polymersomes for drug delivery: design, formation and characterization. J. Control. Release 
161, 473–83 (2012). 

40. Anajafi, T. & Mallik, S. Polymersome-based drug-delivery strategies for cancer therapeutics. Ther. Deliv. 6, 521–
534 (2015). 

41. Ianiro, A. et al. Liquid–liquid phase separation during amphiphilic self-assembly. Nat. Chem. 11, 320–328 (2019). 
42. Arosio, D. & Casagrande, C. Advancement in integrin facilitated drug delivery. Adv. Drug Deliv. Rev. 97, 111–143 

(2016). 
43. Gratton, S. E. a et al. The effect of particle design on cellular internalization pathways. Proc. Natl. Acad. Sci. U. S. 

A. 105, 11613–11618 (2008). 
44. Barua, S. et al. Particle shape enhances specifity of antibody-displaying nanoparticles. Proc. Natl. Acad. Sci. 110, 

3270–3275 (2013). 
45. Blanco, E., Shen, H. & Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug 

delivery. Nat. Biotechnol. 33, 941–951 (2015). 
46. Sharma, G. et al. Polymer particle shape independently influences binding and internalization by macrophages. J. 

Control. Release 147, 408–412 (2010). 
47. Champion, J. A. & Mitragotri, S. Shape induced inhibition of phagocytosis of polymer particles. Pharm. Res. 26, 

244–249 (2009). 
48. Hinde, E. et al. Pair correlation microscopy reveals the role of nanoparticle shape in intracellular transport and 

site of drug release. Nat. Nanotechnol. 12, 81–89 (2017). 
49. Wauters, A. C. et al. Development of Morphologically Discrete PEG − PDLLA Nanotubes for Precision 

Nanomedicine. Biomacromolecules 20, 177–183 (2018). 
 
  



Biodegradable PEG-PDLLA polymersomes as a drug delivery platform 

93 
 

 4 

 
 



94 
 

 

 

 

Chapter 5 
Hybrid Biodegradable Nanomotors through 

Compartmentalized Synthesis 
 

  



Hybrid Biodegradable Nanomotors through Compartmentalized Synthesis 

95 
 

 5 

Abstract 

Designer particles that are imbued with nano-machinery for active autonomous motion have great potential 
for advanced technologies. The development of such systems toward biomedical applications is highly 
demanding with respect to the biodegradability/compatibility of both the chassis and the propulsion unit that 
is incorporated. Until now, only enzymes, as biodegradable propulsive machinery, have been presented as 
biocatalysts able to power micro- and nanomotors; however, their stability and activity are severely affected in 
proteolytic biological environments – limiting their potential in therapeutic applications. We envisioned that 
using fully biodegradable and biologically compatible hybrid nanomotors, in which inorganic nanoparticles are 
employed as catalytic unit, would provide a proteolytically stable alternative to biocatalysts. Herein, we describe 
the bottom-up assembly of hybrid biodegradable nanomotors capable of transducing chemical energy into 
mechanical motion. Such hybrid nanomotors are constructed through a process of compartmentalized 
synthesis of biodegradable inorganic MnO2 nanoparticles (MnPs) within PEG-PDLLA organic stomatocytes. 
Using stomatocytes as a template for the in-situ growth of such MnPs enabled control over their spatial 
distribution within the cavity – which is essential for propulsion. Importantly, MnP-loaded stomatocytes 
retained their propulsive functionality in presence of protease. We show that the nanomotors remain active in 
a cellular environment and do not compromise cell viability. Effective tumor penetration of hybrid nanomotors 
is also demonstrated in proof-of-principle experiments.  Overall, this work represents a new prospect for 
engineering biodegradable nanomotors able to retain their functionality within a biological context. 

 

This chapter is published as: 

Pijpers, I.A.B., Cao, S., Llopis-Lorente, A., Zhu, J., Song, S., Joosten, R.R.M., Meng, F., Friedrich, H., Williams, D.S., Sánchez, 
S., van Hest, J.C.M. & Abdelmohsen, L.K.E.A. Hybrid Biodegradable Nanomotors Through Compartmentalized Synthesis. 
Nano Lett. 20, 4472–4480 (2020).  
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5.1 Introduction 

Engineering motile vehicles at the micro and nano-scales, with built-in systems of chemical propulsion, has 
witnessed a surge of interest over the past decade.1–4 In such systems, autonomous motion is achieved by the 
conversion of chemical energy into kinetic energy.5,6 Such a chemical process is powered by various forms of 
bio-organic and inorganic catalysts (e.g., enzymes and platinum nanoparticles).7,8 The potential of motile 
materials in biomedical research, by, for example, facilitating the active transport of biofunctional cargo, has 
been presented as a key opportunity for the exploitation of this technology.9–11 Indeed, developing robust 
chemistries that can give rise to motility and architectures that form the molecular chassis for these vehicles, 
drivesthe progress toward actual realization of these systems.12–15 In particular, controlling physical properties 
such as particle morphology and composition is essential to expand the motors’ potential in applications that 
can benefit of non-Brownian motility.16–19 Developing micro and nanomotors suitable for biomedical 
integration has been explored by various research groups, who have demonstrated motors’ capability in 
undertaking complex tasks.20–23 Stadler et al. have shown the capacity of microswimmers for directed 
penetration of 3D cell spheroids, offering a wealth of opportunities for the application of micro and nanomotors 
in tissue penetration and cargo/drug delivery.24 Recently, the group of Sen has shown the ability of liposome 
protocells to undergo positive and negative chemotaxis behavior – unlocking tremendous opportunities for 
biological transport.25 Such systems do not only demonstrate the advantageous aspects of non-Brownian 
motility within a biological context, but also highlight the challenges faced when engineering new features for 
such complex materials, whilst emphasizing the importance of molecular interactions between motors and 
their environment – a significant aspect for their effective function and application. 

Miniaturization of motile systems to the nanoscale is extremely challenging, but critical for their development 
toward biomedical applications, by facilitating effective interaction with cells and tissues whilst avoiding the 
unfavorable fate of microscopic particles (e.g., poor circulation and distribution).26,27 Developing both 
nanomotor chassis and propulsive unit for bio-degradability and compatibility, whilst preventing unwanted 
deactivation by inevitable environmental factors (such as the presence of proteolytic enzymes), is an important 
milestone toward the widespread adoption of such materials. Dual-compartmentalized stomatocytes, bowl-
shaped polymersomes,28,29 are uniquely suited for nanomotor fabrication due to their asymmetric structure 
with an internal cavity, or stomach, which is in direct contact with the external environment via a tunable neck. 
Previously, Abdelmohsen et al., have showcased the potential of such stomatocytes to function as nanomotors, 
encapsulating enzymatic cargo to drive their mechanical motion;30,31 however, this work utilized non-
degradable polystyrene block copolymers (BCPs) that, without doubt, lack any immediate biomedical relevance. 
Motility of such systems, using enzymatic cargo, was achieved by modulating the size of the opening (or neck) 
during encapsulation so that the macromolecular cargo could be effectively sequestered; preventing unwanted 
release or digestion from external proteases. From this work, the capacity of stomatocytes to confine and 
protect biocatalysts in their stomach, allowing enzymatic reactions to take place that can drive motility in 
complex biological media, was apparent. Capitalizing on this research, we have developed biodegradable 
stomatocytes, shown in Chapter 2, by employing well-defined PEG-PDLLA BCPs.32,33 Such PDLLA-based 
stomatocytes were effectively integrated into biomedical research through, for example, incorporation of 
photosensitizers and surface coating with cell membrane components.34 Based on these developments, 
biodegradable stomatocyte nanomotors, covalently tethering enzymes in their cavity, have been reported.35 
However, as the neck size of these motors was not controlled, the protection capacity was lost, leaving 
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incorporated enzymes exposed to proteolytic deactivation – severely limiting, if not withholding, their 
application in biological context.   

Building on these recent developments and the considerable capacity of stomatosomal architectures, the unique 
structure of PDLLA stomatocytes holds great future potential to be used as nanomotors for biomedical 
applications. To this end, we herein employed inorganic nanoparticles as robust catalytic nanomachinery, able 
drive the stomatocytes’ thrust in harsh proteolytic media. Inorganic catalysts, such as manganese dioxide 
(MnO2), have found application in, for example, cancer therapy.36–38 In general, such nanoparticles are 
generated through surface stabilization or in-situ formation using protein or polymer nanostructures,39,40 
making hybrid architectures. As MnO2 is capable of catalase-mimetic catalytic decomposition of hydrogen 
peroxide (H2O2) into water and oxygen (to drive motion through nanobubble formation), it is a suitable 
candidate to replace enzymes as the propulsive units for our biodegradable/compatible stomatocyte 
nanomotors. Furthermore, utility of MnO2 particles as contrast agents has recently been shown through in vivo 
studies.41 In fact, researchers have recently pointed out the broad potential of enzyme-like inorganic particles 
for biomedical applications, as they hold interesting advantages: higher catalytic stability, ease of 
modification/functionalization, lower manufacturing costs than enzymes, utility as multimodal platform, and 
remote control by external cues (magnetic fields, light, etc.).42,43 In this Chapter, we demonstrate the ability of 
PDLLA stomatocytes for the compartmentalized synthesis of MnO2 – a strategy that results in highly effective 
functional integration that yields fully biodegradable and biocompatible nanomotors that are not vulnerable to 
enzymatic deactivation in complex biological media. Using advanced characterization techniques, we explore 
the structure of hybrid nanomotors, demonstrate their enhanced motion, stability against protease 
deactivation, degradability and compatibility with cells.  

 

5.2 Results and Discussion 

Stomatocyte nanomotors were assembled from the bottom-up utilizing biodegradable copolymers comprising 
1 and 2 kDa PEG and PDLLA (n = 95). Such copolymers were synthesized via organo-catalyzed ring-opening 
polymerization following our previously published procedure (Section 5.4.2, Figure S1 and Table S1).33  

Solvent-induced supramolecular self-assembly of amphiphilic PEG-PDLLA into polymersomes was performed 
using equimolar blends of both copolymers in organic solvent (10 wt% in THF:dioxane, 1:4 v/v), followed by 
controlled addition of an equal volume of Milli-Q. Shape transformation of spherical polymersomes into bowl-
shaped stomatocytes was then achieved by applying an osmotic pressure on the plasticized membrane through 
dialysis against 75 mM NaCl at 4 °C (Figure 1A and 1C). Tailoring the salt concentration during dialysis can, to 
a certain extent, tune the neck size of such stomatocytes owing to increased deflation and consequent volume 
reduction. Under the conditions employed an average neck size of 94 ± 50 nm was achieved; that is ca. 15-
times larger than the size of a protein like Bovine Serum Albumin (BSA). The formation of such stomatocytes 
was monitored and confirmed using dynamic light scattering (DLS), nanotracking analysis (NTA) and cryo 
Transmission Electron Microscopy (cryo-TEM) (Figure S2). 
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Figure 1. A. Schematic demonstrating the formation of spherical polymersomes and their subsequent osmotic-induced shape 
transformation into stomatocytes. B. Schematic demonstrating the compartmentalized synthesis approach of MnPs within 
the stomatocytes’ lumen and subsequent formation of hybrid nanomotors able to convert fuel into mechanical motion. C. 
Cryo-TEM image of empty stomatocyte. D. Cryo-TEM image of MnP-loaded stomatocyte. E. 3D rendering of MnP-loaded 
stomatocyte from TEM-tomography. (Scale bars = 200 nm). 

 

Encapsulation of active components into the PDLLA-based stomatocyte cavity is a challenging task. One 
example where this is most apparent is the covalent approach to localize enzymes in the stomatocytes’ cavity; 
however, controlling such complex, multi-step, functionalization steps remains elusive and necessitates 
alternative strategies.35 Inspired by previous examples showing the controlled growth of inorganic 
nanoparticles as an effective strategy for their inclusion in organic materials (such as protein and polymer 
cages),44 we developed a non-covalent approach, which is based on the compartmentalized synthesis of 
inorganic MnO2 nanoparticles (MnPs) within the organic stomatocytes, as an effective one-pot pathway for 
catalyst loading – and subsequent construction of hybrid nanomotors. Evident by TEM tomographic analysis, 
our approach exploited the unique structural features of stomatocytes by utilizing their inner 
nanocompartment as a 3D template for the synthesis of inorganic MnPs that would be more readily entrapped 
within this domain and not escape through the 94 nm neck (Figure 1E, Figure S3). This compartmentalized 
synthesis of MnPs was achieved by dissolving potassium permanganate (KMnO4) in the stomatocyte solution 
for 1 h prior to reduction using sodium thiosulfate (Na2S2O3). Bovine Serum Albumin (BSA) was added to 
stabilize the resulting colloidal dispersion and to prevent uncontrolled aggregation. In this way, MnPs were 
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formed and compartmentalized within the stomatocyte – whilst non-entrapped particles were removed readily 
using centrifugation (Figures 1B, D and Figures S4-5). It is noteworthy to mention that diverse types of pre-
formed nanoparticles, including MnPs, could not be physically encapsulated within the cavity of PDLLA 
stomatocytes, as observed in initial trials (Figure S6). Therefore, the in-situ synthesis/growth of MnO2 
nanoparticles within the stomatocyte cavity was necessary for the successful realization of our hybrid 
nanomotor system.  Cryo-TEM imaging and 3D tomographic reconstruction confirm the well-defined nature 
of the resulting hybrid architectures (Figures 1D-E, Figures S3, 4). Interestingly, although the average size of 
individual MnPs was ca. 25 nm (Figures S7), fractionally smaller than the apparent size of the neck, the high 
density of particles inside the stomach seems to create a retaining force to prevent their escape, as observed 
from images from cryo-TEM and tomographic analysis (Figure 1E, Figures S3, 4). Analysis of tomography data 
indicated formation of nanoaggregates/agglomerates (i.e. particles attached to each other) with sizes larger 
than the neck of the stomatocytes (Figure 1C, Figure S3). Therefore, escape of such nanoparticles from the 
inner cavity did not occur, even after 3 months. Remarkably, the size of such nanoaggregates was significantly 
larger than the nanoparticles grown outside the stomatocytes. This can be attributed to a templating effect; 
namely, the stomatocytes’ nanocavity templates the growth of the MnO2 nanoparticles. This same effect was 
previously observed in the case of either in situ grown nanoparticles or the assembly of enzymes in polystyrene-
based stomatocytes.30,31,45 Considering the low volume of the stomatocyte nanocavity when compared to the 
outer solution, this could result in fewer nucleation centers and hence larger clusters. This is in agreement with 
previous reports that demonstrate the relationship between nanoparticle size and the concentration of both 
the inorganic salt and capping agent.45 This approach is general and would be applicable to compartmentalized 
synthesis of a range of metal/metal oxide nanoparticles with the open neck permitting the flux of molecular 
substrates, preventing coalescence/aggregation whilst facilitating application in processing methods such as 
microfluidics due to the overall size of the compartment.  

In order to study the ability of our hybrid stomatocytes to undergo autonomous motion, NTA was used to 
record the nanomotors’ movement and track their trajectories as MnPs catalyzed the formation of O2. In 
general, O2-driven propulsion is mediated by fuel decomposition and subsequent formation of nanobubbles 
that propel the particle due to their release from the motors’ chassis. The asymmetric structure of stomatocytes, 
with unidirectional neck, are particularly suited to exploit this bubble-propelled motion. This is indeed reflected 
by their propulsion; proportional to the concentration of H2O2 (Figure 2A). Mean square displacements (MSDs) 
and velocities of such hybrid stomatocyte nanomotors were analyzed by using Golestanian’s self-
diffusiophoretic model (detailed analysis is described in the Experimental Details – section 5.4.2).46 The range 
of observed MSD values for hybrid stomatocytes upon addition of increasing concentration of fuel reflects the 
inherent polydispersity in terms of MnO2 loading achieved in this system (Figure S8). Although one would 
expect linear fittings of the MSD curves at relatively high ∆t (due to the fast self-rotation τr of such small 
nanoparticles), non-linear fittings were identified at high concentrations of fuel (Figure 2B). Indeed, analysis 
of the anomalous diffusive exponent (α value) after addition of fuel showed an increase, which suggests an 
enhanced super-diffusion (propulsive) behavior (Figure S9). These results suggest that the autonomous 
movement of such nanomotors is a consequence of the bubble generation mechanism, which counteracts, to a 
certain extent, effects of rapid τr.  Nevertheless, effects of such rapid τr on the motors’ motion can be clearly 
seen in the shape of the non-directional trajectories (Figure 2C). In order to confirm that the autonomous 
motion is a result of the catalytic process that takes place within the cavity of the nanomotors, control 
experiments were performed. First, high concentration of H2O2 (100 mM) was added to unloaded stomatocytes. 
This did not result in any autonomous motion, and all the stomatocytes maintained their Brownian motion 
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(Figure S10A).  Further controls, where empty stomatocytes were combined with MnPs free in solution, yielded 
no motion, indicating the importance of catalyst spatial positioning within the stomatocytes (Figure S10B). 

 

 

 

Figure 2. A. Schematic demonstrating the spatial positioning of catalytic MnPs within stomatocytes, MnPs’ capacity to 
convert a range of fuel concentrations into O2 nano-bubbles, and the (hypothesized) mechanism by which motion occurs. B. 
MSD and velocity of hybrid nanomotors in presence of a range of H2O2 concentrations are depicted. Please note: The velocities 
are theoretically calculated from MSD = (4D)∆t +(v2)(∆t2). NTA measurements were performed by diluting MnP-loaded 
stomatocytes (1:1000) in 1x PBS ([polymer]= 5 µg mL-1). Thereafter, aliquots of H2O2 were added (to reach a final 
concentration of 5, 25 and 50 mM). C. Tracked Brownian and non-Brownian trajectories in the absence and presence of fuel, 
respectively. D.  Diffusion coefficients of MnP-loaded stomatocytes as a result of multiple cycles of fuel addition and depletion. 
Please note: in order to ensure complete depletion of fuel, the time interval between experiments (fuel addition) was 1 day. 
E. MSDs of hybrid stomatocyte exposed to 50 µg mL-1 proteinase K (dotted line). 

 

To highlight the robust nature of these nanomotors, we studied their performance over time. To do so, 
nanomotors were tested on their ability to be reactivated upon fuel depletion (Figure 2D). After 3 days, and 
over the course of 3 cycles of fuel addition and depletion, no change in their diffusion coefficient was recorded 
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(as measured by NTA), indicating the stability of this hybrid nanomotor system and the  fact that the MnP 
platform is a highly suitable and robust catalytic nanomachinery that is not degraded after a single use. Finally, 
motility of our hybrid nanomotors was tested in proteolytic environment; namely, in the presence of proteinase 
K at concentrations of 50 µg mL-1 (30 U mg-1). At first sight, interestingly, it was clear that the Brownian motion 
of the stomatocyte nanomotors in absence of fuel was impacted by the presence of proteinase K, with MSD of 
ca. 2 folds less (Figure 2E). This is likely due to normal protein interaction with the stomatocytes’ surface, 
which leads to an increase in the overall particle size and thus slower Brownian motion (as evident from ca. 
150 nm increase in hydrodynamic size – Figure S11). This hypothesis was also confirmed by measuring the 
MSD of empty carriers in the presence of proteinase K at the same concentration (50 µM) and a similar effect 
was observed (Figure S12). Despite this, the nanomotors’ autonomous motion was clearly maintained in the 
presence of fuel – and only slight reduction in the MSD was observed (as compared to measurements without 
free proteins), highlighting the stability of this system and relevance for application in a biological context. 
Taken together, these studies demonstrate the robust properties of our hybrid nanomotor as compared to more 
sensitive catalysts used generally in nanoscale motile systems. 

 

Figure 3. A. Visual of MnO2 catalyst (MnP) reduction by addition of high levels of glutathione (GSH, 10 mM) to a 10-fold 
dilution of MnPs in 1x PBS, where decoloration within 1 minute indicates dissolution of MnP catalyst. B. Diffusion coefficients 
for fuelled nanomotors before and after GSH addition showing motor deactivation at high levels of GSH, even after repeated 
fuel addition. Fuel was added at a final concentration of 100 mM. The diffusion coefficient for passive particles is lower than 
those represented in Figure 2, due to batch-to-batch differences in size distribution (Figure S13). 

 

To assess the potential of hybrid nanomotors for application in biomedical research we first demonstrated the 
degradation of the MnP catalyst by glutathione (GSH), an intracellular antioxidant. In general, GSH is present 
at micromolar concentrations within the plasma – although this increases to millimolar levels within the cell. 



Chapter 5 

102 
 

 5 

At high concentrations of GSH (10 mM), significant color change was directly observed within 1 minute (Figure 
3A). The degradation of the MnP catalyst was also confirmed by the nanomotors’ deactivation and consequent 
recovery of their Brownian motion upon GSH addition (Figure 3B). Motor activity under less severe conditions 
(10 µM GSH) was not lost in the same timeframe (Figure S14). These studies indicated that under certain 
intracellular conditions (such as elevated reductant concentration) nanomotors would be deactivated. In fact, 
developing glutathione-responsive systems has been regarded as an appealing strategy for targeted drug 
delivery in cancer cells.47,48 Taking into account the potential use of nanomotors as drug nanocarriers this is 
advantageous, as such systems would have autonomous motion in the extracellular environments but be 
degraded at the target.  

In our final set of experiments, we performed cellular testing using nanomotors to assess their biocompatibility 
and ability to function in a cellular environment. Particle toxicity was measured using HeLa cells treated with 
empty and loaded stomatocytes up to 250 µg mL-1 for 24 h (Figure 4A, Table S2). Relatively low toxicity was 
observed for hybrid nanomotors at 250 µg mL-1, in comparison with other nanomotor systems that displayed 
similar (ca. 80%) viability at lower concentrations.49 When cells were treated with toxic concentrations of H2O2 
of either 125 or 250 µM in the presence of unloaded stomatocytes, no population of viable cells was visible 
(Figure S15). To assess the ability of nanomotors to function under such conditions of low fuel levels, we 
conducted additional motion studies at equivalent H2O2 concentrations as employed in the cell studies (i.e., 125 
µM and 250 µM). Under such conditions, enhanced diffusion was observed and hybrid nanomotors retained 
their motile properties (Figure S16). H2O2 is a cytotoxic species that is generated at increasing concentrations 
in the tumor microenvironment and in cancerous cells; for instance, Guo and co-workers determined H2O2 
levels around 715 μM in bladder cancer tissues.41 Due to their ability to scavenge H2O2, harnessing it for their 
enhanced diffusion, nanomotors were utilized to rescue the viability of cells during exposure to this harmful 
oxidative species. Indeed, around 50 % viability was obtained after treating cells (exposed to 125 µM H2O2) 
with nanomotors at 125 µg mL-1 (Figure 4B, Table S3). This significantly increased to ca. 80 % when the 
nanomotor concentration was elevated to 250 µg mL-1, near to the background level as presented in Figure 4A. 
At elevated H2O2 concentrations of 250 µM, cell viability recovered up to ca. 45% owing to the performance 
limits of the nanomotor. To validate that the nanomotor-mediated increase in cellular viability was 
corresponding with decreasing ROS levels, additional experiments were performed using a fluorescent ROS 
indicator (CM-H2DCFDA). Confocal microscopy (and quantitative analysis), confirmed that under the most 
extreme conditions (250 µM / 250 µg mL-1) cellular ROS was significantly reduced in the presence of hybrid 
nanomotors as compared to unloaded stomatocytes that did not have a significant effect (Figure 4C-E, Figure 
S17-18). Although this effect was very pronounced this only correlated to a partial recovery in viability as 
measured in Figure 4B.  

As a proof-of-principle experiment, we compared the penetration behavior of fluorescently-labelled hybrid 
nanomotors and empty stomatocytes in 3D cell spheroids (experiments conducted in triplicate using 250 µM 
H2O2, Figure 4F-G, Figures S19-21). A nuclear cell stain (Hoechst) was used to provide an indication of overall 
spheroid morphology, where treatment with 250 µM H2O2 did not compromise cell stability (as compared to 
those cultured in 2D) - in agreement with the literature that reports higher toxic resistance of 3D cell models 
compared to those in 2D (Figure S19).49,50 We observed that nanomotors (fueled by H2O2) penetrated effectively 
into the spheroid, whereas control particles showed significantly reduced infiltration of the dense cellular 
framework. This data highlights the applicability of our technology and provides proof-of-principle results to 
guide future biomedical studies.  
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Figure 4. A. Viability of HeLa cells after exposure to empty and MnP-loaded stomatocytes at a range of concentrations (15-
250 µg mL-1) as determined by MTT assay. B. Hybrid stomatocytes rescue the viability of HeLa cells after co-incubation with 
H2O2. C-E. ROS induction (indicated by green fluorescence of CM2-HDCFA stain) in HeLa cells after treatment with H2O2 
that is significantly reduced by the presence of hybrid nanomotors (blue = Hoechst nuclear stain / scale bar = 50 µm). F. 
Penetration of empty stomatocytes and G. hybrid nanomotors into 3D cell spheroids (co-incubated with 250 µM H2O2) with 
accompanying line profiles for comparison (experiments replicated in triplicate, cf. Figure S21-S22 & scale bars = 1 mm). 

 

5.3 Conclusion 

In conclusion, we have presented a new strategy for the fabrication of biodegradable hybrid stomatocyte 
nanomotors. The unique structural features of such stomatocytes was utilized to template the in situ one-pot 
preparation of a biodegradable MnO2 catalytic core through a process of compartmentalized synthesis. Such 
hybrid nanomotors show autonomous motion in presence of fuel, whilst maintaining their stability through 
extended periods of time. Moreover, such nanomotors maintained their activity in physiological medium and 
are biocompatible – able to reduce local ROS levels to protect cells. This system has strong potential in 
biomedical research and highlights the capacity of molecular engineering for the creation of morphologically 
diverse, functional nanosystems. To further showcase this application, we conducted proof-of-principle 
experiments to demonstrate effective penetration of nanomotors into 3D cell spheroids.  Future research will 
engage the utility of compartmentalized inorganic nanocatalysts (and assorted stabilizing molecules) to drive 
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autonomous (nano)motion and explore their bio-related applications. We believe our approach can offer a 
general route toward assembling functional nanomotors and paves the way to overcome limitations associated 
with traditional physical encapsulation of active catalysts. Further studies will expand the range of 
nanoparticles that can be integrated within stomatocyte motors and will explore in more detail the mechanism 
of formation. 
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5.4 Experimental Details 

5.4.1 Materials and Instrumentation 

Materials 
All chemicals were used as received unless stated otherwise. Poly(ethylene glycol) 1K and 2K were purchased 
from JenKem technology and freeze-dried before use. D,L-lactide was purchased from Acros Organics. Sulfo-
Cyanine5 NHS ester was purchased from Lumiprobe. Bovine Serum Albumin (BSA), potassium permanganate, 
hydrogen peroxide (37% solution) and sodium thiosulfate pentahydrate were supplied by Sigma Aldrich. 
Fiducial Gold markers (20 nm) were purchased from CMC Utrecht. Ultra-pure water (18.2 MΩ) was obtained 
from Merck Millipore Q-Pod system with a 0.22 µm Millipore ® Express 40 filter. Dialysis Membranes (MWCO 
12-14000 g mol-1 Spectra/Por®) were supplied by VWR and used for dialysis. Sodium chloride was purchased 
from Merck. Trypsin-EDTA, Penicillin streptomycin, no mycoplasma fetal bovine serum (FBS), Dulbecco’s 
Modified Eagle Medium (DMEM), phosphate buffered saline (PBS), Hoechst 33342, CM-H2DCF were purchased 
from ThermoFisher Scientific. 

Instrumentation 

Nuclear Magnetic Resonance (NMR): Proton nuclear magnetic resonance measurements were performed on 
a Bruker 400 Ultrashield™ spectrometer equipped with a Bruker SampleCase autosampler, using CDCl3 as a 
solvent and TMS as internal standard. 

Gel permeation chromatography (GPC): GPC was conducted using a Shimadzu Prominence-i GPC system 
with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standards and equipped with 
a Shimadzu RID-20A differential refractive index detector and THF used as an eluent with a flow rate of 1 mL 
min-1. 
 
Differential scanning calorimetry (DSC): DSC measurements were performed using TA Instruments 
Multicell DSC.  
 
Dynamic Light Scattering (DLS): DLS measurements were performed on a Malvern instrument Zetasizer 
(model Nano ZSP) equipped with an autosampler. Zetasizer software was used to process and analyze the data. 
All samples were prepared by diluting them 10-fold in ultrapure water and measurements were carried out in 
standard disposable cuvettes.  

Nanotracking Analysis (NTA): Nanoparticle Tracking Analysis was carried out on a Nanosight NS300 
equipped with a blue laser (488 nm) and sCMOS camera. Samples were prepared by diluting them 1000-fold 
in either ultrapure water or PBS. 

Cryogenic transmission electron microscopy (cryo-TEM): 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 polymersome 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 
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plunged and frozen in liquid ethane. Cryo-TEM images were acquired with zero loss energy filtering mode 
(Gatan GIF 2002, 20eV energy slit) on a CCD camera (Gatan model 794). Processing of TEM images was 
performed with ImageJ, a program developed by NIH and available as public domain software at 
http://rsbweb.nih.gov/ij/. 

Microplate reader: Cell viability by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) assay and fluorescence was measured on a TECAN Safire2 platereader. 

Confocal microscopy imaging: Confocal microscopy was performed using a Leica TCS 264 SP5X system. 

 

5.4.2 Experimental Procedures 

Synthesis of poly(ethylene)glycol-b-poly(D,L-lactide) 

O
O

O
O

H

O

O

x 95

 

The reaction was carried out using previously published procedures.32,33 Briefly, poly(ethylene) glycol (PEG) 
was weighed into a flame-dried 50 mL round bottom flask. D,L-lactide (DLLA, 95 eq.) was added and all 
reagents were subsequently dried by co-evaporation with toluene. Thereafter, dry dichloromethane (DCM) was 
added (so that the [monomer] = 0.5M) under argon. Afterwards, 1,8-diazo-bicyclo[5.4.0]undec-7-ene (DBU, 
0.5 eq to PEG) was added to initiate the ring opening polymerization. The reaction was left stirring under Ar 
atmosphere at RT for 2 hours. Disappearance of monomer peaks was monitored using 1H-NMR spectroscopy. 
The reaction mixture was diluted with DCM and extracted with KHSO4 (2x), water (1x) and brine (1x). The 
organic layer was collected and dried with Na2SO4, filtered and concentrated in vacuo. The resulting oil was 
precipitated in ice-cold diethyl ether and lyophilized from dioxane to yield a white powder (yield = 75-85%).  

These polymers were prepared in Chapter 2, for dispersity values and 1H-NMR characterization, see Chapter 
2, section 2.5. 

Synthesis of NH2-PEG44-PDLLA95 

O
O

O
O

H

O

O

44 95

H2N

 

Boc-NH-PEG-OH (2 kDa) was weighed into a flame-dried 50 mL round bottom flask. D,L-lactide (95 eq.) was 
added and all reagents were subsequently dried by co-evaporation with toluene. Then, dry DCM (10 mL) was 
added to the reaction under argon. Afterwards, DBU (0.5 eq. to PEG) was added. The reaction was left stirring 
under Ar atmosphere at RT for 2 hours. Disappearance of monomer peaks was monitored using 1H-NMR 
spectroscopy. The reaction mixture was diluted with DCM and extracted with KHSO4 (2x), water (1x) and brine 
(1x). The organic layer was collected and dried with Na2SO4, filtered and concentrated in vacuo. The resulting 
oil was then dissolved using 5 mL of 4M HCl in dioxane and was stirred at RT for 2 hours to cleave the Boc-
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group. The solution was then concentrated in vacuo to remove HCl, dissolved in dioxane and lyophilized to 
yield the product as a white powder (yield = 77%). Disappearance of Boc peak (1.41 ppm, 9H, singlet) after 
deprotection was confirmed by 1H-NMR. The product was obtained as an HCl salt.  

1H-NMR (CDCl3): 5.17 ppm (-C=OCHCH3-, 2H, multiplet), 4.31 ppm (PEGCH2-CH2-O-PDLLA, 2H, broad), 3.98-
3.30 ppm (NH2-CH2CH2-PEG, 4H, triplets) 3.63 ppm (-CH2CH2O-, 4H PEG, multiplet), 3.60 ppm (-PEG-CH2-
CH2O-PDLLA, 2H, triplet), 3.18 ppm (NH2-CH2CH2-PEG, 2H, b), 1.59 ppm (C=OCHCH3-, 6H, multiplet).  

Dispersity values were measured with GPC, all analysis data is given in Table S1. 

Synthesis of Cy5-PEG44-PDLLA95 

O
O

O
O

H

O

O

44 95

H
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N

SO3

N

KO3S

 

In a 10 mL round bottom flask, NH2-PEG-PDLLA and sulfo-Cy5 NHS ester (1.2 eq.) were dissolved in 2 mL 
DMF. Triethylamine (1 eq. to NH2-R) was added after all components were dissolved.  The reaction was left 
stirring at RT overnight. The reaction mixture was diluted with an excess of DCM and the organic layer was 
washed with KHSO4 (1x), water (3x) (to remove dye and most of the DMF), and brine (1x). The organic layer 
was dried with Na2SO4, filtered and concentrated in vacuo. The solution was lyophilized from dioxane yielding 
a bright blue powder (yield = 91%). Conjugation efficiency was determined by fluorescence spectroscopy, using 
Cy5-sulfo-NHS for calibration curves (Ex/Em = 640/670 nm) and was found to be ca. 43%. 

General procedure for the preparation of stomatocytes: In a 20 mL vial, PEG22-PDLLA95 and PEG44-PDLLA95 
block copolymers (1:1 w/w%, 20 mg) were weighed in and dissolved in 2 mL THF/dioxane (1:4). The vial was 
equipped with a stirring bar (10×2 mm) and sealed with a rubber septum. A needle was inserted to release 
pressure. The solution was stirred at 700 rpm for 30 minutes, followed by addition of 2 mL ultrapure water 
with a syringe pump at a rate of 1 mL h-1. The solution was then dialyzed overnight against 75 mM NaCl at 4 
℃ with a water change after 1 hour to yield stomatocytes. 

For fluorescent stomatocytes (used for tumor penetration studies), Cy5-PEG44-PDLLA95 (0.5 mg; 2.5 wt%) was 
added to the polymer mixture before solvent displacement. The procedure is further followed as described. 

General procedure for the preparation of MnO2 nanoparticles (MnPs): The procedure for the preparation 
of MnPs was adapted from literature.51  In a 25 mL round bottom flask flushed with argon, KMnO4 (5 mM, 4 
mL) was added through a septum and bubbled with argon for 30 minutes at RT. Then, a solution of Na2S2O3 
(1.875 mM, 8 mL) was added at a rate of 1 mL min-1 with a syringe pump. The solution was stirred for 10 
minutes, after which BSA (20 mg in 3 mL of MilliQ) was added dropwise. The solution was allowed to stir for 
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another hour, and the solution was dialyzed against MilliQ (Spectrapor, MWCO: 1 MDa) to remove excess BSA. 
Samples were stored in the fridge prior to use. 

In situ formation of MnP-loaded stomatocytes: In a 25 mL round bottom flask flushed with argon, KMnO4 
(5 – 10 mM) was dissolved in 4 mL of stomatocyte solution (5 mg mL-1) in MilliQ and was added through a 
septum. Then, the reaction mixture was bubbled with argon for 30 minutes at RT. Thereafter, a solution of 
Na2S2O3 (1.875 mM, 8 mL) was added at a rate of 1 mL min-1 with a syringe pump. The solution was stirred for 
30 minutes, after which BSA (20 mg in 3 mL of MilliQ) was added dropwise. The solution was allowed to stir 
for another hour, and the solution was dialyzed against MilliQ (Spectrapor, MWCO: 1 MDa) to remove excess 
BSA. Samples were centrifuged down (5G, 5 mins), supernatant was removed and fresh ultrapure water was 
added. This was repeated until supernatant was clear. The final concentration was adjusted to obtain a polymer 
concentration of 5 mg mL-1. Samples were stored in the fridge prior to use. 

NTA motion studies: Autonomous movement of MnP-loaded stomatocytes was carried using nanoparticle 
tracking analysis technique. To do so, stomatocytes were suspended in PBS solution (1x) to yield an 
approximate concentration of 10 µg mL-1 (between 107 and 109 particles mL-1). For a typical experiment, 1 mL 
of sample (ca. 10 µg mL-1) was loaded in the NTA chamber using a syringe. Thereafter, the particles’ movement 
was recorded for 30 seconds. The same measurement was performed for 4 times so that reproducibility can 
be ensured. The NTA software was used to track the nanomotors. In order to study the active motion of the 
MnP-loaded stomatocytes, an aliquot of hydrogen peroxide, as a fuel, was added to the diluted sample and the 
measurements were started immediately after mixing.  

Multiple fuel addition cycles were performed to demonstrate the system’s stability (Figure 2D, main 
manuscript). To do this, MnP-loaded stomatocytes were diluted (1:1000) in 1x PBS and subsequently injected 
into the NTA chamber. Brownian motion of hybrid nanomotors was monitored in the absence of fuel. 
Thereafter, sample was extracted from the NTA chamber, an aliquot of H2O2 was added (to reach the desired 
H2O2 concentration), and motility was immediately recorded. To ensure complete fuel depletion, the 
nanomotors were left at RT for 24 hours. The same experiment was repeated twice using the same nanomotor 
sample. 

Movement analysis: NTA was used to study the autonomous motion of stomatocytes in absence and presence 
of fuel and calculate their mean squared displacement (MSD), following previously published procedures. The 
motion of the stomatocytes in presence of fuel, at different concentrations of H2O2, was measured by tracking 
both the X and Y coordinates of at least 25 particles for 30 seconds. MSD curves were extracted from NTA 
recorded trajectories using the equation 𝑀𝑀𝑀𝑀𝑀𝑀 =  〈∆𝑟𝑟2(𝑡𝑡)〉 =  〈1

𝑁𝑁
∑ (𝑟𝑟𝑖𝑖(𝑡𝑡) − 𝑟𝑟𝑖𝑖(0))2𝑁𝑁
𝑖𝑖=0 〉 where r = radius and t = 

sampling time and MSD(t) = 2dD, where D = diffusion coefficient and d = dimensionality (NTA measurements 
have dimension d = 2).  

The equation MSD = (4D)∆t +(v2)(∆t2) was used to fit the MSD curves. From the fitting of the MSD curves, 
the average particle velocity can be extracted. According to the particle diffusion coefficient, as described by 
Galestonian’s diffusiophoretic model, a particle undergoing Brownian motion will display a linear MSD over 
time with the slope determined by the diffusion coefficient 𝑀𝑀 =  𝐾𝐾𝐵𝐵 𝑇𝑇 (6𝜋𝜋𝜋𝜋𝜋𝜋⁄ ). From this model, if the particles 
are in Brownian motion, the linear component of the MSD, according to the equation MSD = (4D)∆t, can be 
extracted. Indeed, in the absence of fuel, a linear relation between MSD and time was observed. The same linear 
relationship was also observed when empty stomatocytes were exposed to fuel, highlighting the significance of 
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catalytic species in driving the motors’ thrust (figure S11A). On the contrary, addition of fuel to the MnP-loaded 
nanomotors resulted in observable autonomous motion. Although our hybrid nanomotors (average radius = 
200 nm) display fast rapid self-rotation (ca. 0.05 s), with rotational diffusion described by 𝑀𝑀𝑟𝑟 = 𝜏𝜏𝑟𝑟−1 =
𝑇𝑇𝐾𝐾𝐵𝐵 (8𝜋𝜋𝜋𝜋𝜋𝜋3⁄ ) (where τr  is reorientation time), the MSD curves (at high fuel concentration and Δt > τr)  
displayed a parabolic fit. This was also observed in previously published stomatocyte nanomotors.  It is 
therefore our hypothesis that the reason behind this behavior could be a result of the unique stomatosomal 
morphology, also in combination with the bubble-generation mechanism that counteract the effects of rapid 
τr. These suggested mechanisms are hypotheses and theoretical and experimental confirmation are on-going 
research in our group. 

Cell viability of MnP-loaded stomatocytes: HeLa cells were cultured in DMEM medium containing 10 % 
FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. The cell viability in presence of 
stomatocytes was evaluated in vitro using an MTT assay. The cells were seeded in 96-well plates at a density 
of 5 × 103 cells per well in 100 μL DMEM medium and were cultured for 24 h at 37 °C. Subsequently, the cells 
were incubated with empty stomatocytes (containing 1% Cy5-PEG-PDLLA) and MnP-loaded stomatocytes 
(containing 1% Cy5-PEG-PDLLA) for 24 h, respectively. The cells were washed and fresh medium containing 
MTT was added into each well. The cells were incubated for another 4 h. After removing the medium 
containing MTT, dimethyl sulfoxide (100 μL) was added to each well to dissolve the formazan crystals. Finally, 
the plate was gently shaken for 5 min and the absorbance at 490 nm was recorded with a micro-plate reader. 

Cell rescue studies: HeLa cells were cultured in DMEM medium containing 10 % FBS, 1 % 
penicillin/streptomycin in 5 % CO2 at 37 °C. The cell viability in presence of H2O2 was evaluated in vitro by an 
MTT assay. The cells were seeded in 96-well plates at a density of 5 × 103 cells per well in 100 μL DMEM 
medium and cultured for 24 h at 37 °C. Subsequently, the cells were incubated with 125 or 250 µM H2O2 and 
either 125 µg mL-1 or 250 µg mL-1 MnP-loaded stomatocytes for 24 h. The cells were washed and fresh medium 
containing MTT was added into each plate. The cells were incubated for another 4 h. After removing the 
medium containing MTT, dimethyl sulfoxide (100 μL) was added to each well to dissolve the formazan crystals. 
Finally, the plate was gently shaken for 5 min and the absorbance at 490 nm was recorded with a micro-plate 
reader. 
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5.5 Supplementary Figures and Tables 
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Figure S1. Ring opening polymerization of D,L-lactide and mPEG into PEGx-PDLLA95, with x=22/44 

 
 

 

Polymer DP Composition by 1H-NMR Ð from GPC 

H2N-PEG44-PDLLA95 86 H2N-PEG44-PDLLA86 1.20 

Table S1. Analysis of H2N-PEG22-PDLLA95 block copolymer for preparation of stomatocytes. Analysis of all other polymers 
was described in Chapter 2. GPC was used to determine dispersity values by Mw/Mn, as measured and calibrated by PS 
standards. NB: the molecular weights were not determined by GPC due to the large deviation of the PS standard for PEG 
polymers. 
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Analysis of stomatocytes 
 
To verify the structure of stomatocytes, Dynamic Light Scattering (DLS), Nanotracking Analysis (NTA) and 
cryo-Transmission Electron Microscopy (cryo-TEM) studies were performed. For DLS, samples were prepared 
by diluting the stomatocyte solution (10x) in ultrapure water and the measurement was performed in a 
disposable cuvette. Size data was extracted from Intensity plots. NTA studies were performed by diluting the 
stomatocytes (1000x) in ultrapure water so that a minimum of 20 particles were visible within the measuring 
frame. Samples were recorded for 30 seconds and a minimum of 5 runs. For cryo-TEM analysis, the sample 
was used undiluted. Images were analyzed using ImageJ software. 

 

 

Figure S2. A. Dynamic light scattering (DLS) intensity plot and nanotracking analysis (NTA) and B. Cryo-TEM images of 
PEG22/44-PDLLA95 stomatocytes. Insert displays neck size distribution of 50 stomatocytes. Scale bars = 500 nm. 
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Tomography of MnP-loaded stomatocytes 
 

To visualize the spatial distribution of MnPs inside the stomatocyte lumen, (cryo-)TEM tomography 
experiments were performed. Sample preparation was performed as described in section 5.4.1. Suitable MnP 
stomatocytes were tracked in the sample in which reference particles were abundant. In a typical experiment, 
3 µL of suspended 20 nm fiducial gold nanoparticles were added to 27 µL of sample and mixed gently. Tilt-
series acquisition was performed over an angular range of ±66 degrees with 3 degrees increments, at a nominal 
magnification of 11.5 kx and a nominal defocus of -7.5 μm. The gold markers were used for alignment of the 
tilt series with respect to a common origin and tilt axis and reconstructed using IMOD software.52 The 3D 
reconstruction was manually segmented into stomatocyte’s (green) and MnO2 (gray) and visualized by surface 
rendering and volume texture using Avizo software (Thermo Fisher Scientific).  

 

Figure S3. Segmentation results of cryo electron tomography showing stomatocyte (green) and MnO2 (gray) using 
isosurface (left column) and volume texture (right column) rendering. 
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Cryo-TEM analysis of MNP stomatocytes 
 

 

Figure S4. Cryo-TEM images of MnP-loaded stomatocytes (unpurified). Scale bar = 500 nm. 

 

Purification of MnP-loaded stomatocytes 

To separate free MnPs from MnP-loaded stomatocytes, centrifugation was performed. Samples containing 500 
µL MnP-loaded stomatocytes were spun in a 1.5 mL Eppendorf® at 5g for 5 minutes. The supernatant 
containing free MnPs was removed and new medium was added. Thereafter, samples were re-dispersed by 
vortexing. This was repeated until the supernatant no longer contained free particles, after which new medium 
was added and particles were resuspended with vortexing and sonication.  
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Figure S5. Visual showing the result of centrifugation to remove free MnPs. The samples are shown after centrifugation 
with pellets (of stomatocytes) visible on the left and right whilst free MnPs remain in supernatant due to their small size. On 
the right, the supernatant is clear of free MNP after several centrifugation cycle 

Attempts to encapsulate preformed inorganic nanoparticles (including MnO2) within the cavity of 
PDLLA stomatocytes 

Preceding development of the herein reported compartmentalized synthesis approach, physical encapsulation 
of preformed nanoparticles was assessed. One such method involved statistical engulfment of nanoparticles in 
the stomatocytes’ cavity during formation - following previously methods applied to polystyrene-based 
polymersomes.53 Typically, nanoparticles were added prior to the shape transformation process. Attempts to 
carry out similar encapsulation processes using PDLLA polymersomes and a variety of inorganic nanoparticles 
were not successful. Analysis of cryo-TEM images showed no encapsulation, and in most of the cases 
unsuccessful formation of stomatocytes 

 

 
Figure S6. Cryo-TEM images of the results from encapsulation of preformed inorganic nanoparticles inside PDLLA-based 
stomatocytes. A, B. attempts to encapsulate MnO2 nanoparticles. Both stomatocytes and polymersomes were formed - no 
encapsulation was observed. C. Attempts to encapsulate Fe3O4 (magnetite) nanoparticles. Scale bars = 500 nm 

 

Analysis of free MnPs in solution 

First, non-encapsulated MnPs were separated from the nanomotors by centrifugation. Free MnPs were then 
diluted 10-fold in ultrapure water and measured in a disposable cuvette. 

 

Figure S7. DLS and cryo-TEM measurements of MnO2 nanoparticles (MnPs) free in solution. Scale bars are 100 nm 
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MSD curves of MnP-loaded stomatocytes in the absence and presence of fuel at varying concentrations 
 
As displayed in Figure 2 in Chapter 5, the presence of fuel affects the Brownian motion of MnP-loaded 
stomatocytes and induces autonomous motion. To this end, NTA measurements were performed by diluting 
MnP-loaded stomatocytes ([polymer] = 5 mg mL-1) 1000-fold in 1x PBS. Thereafter, aliquots of H2O2 were 
added (to reach a final concentration of 5, 25 and 50 mM). The dotted line is the average of all MSD curves 
calculated and the colored areas depict the standard deviation of these curves.  

 

 

Figure S8. Average MSD curves and standard deviation (colored) of MnP-loaded stomatocytes in presence of fuel at varying 
concentrations.  
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Anomalous Diffusion Exponent (α) 
 

 

Figure S9. Analysis of the anomalous diffusive exponent (α value). Please note the increase of α value after addition of fuel 
– this suggests enhanced super-diffusion (propulsive) behavior. 

 
 

Diffusion coefficients of unloaded stomatocytes with or without free MnPs 
 
To determine whether the Brownian motion of empty stomatocytes was affected by the presence of fuel, NTA 
motion analysis was performed on empty stomatocytes (1000-fold dilution of stomatocytes (5 mg mL-1)  in 1x 
PBS), to which fuel was added (to reach a final concentration of [H2O2]=100 mM). The diffusion coefficients 
were extracted from the data and are plotted below. Additionally, to demonstrate that the design of hybrid 
stomatocytes is necessary for enhanced motion, 1 µL of as-prepared MnPs (1.4 mM solution) were combined 
with 1 µL of empty stomatocytes (5 mg mL-1) and diluted with 998 µL PBS (1x). An aliquot of fuel (so that final 
concentration [H2O2] = 100 mM) was added and samples were measured immediately. Indeed, no increase in 
diffusion coefficients in the presence of fuel was observed, indicating that propulsion of stomatocytes did not 
take place.   
 

 

Figure S10. Diffusion coefficients of unloaded stomatocytes (A) and unloaded stomatocytes with free MnPs (B) in the 
absence and presence of fuel. There is no increase in diffusion, indicating that the design of the hybrid stomatocyte is 
imperative to its functionality. 
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Stability of stomatocytes and catalyst in the presence of proteinase K  
 
To verify the physical stability of both MnPs and hybrid stomatocytes, proteinase K (in PBS, to reach a final 
concentration of 50 µg mL-1) was added to a 10-fold diluted sample (in 1x PBS). The solution was left standing 
for 30 minutes at RT before measuring DLS. Indeed, size and dispersion of the MnPs remained the same in the 
presence of proteinase K. However, for hybrid stomatocytes, a slight increase in particle size is observed. This 
result is in correspondence with Figure 2E in Chapter 5, where particles’ Brownian motion seemed to be 
affected by the presence of proteinase K, a direct result of particle size.  

 

 

Figure S11. DLS size distribution plots and correlograms of samples in PBS, with or without proteinase K. A. Number plot 
and B. correlogram of MnPs in PBS. C. Intensity plot and D. correlogram of hybrid stomatocytes in PBS. For the stomatocytes, 
the presence of proteinase K causes a slight increase in size, most likely due to protein interactions on the surface of the 
stomatocyte. 
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MSD of empty stomatocytes in the presence of proteinase K 

In Figure 2D, the MSD of MnP-loaded stomatocytes in the presence of proteinase K is decreased in the absence 
and presence of fuel, most-likely due to protein absorption on the surface of the stomatocytes. This was also 
verified in Figure S12, where a size increase is clearly visible from DLS measurements of MnP-loaded 
stomatocytes with proteinase K. This phenomenon was further investigated using empty stomatocytes. To this 
end, 1 µL of stomatocyte solution ([polymer] = 5 mg mL-1) was diluted 1000-fold in 1x PBS and proteinase K 
solution (to reach a final concentration of [ProK] = 50 µg mL-1, in 1x PBS) was added. The solution was left at 
RT for 1 hour before measuring using NTA.  

 

Figure S12. MSD (A) and diffusion coefficients (B) of stomatocytes in PBS with or without addition of proteinase K. Indeed, 
a slight decrease is visible in both MSD and diffusion coefficient, indicating that proteinase K affects the Brownian diffusion 
of stomatocytes.  

  

Batch-to-Batch size variation of MnP-loaded stomatocytes 

 

 

Figure S13. Size distributions as measured with NTA for samples used (A) in Figure 2 and (B) in Figure 3. Please note: such 
batch-to-batch variation is normal and widely observed within polymeric self-assembled systems. 
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Activity of MnP-loaded stomatocytes in low concentrations of GSH 

To determine whether the stomatocytes would remain active and stable in physiological conditions, MnP-
loaded stomatocytes were exposed to low concentrations of GSH (10 µM).  

The stability of free MnPs was determined by diluting 100 µL as-prepared MnP solution in 900 µL 10x PBS. 
The solution was stirred and an aliquot of GSH (so that final concentration [GSH] = 10 µM, in 10x PBS) was 
added to the solution while stirring. The particles were recorded for 1 minute (Figure S15A) 

To investigate the enhanced diffusion of MnP-loaded stomatocytes in these conditions, 1 µL stomatocytes 
([polymer] = 5 mg mL-1) were diluted 1000-fold 10x PBS and an aliquot of GSH was added (so that final [GSH] 
= 10µM). Then, an aliquot of H2O2 was added ([H2O2 (final)] = 100 mM) and NTA measurement was carried 
out immediately. Autonomous motion can clearly be observed in presence of fuel. 

 

Figure S14. Images depicting stability of free MnPs in the presence of 10 µM GSH in PBS (A) and activity of MnP-loaded 
stomatocytes in the presence of 10 µM GSH and fuel (B) in PBS. Particles do not degrade within the measured time-frame 
and still demonstrate activity, whereas the nanomotors in the presence of endolysosomal concentrations GSH were 
immediately deactivated. 

 

 

 

Table S2. Table depicting all numerical values for cell viability assay depicted in figure 4A. 

  

 15.62 31.25 62.5 125 250 
 

[Concentration stomatocytes µg mL-1] 

Empty Stomatocytes 99 ± 10 96 ± 8 93 ± 11 89 ± 9 82 ± 7 [Cell viability %] 

MnP-loaded 
stomatocytes 

103 ± 10 94 ± 10 91 ± 11 87 ± 8 84 ± 9 [Cell viability %] 
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Cell rescue studies – negative control 

Procedure as described in 5.4.2. Cell viability was tested in the presence of 125 and 250 µM H2O2 where no 
viable cells were detected. No increase in viability was observed after addition of 125 or 250 µg mL-1 of unloaded 
stomatocytes; validating the importance of an active component inside the stomatocyte cavity to rescue cell 
viability (Figure 4B of the main manuscript). 

 

 

 

Figure S15. Cell viability assay of HeLa cells in the presence of 125 and 250 µM H2O2 and the same concentrations of unloaded 
stomatocytes. 
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Enhanced diffusion of MnP-loaded stomatocytes in low concentrations of H2O2 

 

To verify the nanomotor’s activity in low concentrations of H2O2, NTA measurements of MnP-loaded 
stomatocytes were carried out by diluted MnP-loaded stomatocytes ([polymer] = 5 mg mL-1) 1000-fold in 1x 
PBS. Then, aliquots of H2O2 (to reach final [H2O2] = 125 µM or 250 µM, corresponding to the fuel 
concentrations used in cell assays described in this paper) were added and samples were measured using NTA. 
MSD, diffusion coefficients and trajectories were extracted from NTA data.  

 

 

Figure S16. A. MSDs of MnP-loaded stomatocytes in the absence and presence of 125 and 250 µM H2O2, their corresponding 
diffusion coefficients with standard error (B) and trajectories (C). The stomatocytes demonstrate nanomotor behavior in 
low fuel concentrations.  

 

 

 

Table S3. Table depicting all numerical values for cell viability assay of nanomotors in the presence of fuel (Figure 4B) 

  

 125 µM H2O2 250 µM H2O2  

PBS 3.9 ± 1.3 3.4 ± 1.4 [Cell viability %] 

125 µg mL-1
 nanomotors 53.6 ± 8.7 13.5 ± 1.8 [Cell viability %] 

250 µg mL-1 nanomotors 78.9 ± 5.8 44.6 ± 3.8 [Cell viability %] 
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Presence of ROS in HeLa cells 
 
The ROS shielding effect of MnP-loaded stomatocytes was studied using confocal microscopy imaging. HeLa 
cells were cultured in DMEM medium containing 10% FBS, 1% penicillin/streptomycin in 5% CO2 at 37 ℃. 
HeLa cells were seeded in an 8 well µ-slide for 24 hours after which medium was refreshed. The cells were 
treated simultaneously with 250 µM H2O2 and 250 µg mL-1 MnP-loaded stomatocytes and were left incubating 
for 24 hours. Then, the cells were washed and subsequently loaded with CM-H2DCF. Thereafter, the cells were 
stained with Hoechst 33342 for 10 minutes. The cells were washed with PBS buffer (pH 7.4) three times. 
Fluorescent images were captured using a Leica TCS 264 SP5X microscope system. Overlays were prepared in 
ImageJ. 

 
 

 

Figure S17. Confocal fluorescent images of HeLa cells incubated with H2O2, either in the absence or presence of empty 
stomatocytes or hybrid stomatocytes. Hoechst shows cell nucleus, DFCH-DA shows ROS levels and the overlay shows the 
presence of ROS for all cells in image. 
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Corrected total cell fluorescence (CTCF) 
 
To quantify whether cells indeed show decreased fluorescent signal (indicating decrease in ROS), the corrected 
total cell fluorescence (CTCF) can be calculated. A total fluorescent signal irrelevant of cell area does not 
quantify the fluorescence of an imaged cell. Instead, the CTCF considers the cell area for each measured cell. 
The formula CTCF= Integrated Density – (Area of Selected Cell * Mean Fluorescence of Background) is used to 
accurately determine the fluorescent signal of CM-H2DCFDA in 15 HeLa cells from confocal images using 
imageJ to measure the intensity values. From these values, the effect of hybrid stomatocytes on the ROS levels 
in HeLa cells can be seen from a decreased CTCF signal, in correspondence with the confocal images from 
figure S18, indicating that the hybrid stomatocytes are indeed active in biological medium and can effectively 
consume H2O2.  

 
This ROS shielding effect correlated to an increase of cell viability up to 45 % (Figure 4B). Fluorescence 
reduction of the ROS indicator CM-H2DCF is not an exact monitor of viability (as compared to the MTT assay) 
and even major reduction in this signal (as shown in Figures S18 and below) is not commensurate with total 
cell survival. This effect in cell viability could be attributed to a certain extent of cell damage during incubation 
with H2O2 and the nanomotor, prior to H2O2 consumption. 

 

Figure S18. Corrected total cell fluorescence of the confocal images depicted in figure S18 
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Penetration studies with 3D multicellular spheroids (MCSs) 
 

3D multi-cellular spheroids (MCSs) were prepared according to a literature procedure with slight 
modifications.54,55 Agarose coated 96-well plates were prepared first. In detail, 0.15 g of agarose was added to 
10 ml of low glucose DMEM (1.5% wt/vol) in an appropriate beaker, sealed with aluminum foil or a lid and 
autoclaved for 20 min at 120 ℃. Next, 50 μl of the hot (80~90 ℃) solution was added to each well of a 96-
well plate (flat bottomed) under sterile conditions. The agarose solidified within seconds to minutes to produce 
a concave surface. HeLa cells (200 μL, 1 × 104 cells mL-1 in high glucose DMEM medium) were cultured in the 
above agarose-coated 96-wel plates, followed by incubation at 37 °C with 5% CO2 humidified atmosphere for 
4 days for the production of MCSs. Then the spheroids were incubated with 250 μM H2O2 and 250 μg/mL Cy5 
labeled MnP-loaded stomatocytes for 4 h, the Cy5 labeled blank stomatocytes were used as control. Then the 
MCSs were carefully washed with cold PBS and observed with CLSM. 

 

 
Figure S19. CLSM images for triplicate studies of particle penetration into 3D HeLa spheroids under the action of 250 µM 
H2O2. Here we used a nuclear stain (blue – Hoechst) to provide an indication of stability and overall morphology. Scale bars 
= 1 mm.  
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Figure S20. CLSM images for triplicate studies of particle penetration into 3D HeLa spheroids under the action of 250 µM 
H2O2 using a Cy5-labelled particles (red) to provide an indication of distribution. Images were taken at the widest point of 
the spheroids. Scale bars = 1 mm.   
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Figure S21. Line profiles extracted from CLSM images of particle penetration into 3D HeLa spheroids under the action of 
250 µM H2O2 as presented in figure S21 - providing a qualitative demonstration that hybrid nanomotors outperform empty 
stomatocytes. Scale bars = 1 mm. 
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Abstract 

Research toward the development of artificial organelles and cells has made astounding progress in the past 
couple of years. Constructing synthetic compartments that mimic natural systems, in the pursuit of creating 
life-like synthetic organelles, is one of the greatest challenges of contemporary science. Reversible and dynamic 
processes involved in for example intercellular communication are key properties in cells and organisms. To 
study these processes, a range of compartmentalized materials on the micro- and nanoscale have been 
developed to study inter- and intracellular processes in the lab. Polymer- and lipid-based vesicles are 
compartments with a bilayer membrane, which due to their structure and ease of preparation, have often been 
employed as synthetic cell mimics. In this Chapter, we utilize polymersomes as reversible docking 
compartments on micron-sized liposomes, mimicking extracellular vesicle docking to cell surfaces. Our results 
demonstrate that polymersome docking on giant liposomes is controlled by interactions between 
complementary functional groups on the vesicle surfaces, in response to pH changes in the environment. 
Furthermore, we showcase that docking can be driven by regulatory artificial cells (enzyme-loaded giant 
liposomes) in response to molecular cues, mimicking paracrine signaling in multicellular consortia.
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6.1 Introduction 

Understanding how different building blocks can assemble into synthetic systems displaying cell-like 
architectures and functions is a major scientific challenge.1 Scientists have considered this multidisciplinary 
challenge as a way to provide insight into the fundamental processes of living systems, developing diverse 
potential applications of cell-mimicking constructs. The area of protocellular research has attracted growing 
interest in the last few years and has showed significant progress in the design of biomimetic micro- and nano-
compartments that mimic structural and functional aspects of natural cells.1 Noteworthy, 
compartmentalization of chemicals separated from the external environment by a physical boundary 
(membrane) is a key hallmark for the origin of life – lipid cellular membranes are essential for hosting vital 
biochemical processes and maintaining the integrity of living cells. Following a bottom-up approach, several 
synthetic strategies for the creation of artificial compartments at different length scales have been developed, 
such as the assembly of polymeric vesicles (polymersomes) or lipid vesicles (liposomes)2, virus capsids,3 
colloidosomes4, and coacervates5. These compartments have been used for the reconstitution of certain cellular 
functions such as cofactor generation6, enzymatic cycles7,8, motion9, multicellular communication10 and 
hierarchical vesicle-in-vesicle organization11. Recent studies in the area of protocellular research have shown 
the ability of enzyme-coated liposomes to undergo positive and negative chemotaxis12 and reversible coacervate 
formation within lipid vesicles to regulate enzymatic activity13. Notwithstanding,  research into the construction 
of biomimetic compartments, such as artificial cells and organelles, has until now been mostly directed toward 
the utility of single entities with complex functionalities; the ability of self-assembled soft particles to 
autonomously interact in a dynamic fashion, as displayed in biological systems, remains almost unexplored.  

The docking of extracellular vesicles on cell surfaces is a ubiquitous natural process, both in the prokaryotic 
and eukaryotic world. Extracellular vesicles (spherical compartments of around 200 nm) are released by cells 
in intercellular communication processes, with signaling controlled via cell-surface receptors.14 Importantly, 
extracellular vesicle docking is involved in physiological functions (such as stem cell differentiation and 
inflammation) and different diseases (such as cancer and virus infection), with mechanistic studies being a 
topic of current investigation for the biomedical community.15,16 Despite the progress in protocellular research, 
as far as we know, this phenomenon has not been extensively studied with synthetic, biomimetic 
compartments. Indeed, from a chemical perspective, the interplay between various intermolecular forces that 
results in this kind of structural and spatial organization is fascinating, and controlling such behavior is a 
significant challenge. Creating an experimental model that is able to mimic this dynamic behavior observed in 
biological systems, while being able to track the physicochemical changes, can pave the road for significant 
advances in the development of complex biomimetic systems as well as deepen our understanding of such 
processes.   

 

Figure 1. Schematic outline of the project. Polymersomes (blue) decorated with oligohistidine peptides are mixed with Ni-
NTA functionalized liposomes (red) and the pH-dependent binding is monitored. 
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Herein, we present the construction of a synthetic system mimicking the docking of extracellular vesicles on 
cell surfaces using synthetic counterparts. For this, we employed giant unilamellar vesicles (GUVs) as artificial 
cell model, which have properties reminiscent to natural cells (i.e. phospholipid bilayer membrane and cellular 
dimensions) and which allowed optical visualization by microscopy techniques. Polymersomes were used as 
synthetic extracellular vesicles, which were decorated with targeting moieties to interact with the 
complementary binding partners on the GUV surface.  

The construction of synthetic compartments mimicking reversible cellular interactions relies on the right 
choice of complementary chemical handles. The challenge for the introduction of dynamic bonds in synthetic 
model systems lies in the delicate balance between building durable and strong interactions to support docking, 
while still ensuring dynamicity and reversibility. The nickel-charged nitrilotriacetic acid (Ni-NTA) chelation 
complex is known to reversibly bind histidine (His) motifs at physiological pH, when the peptide is 
deprotonated. For example, this interaction was used for the reversible adsorption of proteins to a lipid bilayer 
surface.17 The binding is facilitated by the free coordination sites of Ni2+, which are not occupied by the NTA 
chelate and are therefore accessible to the histidines’ imidazole side chains. The pKa of the imidazole is 6, hence, 
the histidine is protonated at low pH and does not bind to the positively charged Ni-NTA complex. The pH-
dependent and non-covalent nature of this interaction makes it ideally suited to control the dynamic docking 
behavior of polymersome to the surface of GUVs (Figure 1).  

 

6.2 Results and Discussion 

Polymersomes comprising PEG-PDLLA block copolymers were formulated according to protocols discussed in 
previous Chapters (Table S1, for procedures see section 6.4.2). A histidine-polypeptide was synthesized and 
coupled to the hydrophilic chain end of PEG-PDLLA via maleimide-thiol chemistry to ensure dangling peptide 
chains on the surface of the polymersomes, available for binding. Quantification of conjugation efficiency of 
the histidine peptide was performed with 1H-NMR. The signal for the oligo-histidine was found to be low and 
a conjugation efficiency of 14% was calculated. This is in contrast in comparison with the results from Chapter 
4, therefore, the coupling reaction should be repeated so that the conjugation efficiency can be optimized. 
Nevertheless, polymersomes were prepared containing 0.5 wt% of the His-polymer, as well as 5 wt% of Cy5-
functionalized polymer to ensure visualization with confocal microscopy. The particles were analyzed by DLS 
and were found to form stable suspensions with a 150 nm size increase for the histidine decorated polymersome 
(Figure S1). GUVs were prepared by the droplet transfer method, incorporating Ni-NTA-functionalized lipids, 
ensured that this binding motif was displayed on the surface of the GUV. Lissamine rhodamine B-decorated 
lipids were incorporated for visualization. To assess whether the complementary binding partners were able 
to interact when immobilized on the particle surface, His-tag functionalized and unmodified polymersomes 
were combined with GUVs with or without Ni-NTA motif.  Confocal fluorescence microscopy was used to 
evaluate the binding of His-tag polymersomes to Ni-NTA GUVs (Figure 2). In these experiments, carried out 
in PBS buffer, the pH remained constant at 7.5 and GUVs were mixed with polymersomes for ca. 1.5 hours 
prior to image acquisition. 
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Figure 2. Micrographs and corresponding membrane fluorescence profiles of GUVs (red) and polymersomes (blue) with 
varying surface functionalization: A. 1% Ni-NTA GUVs, 0% His-tag polymersomes, B. 0% Ni-NTA GUVs, 0.5% His-tag 
polymersomes, C. 1% Ni-NTA GUVs, 0.5% His-tag polymersomes. The line profiles only show the polymersome (Cy5) 
fluorescence. D. Area-corrected (for procedure, see Section 6.4.2) quantification of polymersome docking on GUV surface 
for A-C. Error bars depict the standard deviation in intensity for >10 GUVs. Scale bar = 10 µm. 

 

Figure 2A and 2B demonstrate the requirement of both complementary functional groups – present on the 
surface of the polymersomes and GUVs, respectively – for successful docking. Importantly, the absence of 
binding when one of these functional groups is omitted also confirms the absence of non-specific binding of 
polymersomes to the GUV surface. When the surfaces of polymersomes and GUVs are functionalized with His-
tag and Ni-NTA, respectively, the polymersomes are recruited to the liposome surface. This was quantified by 
measuring the fluorescent signal from the polymersomes at the membrane. These values were normalized by 
the measured area of the membrane to eliminate contributions from size of the GUVs. Line profile plots are 
shown below the microscopy images, measured over the liposome at 45° interval angles, to demonstrate the 
membrane-bound polymersome signal. From these plots, the inhomogeneity in signal is visible, suggesting 
that polymersomes were not homogenously bound to the GUV surface. This is also reflected in generated 
surface plots, where the polymersome signal intensity is plotted over the liposome surface (figure S2). This 
variation in local density is most likely a result of stochastic, transient fluctuations due to the discrete number 
of polymersomes associated with a fluidic lipid membrane. These experiments were performed at pH 7.5, 
where the histidine side chains were able to form a complex with the Ni-charged NTA chelate, even when 
immobilized on lipid or polymer. This successful first attempt at binding shows the potential of the 
liposome/polymersome system as biomimetic system for studying the docking of nanoparticles to the surface 
of cells. 

Having established the successful docking of polymersomes to the GUV surface induced by complementary 
non-covalent interactions, we set out to study the pH-responsiveness of the docking behavior over time. To 
this end, polymersomes and GUVs were mixed at pH 7.5 and pH 5 and monitored with confocal microscopy 
over 16 hours with 1-hour intervals (Figure 3). At pH 5, the histidines present on the polymersome surface 
should be protonated and therefore unable to bind to the Ni-NTA motif on the GUV surface.  
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Figure 3. pH-dependent binding of polymersomes to the GUV surface over time: A. incubation at pH 7.5 and B. incubation 
at pH 5. The membrane fluorescence increases almost 3-fold within 16 hours at pH 7.5, while a steady signal is obtained at 
pH 5. When the pH of the solution was decreased from 7.5 to 5.3, this resulted in a marked decrease in fluorescent signal. 
Error bars depict the standard deviation in intensity between at least 10 measured GUVs. Scale bars = 10 µm. 

The membrane docking of polymersomes increased steadily over time and reached a plateau after ca. 10 hours 
of mixing - even though there was still an abundancy of free polymersomes present in the solution. Since two 
imidazole-motifs from the His-tag can bind per NTA chelate, it is possible that the availability of free Ni-NTA 
is depleted after 10 hours, or a steric effect from the polymersomes might intervene with additional binding. 
In either way, from the microscopy images, it seems most of the GUV surface was indeed covered by 
polymersomes (Figure S3). At pH 5, however, no binding over time was observed and only a background signal 
of membrane-adjacent, non-bound polymersomes was obtained (Figure 3B). In the case of the pH 7.5 
experiment, having reached maximum docking of polymersomes to the GUV surface, their subsequent release 
resulting from histidine protonation was studied. The pH was decreased to 5 by addition of dilute HCl and the 
membrane fluorescence was monitored over time with confocal microscopy. Indeed, after ca. 2.5 hours, a 
decrease in membrane fluorescence was observed, which continued to decrease until 4.5 hours. Within the 
measured timeframe, the polymersomes were not released completely as the membrane fluorescence did not 
decrease below the t=1 intensity at pH 7.5, suggesting that the release of polymersomes is a slow process. It 
must be noted that the polymersomes still bound to the surface of GUVs after acidification were mostly nested 
between agglomerated liposomes, creating a physical barrier for the polymersomes to be released. 
Nevertheless, the majority of GUV-bound polymersomes was released by acidification of the solution, thus 
verifying reversible docking and release of polymersomes to GUVs through the His-Ni-NTA interactions.    

In a final set of experiments, we explored the enzyme-regulated recruitment and release of polymersomes. 
Urease, an enzyme that hydrolyses urea into carbon dioxide and ammonia, was encapsulated into another 
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population of GUVs (acting as regulators and visualized with BODIPY), which were combined with Ni-NTA 
GUVs (acting as docking stations and visualized with Rhodamine B). The semipermeable phospholipid 
membrane allows the diffusion of urea into the lumen, where it is consumed by the compartmentalized urease. 
The subsequent release of ammonia leads to a pH increase, which could facilitate binding between 
oligohistidine-functionalized polymersomes and Ni-NTA-displaying GUVs. The GUVs and polymersomes were 
initially mixed at pH 5 to prevent any binding. The populations of polymersomes, regulator GUVs, and docking 
GUVs were incubated either with or without urea at RT for 15 hours, after which docking was analyzed with 
confocal microscopy (Figure 4). 

 

 
Figure 4. Urease-regulated pH-dependent binding of polymersomes to GUV surface A. in the absence of urea (pH 5) and B. 
after incubation with urea. Micrographs show the separate populations of Ni-NTA liposomes (red, Rhodamine B-labelled) 
and urease-loaded liposomes (green, BODIPY-functionalized) in the top row. Polymersome docking (blue, bottom row) is 
observed on the Ni-NTA functionalized liposomes after addition of urea, but not in its absence. C. Membrane fluorescence 
intensity of the polymersome channel (blue) shows an increase in GUV-associated polymersome fluorescence after 
incubation with urea, indicating binding. Scale bars = 10 µm. 

After incubation with urea, the pH of the medium had increased to ca. 7, at which the histidine groups should 
be deprotonated. Indeed, in these samples polymersome binding to the Ni-NTA GUVs (red) was observed 
(Figure 4B). In contrast, in the absence of urea the pH remained at 5 and no binding was observed (Figure 4A). 
It is also noteworthy that the green urease-loaded GUV population did not show any adsorption of 
polymersomes, as it did not contain any Ni-NTA groups. The enzyme-induced binding of polymersomes to the 
GUV surface was quantified by measuring the (area-normalized) membrane intensity (Figure 4C) and proves 
that the pH-induced polymersome docking in a synthetic multicellular consortium is modulated by enzymatic 
regulatory liposomes.  
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6.3 Conclusions and Outlook 

In this Chapter, we have demonstrated the pH-dependent dynamic docking of polymersomes to GUV surfaces. 
Due to the complementary chemical motifs on the surface of both vesicles, the specific binding of polymersomes 
at physiological pH was achieved. We observed that within 10 hours docking reached a plateau, having reached 
the maximum polymersome binding on the GUV surface for the conditions used. A decrease in binding was 
observed when the pH was lowered, demonstrating the environment-responsive and dynamic behavior of our 
system. This dynamic docking of polymersomes was further explored by incorporating enzyme-loaded GUVs 
into the sample, capable of enzymatically modulating the global pH in the presence of its substrate, driving the 
docking of polymersomes to the GUV surface. This nano-/microparticle platform can be further extended to 
study reversible recruitment to artificial cell models by employing esterase-loaded GUVs, which enable a pH 
decrease after addition of substrate. Additionally, the unique structure of polymersomes can be further utilized 
to incorporate active components, such as described in Chapter 5, to study binding kinetics and for example 
potential absorption mechanisms by which molecules can be delivered into the artificial cell. In the future, 
artificial cells could be further developed as communication hubs, in which polymersomes could act as 
communication intermediates, dynamically docking to GUV populations and exchanging molecules or 
substrates. Noteworthy, this project is still in its infancy and much work remains to be done to gain a better 
understanding in the underlying mechanisms involving docking and release processes. Nevertheless, this work 
demonstrates that dynamic engagement of different vesicular systems via molecular communication is feasible.   
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6.4 Experimental Details 

 
6.4.1 Materials and Instrumentation 

Materials 
All chemicals were used as received unless otherwise stated. For the synthesis of poly (ethylene glycol)-b-poly 
(D, L-lactide) (PEG-PDLLA), Poly (ethylene glycol) 1K and 2K were purchased from JenKem technology and 
freeze-dried before use. Maleimide-PEG-OH (3.5K) was purchased from JenKem. D, L-lactide was purchased 
from Acros and used as supplied. Cy5-sulfo-NHS was supplied by Lumiprobe. All phospholipids were obtained 
from Avanti Polar Lipids. Wang resin was obtained from Sigma Aldrich, and amino acids from 
NovaBioChem/Merck. Paraffin oil (0.86 g/cm3 at 20 °C) was from JT baker. Urease from Canavalia ensiformis 
(40,318 U/g solid), cholesterol and urea were purchased from Sigma-Aldrich. All other chemicals were supplied 
by Sigma-Aldrich and were used without any purification. Ultrapure MilliQ water obtained from Merck 
Millipore Q-Pod system (18.2 MΩ) with a 0.22 µm Millipore ® Express 40 filter was used for the polymersome 
self-assembly and their dialysis. Dialysis Membranes MWCO 12-14000 g mol-1 Spectra/Por® were used for 
dialysis during the stomatocyte formation. Sodium chloride was purchased from Merck.  

Instrumentation 

Nuclear Magnetic Resonance (NMR): Proton nuclear magnetic resonance measurements were performed 
on a Bruker 400 Ultrashield™ spectrometer equipped with a Bruker SampleCase autosampler, using CDCl3 as 
a solvent and TMS as internal standard. 

Gel permeation chromatography (GPC): GPC was conducted using a Shimadzu Prominence-i GPC system 
with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standard and equipped with 
a Shimadzu RID-20A differential refractive index detector and THF used as eluent with a flow rate of 1 mL min-

1. 
 

Dynamic Light Scattering (DLS): DLS measurements were performed on a Malvern instrument Zetasizer 
(model Nano ZSP) equipped with an autosampler. Zetasizer software was used to process and analyse the data. 

Confocal laser scanning fluorescence microscopy: Experiments were carried out using a Leica TCS SP8 or 
Leica TCS SP5 (for enzyme-regulated experiments) using Ibidi 8 well µslides with a glass bottom. Slides were 
treated with 1 mg mL-1 BSA in ultrapure water for 1 h to prevent lipid adsorption, followed by washing with 
ultrapure water. Rhodamine B was excited at 552 nm and emission was collected at 560-620 nm, Cy5 was 
exited at 638 nm and emission was collected at 650-750 nm, the BODIPY dye was excited at 495 nm and 
emission was collected at 505-540 nm. Image processing was performed with ImageJ.  

Analytical LC-MS: Samples were analyzed on a C18 Atlanis T3 5 µm 150 x 1 mm column using a gradient of 5 
– 100 % acetonitrile in water (+0.1% TFA) within 15 minutes. Detection was carried out by a Thermo Finnigan 
LCQ Deca XP MAX Mass Spectrometer. 
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6.4.2 Experimental procedures 

Ring opening polymerization (ROP) of poly(ethylene)glycol-poly(D,L-lactide) PEG-PDLLA block 
copolymers: 

 

 PEGn-PDLLAm was synthesized by ring opening polymerization starting from PEG-macro initiators and using 
DBU as a catalyst, as described previously18. Briefly, poly(ethylene) glycol (PEG) was weighed into a flame-
dried 50 mL round bottom flask. D, L-lactide (DLLA, 95 eq.) was added and all reagents were subsequently 
dried by co-evaporation with toluene. Thereafter, dry dichloromethane (DCM) was added (so that [monomer] 
= 0.5 M) under argon. Afterwards, 1,8-diazo-bicyclo[5.4.0]undec-7-ene (DBU, 0.5 eq. to PEG) was added to 
initiate the ring opening polymerization. The reaction was left stirring under Ar atmosphere at RT for 2 hours. 
Disappearance of monomer peaks was monitored using 1H-NMR spectroscopy. The reaction mixture was 
diluted with DCM and extracted with KHSO4 (2x), water (1x) and brine (1x). The organic layer was collected 
and dried with Na2SO4, filtered and concentrated in vacuo. The resulting oil was precipitated in ice-cold diethyl 
ether and lyophilized from dioxane to yield a white powder (yield = 75-85%).  

These polymers were prepared in Chapter 2, for dispersity values and 1H-NMR characterization, see Chapter 
2, section 2.5. 

Synthesis of H2N-PEG44-PDLLA95 

 

The synthesis and characterization of this polymer was described in Chapter 5, section 5.4. 

 

Coupling of Cy5-sulfo-NHS to H2N-PEG44-PDLLA95 

 

The synthesis and characterization of this polymer was described in Chapter 5, section 5.4.  
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Synthesis of Mal-PEG66-PDLLA95 

N
O

O

O

O

O
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O

O
H
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 To a 25 mL flame-dried round-bottom flask, Mal-PEG (100 mg; 0.1 mmol) and D,L-lactide (650 gr; 4.5 mmol) 
were added and all reagents were subsequently dried by co-evaporation with toluene. The compounds were 
dissolved in 10 mL dry toluene and the solution was heated under argon to 90 ℃. When all compounds were 
dissolved, stannous octoate (0.1 mmol; 33 µL) was added and the reaction was left stirring under Ar at 90 ℃ 
overnight. Disappearance of monomer peaks was monitored using 1H-NMR spectroscopy. Toluene was 
removed via evaporation and the resulting oil was precipitated from toluene 3 times in ice-cold diethyl ether 
and lyophilized from dioxane to yield a white powder (yield = 75%).  

1H-NMR (CDCl3): 6.74 ppm (Mal-PEG, 2H, singlet), 5.17 ppm (-C=OCHCH3-, 2H, multiplet), 4.31 ppm 
(PEGCH2-CH2-O-PDLLA, 2H, broad), 3.63 ppm (-CH2CH2O-, 4H PEG, multiplet), 3.60 ppm (-PEG-CH2-
CH2OPDLLA, 2H, triplet), 3.55-3.35 ppm (Mal-CH2CH2-PEG, 4H, triplets) and 1.59 ppm (C=OCHCH3-, 6H, 
multiplet).  

Dispersity values were measured with GPC, all analysis data is given in Table S1. 

Solid Phase Peptide Synthesis (SPPS) of H-Cys-His6-OH: Peptides were synthesized by standard automated 
Fmoc-SPPS (Intavis MultiPep RSi) using Wang resin. Fmoc-protected amino acids (4 eq.) were predissolved in 
DMF and coupled to the resin using DiPEA (8 eq.) and HBTU (4 eq.) for 30 minutes. Coupling steps were 
repeated once to increase conversion. After each coupling, to terminate all uncoupled chains, capping of the 
remaining free amines was performed by addition of 20 vol% acetic anhydride and 20 vol% pyridine in DMF. 
Fmoc deprotection was performed twice using 20 vol% piperidine in DMF for 20 minutes.  

Cleavage from the resin was performed by incubation with 94% TFA, 2.5% water, 2.5% EDT and 1% TIS for 
1.5 hours under argon atmosphere. The resin was filtrated and washed with TFA. The solution was precipitated 
in bulk ice cold diethyl ether and centrifuged to concentrate the sample. The supernatant was decanted and the 
precipitation procedure was repeated once. The remaining precipitate was dried under vacuum overnight to 
afford a white powder.  

LC-MS (ESI+): m/z calcd. 943.4 g/mol, measured 944.3 g/mol (Cys-His6, major) and 807.4 g/mol (Cys-His5, 
minor). 

Coupling of Cys-His6-OH to Mal-PEG66-PDLLA95: In a 2 mL vial, Cy5-His6-OH was added and dissolved into 
1 mL DMF and 0.5 mL TCEP resin (Piercer; (https://www.thermofisher.com/order/catalog/product/77712) 
was added. The solution was stirred very gently, to avoid grinding the resin, for at least 1 hour at RT to reduce 
any disulfide bonds. The solution was plunged through a 1 µm glass fiber syringe filter and the filter was 
washed twice with 1 mL DMF. Polymer (0.8 eq) in 1 mL DMF was added and the solution was left stirring 
overnight at RT. The mixture was diluted with DCM and extracted vigorously with water (3x) and brine (1x). 
The organic layers were collected and dried with Na2SO4, filtered and concentrated in vacuo. The product was 
lyophilized from dioxane to yield a white powder. Yield = 80-85%.  



Reversible docking of synthetic extracellular vesicles onto artificial cell surfaces 

141 
 

 6 

Disappearance of Mal peak (6.47 ppm, 2H, singlet) after coupling was confirmed by 1H-NMR. Conjugation 
efficiency of peptide was determined by 1H-NMR (signal at 7 ppm, imidazole: C=CH-NH, 6H) and found to be 
ca. 14%.  

Preparation of spherical polymersomes: In a 15 mL vial, 10 mg PEG22-PDLLA95 and 10 mg PEG44-PDLLA95 
were dissolved in 2 mL of THF and dioxane (4:1 v/v) unless stated otherwise and the vial was sealed with a 
rubber septum. The solution was stirred at 400 rpm for a minimum of 30 minutes prior to the addition of 
ultrapure water (2 mL, 1 mL h-1) via a syringe pump. The resulting cloudy suspension was transferred into a 
prehydrated dialysis bag (SpectraPor, MWCO: 12-14 kDa, 2 mL/cm). Dialysis was performed against ultrapure 
water at room temperature for max. 24 hours with a water change after 1 hour. 

For Cy5-functionalized polymersomes, 1 mg Cy5-functionalized polymer (5 wt%) was added to the polymer 
mix, decreasing the amount of PEG44-PDLLA95 accordingly. For His-tag functionalized polymersomes, 0.1 mg 
His-PEG66-PDLLA95 (0.5 wt%) was added from a stock solution prepared in THF.   

Preparation of GUVs: GUVs were prepared following a previously published droplet transfer method.19 Lipid 
stock solutions were mixed in chloroform with paraffin oil and heated to 80 °C for 30-60 min and were left 
under vacuum overnight. Solutions were stored at –20 °C and were used within two weeks. Paraffin stock 
solutions were mixed to obtain 200 µL of a solution containing DOPC, POPC and cholesterol in molar ratio of 
35/35/30. To obtain Ni-NTA-functionalized GUVs, 1% of DOGS-NTA-Ni was added. To label the membrane, 
0.06% of DOPE-lissamine rhodamine B was incorporated. Lipid solutions were sonicated at RT for 10 minutes 
in a sonicator and subsequently cooled on ice for about 15 minutes. Then, 20 µL of the inner phase solution (1X 
PBS, 200 mM sucrose, pH=7.4) was emulsified in 200 µL of lipid solution by vortexing for 25 sec while turning 
the reaction tube to prevent sedimentation. Emulsions were incubated on ice for 10 min and were then layered 
on top of 150 µL pre-cooled outer phase solution (1X PBS, 200 mM glucose) in a 1.5 mL Eppendorf tube and 
immediately centrifuged at 4 °C for 20 minutes at 3300 g. GUVs were harvested by puncturing the Eppendorf 
directly at the GUV pellet and collecting the aqueous layer.  

For preparing urease-containing GUVs, the DOPC/POPC/cholesterol solution was supplemented with 1% 
DSPE-PEG(2000)-biotin and 0.16% of bodipy-cholesterol. Then, the GUV assembly proceeded as described 
above. In this case, the inner phase (pH 5, 10 mM Acetate, 100 mM HEPES, 150 mM NaCl, 200 mM sucrose) 
was supplemented with 137 U/mL of urease (3.5 mg/mL).  After harvesting, to ensure removal of any 
unencapsulated material, urease-loaded GUVs were washed by centrifugation at 1500 g for 2 min and the 
supernatant was replaced with fresh outer phase (pH 5, 10 mM acetate, 100 mM HEPES, 150 mM NaCl, 200 
mM glucose), which was repeated twice.  

Docking experiments: In a typical experiment, a fraction of Ni-NTA GUVs solution (ca. 40 µL) was transferred 
to a microscope slide chamber, and then the volume was completed to 200 µL with outer phase solution. 8 µL 
of the corresponding polymersome solution (5 mg mL-1) were added. Slides were incubated at room 
temperature protected with a coverslip to prevent solvent evaporation. For enzyme-regulated docking 
experiments, 40 µL of urease-containing GUVs solution were added to the chambers (final mixture volume 
was kept to 200 µL). Urea was added directly to the chamber at a final concentration of 20 mM (by dilution of 
a 1 M stock). 

Image analysis: Confocal microscopy (CLSM) images were analyzed with ImageJ (Fiji). Membrane-bound 
polymersomes were quantified by outlining the GUV membrane, thereby leaving out the liposome center, with 
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the built-in polygon selection tool and the pixels from the polymersome channel were measured. The mean 
intensity value, which is area corrected, was extracted and used for quantification. Line profile plots were 
obtained by drawing a single line through the middle of the liposome, making sure both ends surpassed the 
membrane borders. With the built-in Line Profile function, pixel intensity of the polymersome channel was 
extracted. The line was then rotated over the liposome with 45° angles.  
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6.5 Supplementary Figures and Tables 

 

 

Polymer DP Average polymer composition (1H-NMR) Ð (GPC) 
Mal-PEG77-PDLLA95 98 PEG77-PDLLA98 1.21 

 

Table 1. Characterization of Mal-PEG77-PDLLA95 block copolymers. Analysis of all other polymers was described in Chapter 
2 and Chapter 5 (Cy5-PEG44-PDLLA95). GPC was used to determine dispersity values by Mw/Mn, as measured and calibrated 
by PS standards. NB: the molecular weights were not determined by GPC due to the large variation of the PS standard for 
PEG polymers. 

 

 

 
Figure S1. Dynamic light scattering intensity plots of A. unfunctionalized polymersomes (z-average: 460 nm, PDI: 0.05) and 
B. 0.5% His-tag polymersomes (z-average: 630 nm, PDI: 0.11). Note the size increase for polymersomes containing His-tag.  
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Figure S2. Surface plots extracted from binding experiments at pH 7.5, containing A. 1% NTA, 0% His-tag, B. 0% NTA, 
0.5% His-tag and C. 1% NTA, 0.5% His-tag. Surface plots were rendered from built-in software in ImageJ. 

 

 

 
Figure S3. Z-stack of Ni-NTA GUVs (red) and His-tagged polymersomes (blue) showing polymersome binding on the whole 
liposome surface.  
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Concluding Remarks  

 
Even though the implementation of polymersomes in actual clinical trials is still in its infancy, their future 
position in medicine is promising. This Thesis provides an overview on the development of morphologically 
discrete PEG-PDLLA nanoparticles and the implementation of these particles for the realization of functional 
systems. In Chapter 2, we have shown that by inducing simple variations in the block copolymer length, the 
shape transformation pathway could be altered, leading to the formation of stomatocytes rather than tubes. 
This control over the shape transformation of biodegradable nanoparticles opens a new avenue towards 
implementing biodegradable PEG-PDLLA polymersomes, developed in our group, in biomedical applications. 
Controlling the external parameters, for example the solvent ratio, as presented in Chapter 3, during 
polymersome fabrication impacted the extent of the shape transformation, emphasizing the importance of 
process optimization for nanoparticle formulation. Having optimized nanoparticle formation and subsequent 
shape transformation, we set out to discover the drug-carrier potential of the polymersomes. In Chapter 4 the 
drug loading into PEG-PDLLA polymersomes was studied and the optimization for obtaining morphologically 
discrete drug-loaded particles was performed. Particles with various morphologies showed shape dependent 
toxicity in vitro, however, uptake results did not show any shape preferred behavior. This suggests that the 
intracellular drug release behavior or trafficking varies per morphology. However, more studies, such as 
pharmacokinetics and live cell imaging, are required to verify this hypothesis. The shape transformation of 
PEG-PDLLA into stomatocytes was further utilized in Chapter 5 for the compartmentalized growth of 
biodegradable, catalytic inorganic nanoparticles, to facilitate non-Brownian motion in the presence of fuel. Such 
unprecedented biodegradable nanomotors were able to efficiently penetrate solid tumor tissue and the catalyst 
was completely degraded upon exposure to lysosomal amounts of glutathione. Finally, independent on 
morphology, in Chapter 6 we showcase a new principle where polymersomes can be used as a model to mimic 
intercellular communication. By conjugating compatible pH dependent motifs on the surface of polymersomes 
and GUVs, the pH induced binding and release of polymersomes to GUV surface was monitored. As a final set 
of experiments, the pH regulation was induced enzymatically, showcasing the cellular mimicking of this 
platform, opening up the way for new prospects in future research.  
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Future perspectives 
 
 
In this Thesis we have presented novel methods for morphological control in biodegradable polymersomes and 
have shown possibilities to include adaptive behavior in these structures. Both of the aspects are of great 
importance for the further development of the field of nanomedicine. In this section, I will elucidate further on 
some of the unexplored niches and promising future directions. 
 
Morphological control 
As was already mentioned in Chapter 4, although polymersomes have been attributed great potential in the 
field of nanomedicine, rational particle design for certain biomedical applications remains very difficult due to 
the lack of systematic analysis of particle behavior in a biological context. For example, the shape of 
polymersomes has shown to be a determining factor in its in vitro and in vivo behavior. However, which actual 
nanoparticle shape should be used for a specific application remains unclear. Related to that, nanoparticle size 
has been shown to be an imperative parameter for the particles’ fate in vivo. Biological barriers, such as the 
filtration systems and reticoendotheliar system (RES) all filter selectively based on morphology; particles must 
be carefully designed in order to evade these systems and reach targeted tissues. PEG-PDLLA nanoparticles can 
now be engineered in a variety of different shapes and sizes, enabling the wide-spread utility of such a platform 
to study the effect of particle dimensions on the in vivo behavior. Still, it remains difficult to attain a predictable 
relationship between morphology and biological response. For example, from the results described in Chapter 
4, where we used DOX-loaded polymersomes to study their effect on cell toxicity, we found that even though 
some effect of morphology on cell toxicity was observed, the outcome was not as profound as we had 
anticipated based on other reports in literature. This is not only a result of particle design, but also biological 
assays are not always representative. Our results were obtained from static experiments, where particles were 
added to a cell population in a confined space. Naturally, a living body is a much more complex system. 
Therefore, it would be beneficial to study the uptake and accumulation of our nanoparticles in vivo, to verify 
the particles’ fate and to evaluate the actual advantage of morphology on its drug delivery capacity. Additionally, 
the preliminary uptake studies on macrophages revealed that smaller particles and large tubular polymersomes 
have improved macrophage evasive behavior over the other morphologies and sizes. This advantageous 
property might be key to improving the biodistribution of the polymersomes. It would be valuable to first study 
the uptake of these particles in macrophages in flow, to further examine the interaction of the polymersomes 
with macrophages. The combined effort of studying nanoparticles in vivo and in vitro will provide invaluable 
information to the effect of nanoparticle morphology from both a physical (flow behavior) and biological 
(cellular interactions, immune response) point of view, bringing us closer to developing a new platform for 
cancer therapy.  
 
(Controlled) degradability of PEG-PDLLA polymer and polymersomes 
Poly(D, L-lactide) is a polyester which is, by its chemical structure, degradable by for example hydrolytic 
cleavage: when in contact with water the polylactide chains are prone to backbiting1. This degradation process 
generates active nucleophilic species meaning the degradation is autocatalytic and will continue until the 
polymer is completely broken down. Additionally, degradation can be initiated enzymatically. Indeed, lactic 
acid (LA) based polymers have been used extensively because of this feature for many applications, for example 
as packaging material.2 Since PDLLA has also been FDA-approved, these applications are also extended to 
biomedical (nano)materials and devices. None of the polymers that we have prepared showed signs of 
degradation (visualized by 1H-NMR or GPC) over time when kept in the fridge or freezer. It would be valuable 
to study the degradation behavior of PEG-PDLLA, as the labile link between PEG and PDLLA could be prone to 



Epilogue 

149 
 

acidic hydrolytic chain cleavage Additionally, thermodegradation experiments should be conducted to evaluate 
the degradability of PEG-PDLLA in vivo.  
 
Even though the degradability of PLA-based nanoparticles is well established3,4, until now, no ex-vitro empirical 
evidence on the degradability of our PEG-PDLLA polymersomes has been obtained. Experiments to improve 
the degradability of the polymersomes were attempted, for example by incorporating reduction-sensitive 
disulfide bonds between the PEG and PDDLA part which would dissociate in reducing (tumor) environments. 
However, this did not lead to dissociation of the polymersome, but mostly resulted in particle aggregation (due 
to interactions between the polymersomes and the reducing agent) or did not show any effect at all. The specific 
packing and low mobility of the PDLLA chains in  the polymersome membrane make them less accessible for 
reactive agents. This could be improved by increasing the membrane permeability, which would allow a better 
diffusion of small reagents into the bilayer. Additionally, multiple stimulus-sensitive groups can be placed 
throughout the polymer to increase their accessibility and therefore degradability. Studying the degradability 
of our PEG-PDLLA polymersomes in physiological conditions will also aid in understanding the durability of 
the polymersomes in vivo, which will be highly valued to assess their applicability in nanomedicine.  
 
Optimizing drug loading 
The drug loading efficiency in PEG-PDLLA polymersomes, as observed in this thesis, was found to be ca. 8-
10%. In comparison, the loading of drugs in micellar formulations is often much higher, with values reaching 
>90%.5 Aside from a wasteful process where a large portion of the drug is not encapsulated, the low loading 
efficiency also requires  large amounts of particles to be administrated to reach a therapeutically relevant drug 
concentration. This is not beneficial both from an economical and patients’ point of view. To improve drug 
loading, various ‘active’ loading methods have been developed over the years. For example, by creating a pH 
gradient over the membrane of the polymersome, drugs could be diffused through a plasticized membrane; 
due to the incapacity of the protonated form to permeate back through the vesicle wall, the drug was retained 
inside the polymersome.6,7 Another methodology is electroporation, which is commonly used to permeabilize 
a cellular membrane to introduce plasmid DNA in live cells by applying an electrical current.8 In polymersomes, 
membrane pores can be created to allow diffusion of small molecules and even macromolecules. Preliminary 
tests on inducing pH gradients into PEG-PDLLA polymersomes mostly led to aggregation, indicating that the 
polymersome formation process is affected by the pH of the water added during this procedure. Nevertheless, 
it might be worthwhile optimizing this methodology for PEG-PDLLA polymersomes as previous research 
utilizing vesicles have achieved substantial efficient drug encapsulation using this method.7 Electroporation 
experiments were also attempted and even though slight aggregation was observed, some DOX loading was 
confirmed. Both active loading methods hold potential in further increasing the drug loading in PEG-PDLLA 
polymersomes, however, require fine-tuning.  
 
Chemotactic behavior 
In nature, organisms are drawn towards high concentrations of food. Vice versa, negative chemotaxis allows 
organisms to escape from certain toxins. Chemotaxis is one of the critical abilities for the survival of living 
systems and scientists have attempted to recreate this behavior in synthetic cells. In the field of synthetic motile 
particles, such chemotactic behavior has been exploited to drive nanomotors. In Chapter 5, we developed new 
biodegradable nanomotors using PEG-PDLLA stomatocytes as chassis and MnO2 nanoparticles as the active 
component. This system can be further used as a model to study chemotaxis of active nanoparticles, where the 
nanomotors are driven towards higher concentrations of fuel, harnessing it for their motion. To study this in 
detail, the use of a microfluidic channel can be used to control both the flow of particles and the creation of a 
fuel-gradient. This method was previously used in a study, where they demonstrated both positive and negative 
chemotaxis of enzyme-coated liposomes.9 Studying chemotactic behavior of nanoparticles will provide us with 
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more insight into the motion of propulsive nanomotors and how these systems can be implemented for 
biomedical applications.  
 
Visualizing the origin of motion  
In Chapter 5, we imbued PEG-PDLLA stomatocytes with active components to induce non-Brownian motility 
into otherwise static nanoparticles. In the presence of fuel, a transition of diffusive to propulsive motion was 
observed from the MSD curves. Such nanoparticles with fast self-rotational diffusion τr should display a linear 
fitting for MSD at high ∆t, however, non-linear fittings were obtained at high concentrations of fuel. We have 
hypothesized that this is a result from the unique stomatocyte morphology, where bubble propulsion occurs 
from the particle neck, which counteracts the effect of rapid τr. To verify this hypothesis and study the bubble 
formation in stomatocytes in greater detail, we wanted to visualize this phenomenon with state-of-the-art 
techniques. In the Centre of Multiscale Electron Microscopy (CMEM), where we performed our tomography 
experiments, liquid phase TEM has recently been implemented. With this technique, nanoparticles can be 
visualized in a liquid rather than frozen state. The unique setup allows for the addition of fluids through the 
microscope cell, which would allow us to flow in fuel to our MnP-loaded stomatocytes. These visualization 
experiments would allow us to monitor bubble formation and subsequent nanoparticle propulsion and might 
provide us with more evidence of the unique propulsive behavior of our nanomotors. 
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Summary 

The development of polymeric nanoparticles that can be employed within the area of biomedicine progresses 
fast. Scientists from various disciplines have investigated possibilities to maximize the therapeutic potential of  
polymeric nanocarriers; in particular, the construction of polymeric nanoparticles through the self-assembly 
of biodegradable polymers has drawn much attention. From numerous studies it has become increasingly 
apparent that the size, shape and exposed surface of these particles play an important role in in vivo behavior. 
To this end, we have employed the biodegradable polyester block co-polymer PEG-PDLLA to form bilayered 
polymeric nanoparticles, or polymersomes, that can be subsequently shape transformed under hypertonic 
conditions. In this Thesis, biodegradable polymer particles with a variety of shapes have been constructed and 
their application potential in biomedicine has been explored. This Summary will provide a short overview of 
the most important results. 

In Chapter 2, insight into the shape transformation of polymersomes was obtained by carefully controlling the 
chemical composition of the PEG-PDLLA block copolymers. From literature, it is known that polymersomes 
comprising PEG-PDLLA can be shape transformed into prolate, tubular structures upon their exposure to 
hypertonic conditions. Intriguingly, polymers with a hydrophobic block with a higher glass transition 
temperature, such as poly(ethylene glycol)-poly(styrene) (PEG-PS) form oblate, bowl-shaped nanoparticles, or 
stomatocytes, under the same conditions. To create this morphology using PEG-PDLLA, longer hydrophobic 
block lengths were implemented and their assembly into polymersomes and subsequent shape transformation 
was studied. Indeed, larger block lengths led to the formation of stomatocytes, indicating that the shape 
transformation pathway had shifted from prolates to oblates. This effect can be explained by the spontaneous 
curvature, C0, on the membrane, which is reliant on the PEG anisotropy on the in- and exterior of the 
polymersome. Due to the thicker membrane, organic solvent, which enables membrane permeability and 
flexibility, is retained longer inside the polymersome structure during the shape transformation, creating an 
anisotropy in membrane architecture over the membrane. This creates a negative spontaneous curvature, 
leading to stomatocyte formation. The full shape transformation could be monitored with techniques such as 
cryo-TEM and asymmetric flow field flow fractionation (AF4). The unprecedented formation of fully 
biodegradable stomatocytes allows for further implementation of these structures in biomedical applications. 

In Chapter 3 our findings are described regarding the effect of formulation parameters on the resulting 
nanoparticle morphology. Aside from internal (chemical) alterations, as presented in Chapter 2, external 
parameters, such as solvent type/composition, also play an important role on particle formation and shape 
transformation. Polymersome fabrication, comprising PEG-PDLLA block copolymers, is traditionally carried 
out using a mixture of THF/dioxane (4/1 v/v%), however, when the ratio of this solvent composition was 
altered, particle formation and the extent of the shape transformation, i.e. the length of the formed tubes, was 
affected. Particles prepared in THF only were found to form stable polymersome suspensions; however, tubes 
formed after shape transformation were observed to be much shorter. Increasing the amount of dioxane led to 
elongation of the tubes, until the ratio of dioxane exceeded 50 v/v%, upon which aggregation was observed. 
This effect was ascribed to the delicate balance of solvent-induced intermolecular interactions between the 
polymer chain ends inside the polymersome membrane. Since THF and dioxane differ in solvent polarity, the 
ratio of both determines polymer conformation, or stretching, inside the membrane. This determines the 
membrane architecture and thereby bending rigidity, resulting in a slower or faster shape transformation, 
leading to respectively  shorter or longer tubes. This effect was even more pronounced in extruded particles 
with smaller sizes, which have a higher curvature and are therefore affected more severely by variations in 
membrane rigidity.  
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Having established the defining factors that are imperative for the controlled shape transformation of 
polymersomes, Chapter 4 describes how PEG-PDLLA polymersomes can be used as a drug delivery vehicle. 
Anti-cancer drug doxorubicin (DOX) was encapsulated and the formation of drug-loaded particles was studied. 
The loading of both hydrophilic and hydrophobic DOX in the polymersomes was investigated and it was found 
that the loading efficiency of hydrophilic drug was significantly lower than the hydrophobic variant. The 
hydrophilic DOX most likely diffuses out of the polymersome during the dialysis procedure, whereas the 
hydrophobic DOX is retained in the hydrophobic membrane. Loading efficiency of hydrophobic DOX was found 
to be ca. 10%, increasing the DOX feed during formulation did not increase loading efficiency, as the drug’s 
restricting solubility prevented full incorporation in the membrane. From the findings in Chapter 3, we found 
that the shape transformation is a delicate process, which is highly affected by the membrane properties. 
Therefore, slight alterations to the membrane, by, for example, encapsulation of hydrophobic cargo, might 
impede shape transformation. Indeed, the addition of DOX to the polymersome membrane led to the disruption 
of the shape transformation pathway, preventing tube formation, which was counteracted by modifying the 
THF and dioxane ratio during polymersome formation and extrusion. After establishing a reproducible method 
of obtaining DOX loaded polymersomes in various morphologies, the particles were incubated with human 
lung cancer cells, where a morphology specific toxicity was observed. Uptake studies did not show morphology 
preferent uptake, suggesting that either the intracellular release of DOX or the intracellular trafficking of DOX-
loaded particles are the result of the morphology dependent cell toxicity. However, more in-depth studies on 
the intracellular behavior of DOX-loaded PEG-PDLLA polymersomes are required to draw a concrete 
conclusion on this effect.  

Imbuing biodegradable polymersomes with certain functions is an important step in the development of 
specialty nanotherapeutics and their implementation in biomedical applications. Recently, the field of motile 
nanoparticles, able to demonstrate non-Brownian movement, has made progress on increasing particle uptake 
and penetration in, for example, densely packed tumors. In Chapter 5 we show our successful attempts at 
inducing motion in PEG-PDLLA stomatocytes by the compartmentalized growth of inorganic manganese 
dioxide nanoparticles (MnP) inside the particle stomach. Similar to the biocatalyst catalase, MnPs catalyze the 
conversion of H2O2, abundant in tumor microenviroments, into oxygen and water, driving the propulsion of 
stomatocytes. The movement of MnP-loaded stomatocytes was studied in detail in the presence of H2O2. 
Indeed, the particles showed non-Brownian motility, reflected in their mean squared displacement which 
demonstrated the transition from diffusive to propulsive movement upon addition of H2O2. After consumption 
of fuel, the stomatocytes could be reactivated for multiple cycles, demonstrating the stability of the system. 
Importantly, when exposed to high glutathione levels, similar to the cell cytosol, it was demonstrated that the 
catalyst was depleted, rendering the nanomotor inactive. The full degradability of the system is vital for the 
nanomotor’s enhanced applicability in nanomedicine. As a final set of experiments, we showed that our motors 
remained active in physiological in vitro conditions and demonstrated enhanced tumor penetration as 
compared to non-active particles.  

Finally, in Chapter 6, polymersomes were investigated as a platform to mimic intercellular dynamic 
interactions. Replicating natural cellular interactions and transportation mechanisms will aid our 
understanding on living systems. We were particularly interested in the reversible docking and release of 
extracellular vesicles on cellular surfaces to facilitate intercellular communication. To this end, we used Giant 
Unilamellar Vesicles (GUVs) as cellular mimics and polymersomes as synthetic extracellular vesicles. By 
functionalizing the surfaces of both the GUV and the polymersomes with complementary motifs, the reversible 
recruitment and release of polymersomes was studied. We employed the pH dependent binding of the Ni-NTA 
chelate with oligohistidine-peptides to guide the docking and release of polymersomes to GUVs. We were able 
to visualize the binding of polymersomes to the GUV surface at pH 7.5 with confocal microscopy. Indeed, 
without this surface functionalization, no binding was observed, proving that the interaction is driven by the 
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complexation between Ni-NTA and histidine and disproving the presence of any non-specific adsorption. We 
observed the binding of polymersomes at pH 7.5 over time and reached a plateau after about 10 hours after 
mixing GUVs and polymersomes. At pH 5, where the histidine-peptides were protonated, which impeded their 
complexation with the Ni-NTA moiety, no binding over time was observed. After docking at pH 7.5, we lowered 
the pH to 5 and observed that polymersomes were slowly released from the surface, demonstrating the 
dynamicity of this system. This whole process was repeated by enzymatically controlling the pH; using urease-
loaded GUVs and urea as fuel, the pH was increased, which facilitated binding. With this system we have 
developed a basis for further research into mimicking dynamic intercellular reactions. 
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Nederlandse Samenvatting 
 
Miniscule deeltjes op de nanoschaal opgebouwd door polymeren zijn veelbelovende materialen voor nieuwe 
medicinale of therapeutische toepassingen. Over de jaren heen is een grote verscheidenheid aan materialen 
ontwikkeld waaruit deze nanodeeltjes kunnen worden opgebouwd en sinds een decennium is de aandacht 
vooral geconcentreerd op het gebruik van biocompatibele en bio-afbreekbare materialen, die geen toxische 
effecten op het lichaam kunnen hebben. In dit proefschrift maken we gebruik van polymeren die zowel een 
hydrofiele (waterlievende) als een hydrofobe (watervrezende) kant bevatten. Deze zogenaamde amfifiele 
polymeren kunnen zich spontaan vormen in een hol nanodeeltje met een dubbellaags membraan. Deze 
nanodeeltjes, ofwel polymersomen (een conjunctie van polymeer en liposoom, natuurlijk voorkomende holle 
deeltjes) kunnen medicijnen en andere moleculen opslaan in hun holte en hun membraan waardoor ze als 
nieuwe medicijndragers kunnen dienen. Hierbij kunnen deze deeltjes in het lichaam worden gebracht en het 
medicijn specifiek afgeven bij het zieke weefsel, waarbij de gevaarlijke neveneffecten van bijvoorbeeld 
chemotherapie kunnen worden vermeden. 

 
Uit verscheidene onderzoeken is gebleken dat de vorm en dimensies van deze polymersomen van invloed is op 
hun gedrag in het lichaam. Zo hebben sommige deeltjes door hun vorm of grootte meer neiging om naar de 
rand van bloedvaten te migreren dan anderen, wat kan leiden tot een betere of juist slechtere afgifte bij het 
doelweefsel. Het is daarom belangrijk om te onderzoeken hoe we de dimensies van deze deeltjes kunnen 
controleren en daarmee kunnen bestuderen hoe deze polymersomen zich door het lichaam navigeren. 
Daarnaast is het van belang om te bekijken hoe we deze vorm kunnen gebruiken om de deeltjes van bepaalde 
functies kunnen voorzien, wat hun functionaliteit in medische toepassingen kan vergroten. In dit proefschrift 
beschrijf ik de methoden om polymersomen opgebouwd door PEG-PDLLA polymeren te kunnen 
vormsveranderen en hoe we vervolgens deze vormen kunnen gebruiken voor het introduceren van 
verschillende functionaliteiten. 

 
In Hoofdstuk 2 hebben we gekeken hoe de lengte van de polymeren van invloed is op de resulterende structuur 
van de polymersomen. Vanuit de literatuur is het bekend dat PEG-PDLLA polymersomen kunnen 
vormsveranderen in tube-vormige deeltjes wanneer een osmotische druk op het membraan wordt toegepast, 
wat resulteert in een volume reductie in de binnenkant van het deeltje. Wanneer echter het veel glasachtigere 
PEG-PS wordt gebruikt, vormden zich komvormige in plaats van tubevormige deeltjes. Om het PEG-PS 
polymeer na te bootsen en zo de vorming van komvorige deeltjes, of stomatocytes, te kunnen induceren, 
hebben we de hydrofobe ketenlengte van PDLLA verlengd en vervolgens de vormsverandering bestudeerd. 
Inderdaad, wanneer langere ketenlengtes werden geïmplementeerd in de polymersomes, observeerden we de 
formatie van stomatocytes wat betekent dat het vormsveranderings-mechanisme is veranderd. Dit effect wordt 
veroorzaakt door de spontane membraanbuiging, C0, die afhankelijk is van de polymeerarchitectuur, of 
zwelling, in het membraan. Doordat de hydrofobe ketenlengte vergroot is verblijven organische oplosmiddelen, 
die membraanflexibiliteit en permeabiliteit veroorzaken, langer binnen de polymersoom wat ervoor zorgt dat 
de polymeerzwelling anders is in de interieur dan het exterieur van het polymersoom. Deze anisotropie in 
polymeerzwelling leidt tot een negatieve spontante membraanbuiging en uiteindelijk stomatocyte formatie. Dit 
onderzoek was de eerste die deze vormsverandering kon induceren in biodegradeerbare polymeren en zal van 
invloed zijn op het implenteren van PEG-PDLLA polymersomen in biomedische toepassingen.  

 
Hoofdstuk 3 beschrijft onze bevindingen over het effect van formuleringsparameters op de morfologie van de 
resulterende polymersomen. In plaats van chemische aanpassingen, externe parameters zoals type of 
compositie van het oplosmiddel dat gebruikt wordt tijdens formulatie zijn van groot belang op de vorming van 
de nanodeeltjes. Reguliere polymersoom formatie van PEG-PDLLA polymeren wordt doorgaans uitgevoerd in 
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een mengsel van THF en dioxane (4/1 v/v%), echter, wanneer deze ratio werd omgedraaid bleek de 
deeltjesformatie en de vormsverandering beïnvloed te worden. Deeltjes gevormd in alleen THF vormden 
stabiele polymersoom suspensies, maar de tubes na de vormsverandering waren korter dan de reguliere tubes. 
Door meer dioxaan toe te voegen konden de tubes worden verlengd, echter aggregatie werd geobserveerd 
wanneer een dioxaan inhoud van 50 v/v% werd overschreden. Dit effect wordt in de literatuur toegeschreven 
aan oplosmiddel-geïnduceerde intermoleculaire interacties tussen de polymeer ketens binnen het 
polymersoom membraan. THF en dioxaan verschillen in polariteit, waardoor de verschillende ratios die 
toegevoegd worden tijdens polymersoom formatie, de polymeer conformatie, of architectuur, beïnvloedt 
binnen het polymersoom-membraan. Hierdoor wordt de membraanbuiging en stijfheid bepaald, wat resulteert 
in een langzamere of snellere vormsverandering, ofwel kortere of langere tubes. In geëxtrudeerde, kleinere 
deeltjes was dit effect nog duidelijker; de hogere membraanbuiging in deze deeltjes zijn sneller beïnvloedt door 
variaties in membraan-stijfheid.  

 
De vormsverandering van PEG-PDLLA polymersomen onder controle hebbende, zijn we in Hoofdstuk 4 gaan 
onderzoeken hoe we polymersomen kunnen gebruiken als medicijndragers. Kankermedicijn doxorubicinn 
(DOX) werd gebruikt om te incapsuleren en de formatie en vormsverandering van de DOX-gelade deeltjes 
werd onderzocht. De incapsulatie van hydrofiele en hydrofobe DOX, die zich respectievelijk vestigen in de holte 
of het membraan van de polymersoom, werd bekeken waaruit bleek dat de incapsulatie-efficiëntie van 
hydrofobe DOX hoger lag dan de hydrofiele variant. Het is zeer aanneembaar dat de hydrofiele DOX uit het 
membraan lekt tijdens dialyseren van polymersomen (om organisch oplosmiddel te verwijderen), terwijl de 
hydrofobe DOX achterblijft in het membraan. De incapsulatie-efficiëntie van hydrofobe DOX was ca. 10%. Het 
verhogen van de toegevoegde concentratie DOX tijdens formatie verhoogde deze waarde niet, waarschijnlijk 
door de slechte oplosbaarheid van het DOX molecuul. Vanuit onze bevindingen in Hoofdstuk 3 wisten we dat 
veranderingen in het membraan van het polymersoom de vouwing van de polymeren beïnvloedt, wat effect 
heeft op de formatie en vormsverandering van de nanodeeltjes. Zo ook bleek de toevoeging van hydrofobe DOX 
van invloed op de vormsverandering van PEG-PDLLA polymersomen, wat verholpen werd door het fine-tunen 
van de oplosmiddel compositie tijdens formatie en extrusie procedures. Nu de gecontroleerde formatie van 
DOX gelade polymersomen was geoptimaliseerd, hebben we de nanodeeltjes geïncubeerd met menselijke 
longkankercellen. Hierbij werd een effect van vorm geconstateerd op de DOX geïnduceerde toxiciteit op cellen. 
Internalisatiestudies lieten geen direct verschil zien in vorm, wat betekent dat het toxiciteitseffect wordt 
veroorzaakt door het intracellulaire transport van polymersomen, wat een vormsafhankelijkheid kan hebben. 
Meer studies zijn nodig om de intracellulaire bewegingen van polymersomen te bekijken om een concrete 
conclusie te trekken op dit effect.  

 
Het implementeren van bepaalde functies of moleculen in polymersomen is een belangrijke ontwikkeling voor 
het produceren van specialistische nanotherapeutica die kunnen worden toegepast in de medische industrie. 
Het onderzoeksveld van bewegende nanodeeltjes, die een niet-Brownse beweging laten zien aan de hand van 
een bepaald impuls, is de laatste jaren een veel onderzocht onderwerp. Hierbij wordt vaak gekeken naar het 
gebruik van deze nanodeeltjes voor een toegenomen opname van nanodeeltjes in bijvoorbeeld tumoren. In 
Hoofdstuk 5 laten we onze succesvolle pogingen zien om stomatocytes van PEG-PDLLA, zoals ontwikkeld in 
Hoofdstuk 2, niet-Brownse beweging te bevatten, door de gecompartmentaliseerde groei van inorganische 
mangaan dioxide nanodeeltjes (MnP) in de stomatocyten. Vergelijkbaar met enzymatische catalysten, zoals 
catalase, kunnen MnPs de conversie van H2O2 (die aanwezig is in tumor micro-omgevingen) catalyseren in 
water en zuurstof. Doordat de zuurstof moet ontsnappen van de stomatocytes, zullen deze O2-bubbels de 
stomatocytes voortstuwen. De MnP gelade stomatocytes lieten inderdaad voortstuwing zien in het bijzijn van 
H2O2, wat wordt gereflecteerd in de Mean Squared Displacement (MSD) en waaruit bleek dat de deeltjes een 
transitie ondergaan van diffusieve naar voortstuwende beweging. Na de volledige consumptie van de H2O2 
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konden de stomatocyten enkele cycli opnieuw geactiveerd worden, wat de stabiliteit van deze MnPs indiceerd. 
Deze nanomotors konden permanent worden gedeactiveerd in hoge glutathion niveaus, op concentraties die 
voorkomen na celopname, wat belangrijk is voor de toepassing in biomedische industrie. Ingebrachte deeltjes 
dienen immers uiteindelijk volledig afgebroken te kunnen worden. Als een laatste experiment hebben we 
gedemonstreerd dat de nanomotors actief blijven in in vitro omgevinden en lieten we zien dat ze capabel zijn 
om tumor weefsel dieper te doordringen dan niet-actieve deeltjes. Met dit onderzoek hebben we het eerste 
voorbeeld van een volledig degradeerbare nanomotor laten zien.  

 
Als laatste laten we in Hoofdstuk 6 een proof-of-principle platform zien om polymersomen te gebruiken als 
model om intercellulaire reversibele interacties te bestuderen. Het nabootsen van natuurlijke celinteracties en 
transportmechanismes is van groot belang om beter inzicht te krijgen in het functioneren van levende 
organismen. Wij waren met name geïnteresseerd in het reversibele docken en loslaten van natuurlijke 
extracellulaire deeltjes op celoppervlakken die zorgen voor intercellulaire communicatie. Hiervoor hebben we 
liposomen (GUVs) gebruikt als cell nabootsende deeltjes en polymersomen als synthetische extracellulaire 
deeltjes. Door het oppervlak van beiden de GUVs als de polymersomen te functionaliseren met complementaire 
moleculen, konden we het reversibele aanhechten en loslaten van nanodeeltjes bestuderen. Wij hebben de pH 
afhankelijke complementaire binding van histidine-peptiden en het Ni-NTA chelaat gebruikt om de binding te 
onderzoeken. We konden de binding visualiseren met microscopie waarbij de polymersomen op het GUV 
oppervlak gebonden waren op pH 7.5, terwijl ongefunctionaliseerde polymersomen niet deden binden onder 
dezelfde condities. Op pH 5, waar de histidines geprotoneerd zijn en niet meer kunnen binden aan Ni-NTA, 
werd geen binding geobserveerd. Door eerst de binding van polymersomen te bekijken over tijd, waarna de 
pH werd verlaagd, konden we de loslating van polymersomes van het GUV oppervlak bekijken over tijd. 
Inderdaad, de nanodeeltjes werden langzaam losgelaten van het oppervlak, wat de reversibiliteit van het 
systeem bewijst. We konden dit proces herhalen met een enzymatisch gecontroleerde pH door urease-gelade 
GUVs te prepareren en urea toe te voegen aan de suspensie. Urea wordt door urease omgezet in ammonia, wat 
de pH verhoogd  en dus resulteert in binding van polymersomen. Hiermee hebben we de basis van een nieuw 
systeem opgezet dat gebruikt kan worden voor het bestuderen van dynamische intercellulaire interacties.  
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Dankwoord 

Daar zijn we dan: het dankwoord. Het deel van een proefschrift waar menig mens toch even als eerste spiekt. 
En terecht! Een promotietraject doe je immers niet alleen. Soms voelt dat wel zo, juist in de momenten waarin 
alle experimenten ineens mislukken en niemand je kan helpen (vaak toch wel, maar je wil soms gewoon even 
badderen in de Grote Oceaan der Zelfmedelijden). Maar uiteindelijk zijn je collega’s, vrienden en familie juist 
diegenen die je weer even op weg kunnen helpen, al is het maar door een kopje klaagkoffie te drinken. Dit 
hoofdstuk en het einde van dit proefschrift wil ik dan ook wijden aan hen die mij door de jaren heen hebben 
bijgestaan, geholpen en ondersteund. 

Allereerst, natuurlijk, Jan. Ik kwam de eerste keer bij jou op bezoek als 21-jarige op zoek naar een leuke stage. 
Het was mijn tweede jaar op de universiteit en ik was eigenlijk nog een beetje verdwaald tussen de 
onderzoeksgroepen. Tijdens een oriëntatiedag kwam ik uit bij jouw groep, waarbij jouw PhD-ers degenen 
waren die het meest enthousiast over hun werk vertelden. Na het afronden van mijn Master was ik dan ook 
zeer geïnteresseerd om bij jou verder te gaan als PhD student, waar jij gelukkig ook voor open stond. Op 1 april 
ben ik begonnen en kreeg ik al snel te horen dat we gingen verhuizen naar Eindhoven. De initiële shock was 
er wel, ik was immers als Zuiderling net gewend aan Nijmegen, maar uiteindelijk heb ik me enorm vermaakt 
met het inrichten van onze zuurkasten en lab om ons onderzoek voor te zetten. Het was niet altijd even 
gemakkelijk, maar we hebben ons er uiteindelijk samen doorheen geslagen en zijn als groep er sterker 
uitgekomen. Ik dank je voor al die jaren aan wijsheid en ondersteuning en wens je veel succes met het verder 
voortzetten van je onderzoek.  

Loai, copromotor, vriend en vertrouwenpersoon, ik leerde jou kennen toen ik nog stagiaire was in Nijmegen 
en jij in de afrondende fase van je PhD zat. Volgens mij was het een DLS introductie of iets dergelijks, daar was 
jij immers verantwoordelijk voor op de 8e vleugel. Toen ik ging promoveren hebben we kort contact gehad, 
omdat mijn project overlap had met die van jou, maar vanwege de verhuizing (en andere zaken…) hebben we 
elkaar een beetje uit het oog verloren. Toen we naar Eindhoven waren verhuisd heeft Jan jou binnen gehengeld 
voor een positie als assistent professor (ontzettend knap zo direct na je PhD!) en zo kwamen we uiteindelijk 
samen te werken. Ons tripje naar Soochow was zeer memorabel. Ik heb me enorm geamuseerd in het enige 
westerse café in de buurt (waar we regelmatig te vinden waren in de avond) voor een biertje en Westers voedsel 
(‘we also have… steak’). De spaghetti, pizza’s, burgers en uiteindelijk toch ook authentiek eten wat we daar 
verorberd hebben waren een perfecte basis voor een goed en leuk gesprek. Samen met Pascal, die ‘eventjes’ op 
bezoek kwam, hebben we ons toch goed geamuseerd in een voor ons vreemd en nieuw land. Eenmaal 
thuisgekomen hebben we altijd goed contact gehad, zowel op persoonlijk als op wetenschappelijk gebied, en ik 
ben dan ook blij dat je mijn copromotor ben geworden. Je hebt me enorm veel geleerd, wat ik voor altijd bij me 
zal dragen. Ik wens je veel succes met je verdere carrière, je komt er wel!  

Out of sight, out of mind - but not really. Dave, I met you when I was still an intern in Jan’s group and quickly 
got to know you as a British whirlwind, running around on the lab and doing a million different projects. 
During my PhD you helped me get on my feet and start my project, you supervised me for the first year or so 
and made sure I landed that first publication. You were the driving force in the moving of the lab and I 
remember you still sitting next to me with that huge VWR catalogue, trying to figure out what equipment we 
needed in our new lab. After that, we enjoyed many beers, footlong Subs and drinks together and generally 
had a great time. You taught me how to think and act like an academic and everything I needed to know about 
polymers and polymersomes. I was sad to see you leave, but that’s how it goes in universities. I am glad we still 
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have the occasional contact and I hope that remains. Thanks for everything you taught me and the good times 
we had. I wish you all the best with your bright career and all the luck in the world with your beautiful wife 
and little baby on the way!  

I would also like to thank my manuscript committee Bert Meijer, Anja Palmans, Tina Vermonden, Heiner 
Friedrich and Ayusman Sen for critically assessing my thesis and for their time and participation in the 
doctoral defense ceremony. 

En dan, Nijmegen! Die eerste dag voor mij als PhD’er was toch al wel heel erg spannend, al helemaal als je dan 
te horen krijgt dat je over een half jaartje gaat vertrekken. Lieve Lise, ik zie nog steeds jou sombere gezicht 
toen ik aan kwam huppelen (nouja, niet letterlijk) in de ochtend. Aan jou de taak om het nieuws te vertellen. 
Voor jou was het erg lastig, gezien je nog anderhalf jaar te gaan had en dus niet wist waar je je onderzoek wilde 
gaan afronden. Ik kende je al een beetje vanuit mijn stage, maar ik heb tijdens mijn PhD je toch echt goed leren 
kennen en zijn we ontzettend goede vrienden geworden. Onze wegen scheidden zich toen wij naar Eindhoven 
vertrokken, maar ik was heel erg blij dat je uiteindelijk toch gedeeltelijk in Eindhoven kwam ‘typen’. Ik was 
zeer vereerd jouw paranimf te mogen zijn en ik weet zeker dat we nog vele gezellige, met wijn gevulde, 
momenten gaan hebben samen! Dan, de rest van de crew in Nijmegen. Fleur, Selma, Lianne, Lise, Bastiaan, 
Victor, Hidde, Ivan, Abbas, Rens, Emilia, Joep, Dave, Ilmar, Jan Pille, Marcel, Marlies,  en volgens mij 
vergeet ik hier nog heel veel mensen, bedankt dat jullie me zo thuis hebben laten voelen in het eerste deel van 
mijn promotie! De wandelingetjes door het bos of de lunchsessies in het gras (met in die tijd nog een hoop 
Pokémon Go, toch Lianne en Rens?) hebben me goed gedaan om te relativeren. We hebben heel wat thee en 
koffie samen gedronken voorafgaand aan de verhuizing, wat het afscheid niet makkelijker maakte, maar 
waardoor ik wel alleen maar fijne herinneringen aan die tijd heb overgehouden. Lianne, jij zat in mijn U-tje 
en zodoende heb ik jou ook veel beter leren kennen. Onze gezamenlijke liefde voor (speciaal)bier bezegelde 
onze vriendschap en ondertussen zijn we frequent bezoekers van bierfestivals, waar ik graag terug naar Nimma 
voor kom! Toen ik binnenkwam zat jij net in die meest stressvolle periode van je PhD (de periode waarin alles 
af moet, maar ineens alles mislukt), maar ik heb ook mogen zien hoe je je daar keihard doorheen hebt geslagen 
en gewoon die titel gehaald hebt. Ik heb genoten van onze lunch/theemomentjes en later ook de festivals die 
we samen bezochten (en dat ook blijven doen). Hmm, tijd voor een biertje? Bastiaan, toen ik begon was jij net 
gestart aan de Review des Doods. Ik zag je maar typen en typen en er leek geen einde aan te komen. Af en toe 
je handen in je toen nog korte, doch weelderige lokken, maar toch bleef je doorknallen. Ik heb met bewondering 
gekeken hoe je je door je ontzettend complexe (of gecompliceerde…) onderzoek hebt gewerkt en je hebt dan 
ook een killer proefschrift afgeleverd. Ik ben blij dat je met ons mee naar Eindhoven bent gekomen, want ik 
had onze koffie/lunch/bier pauzes voor geen goud willen missen. Het was bijna een rouwproces toen je 
vertrokken was, maar gelukkig hebben we nog steeds vaak contact en dat gaan we zo houden ook! Zwengel 
die fancy espressomachine maar aan! 

Geen promotietraject is compleet zonder dat enorme team aan kennisdragers op de universiteit. Peter van 
Galen, Helene, Ad en uiteindelijk Paul, jullie droegen de verantwoordelijk om de analytische aparatuur 
draaiende te houden ondanks dat er een heel stel jonge mensen de hele boel continue zit te verstoren met hun 
(incompetente) berenhanden. Ondanks dat stonden jullie altijd direct klaar om te helpen en mij meer te leren 
over de technieken en de achterliggende theorie, ik ben daar enorm dankbaar voor. Jullie aanwezigheid is 
onmisbaar! Geert-Jan, jij hebt me enorm geholpen met cryo-TEM metingen en was ook begonnen om mij de 
kneepjes van het vak te leren. Ik heb uiteindelijk zelf ook veel TEM werk mogen doen en ik dank je dan ook 
voor het fijne opstapje. Hans, de peptide-man, ondertussen ben je fijn gepensioneerd, maar voor mij was jij 
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een vast onderdeel van het lab. Elke ochtend was je er al, eerder dan de rest, de peptide-synthesizers 
aanzwengelen en in de tussentijd je krantje lezen. Je stond altijd voor iedereen klaar om hulp te bieden en hebt 
mij ook regelmatig een peptide gemaakt als ik het wat druk had (‘kom maar hier meidje’). Dank voor al je hulp 
en geniet van je welverdiende pensioen. Dan natuurlijk, Peter van Dijk en Jan D., zonder jullie lag de OrgChem 
vleugel volledig plat. Jullie regelden alles voor iedereen en zorgden dan ook nog eens voor gezelligheid. 
Dankjulliewel! Marieke, ik weet niet hoe jij altijd je zaken zo ontzettend goed op orde hield met al die taken 
die jij op je bordje had (hebt) liggen, maar je kreeg het toch altijd weer voor mekaar. Als ‘moeder’ van de 
afdeling zorgde jij dat ik me enorm thuisvoelde en kon ik altijd langs om even te kletsen of om mijn ei kwijt te 
kunnen. Toen we met Lise haar boekje kwamen uitdelen op de afdeling (toen we al in Eindhoven zaten) was 
jij dan ook de eerste die (letterlijk) aan kwam rennen met armen gespreid om ons een dikke knuffel te geven. 
Je bent een bijzonder en lief persoon en iedereen mag blij zijn om jou in een team te hebben.   

En toen gebeurde het, in oktober 2016 verhuisden we naar Eindhoven. Het begin was vreemd en onwennig en 
ik kan me dan ook goed voorstellen hoe raar het is als ineens een hele groep mensen de afdeling op komt 
stormen om niet alleen kantoorruimte, maar ook zuurkasten te claimen.  Ondanks dat zijn we uiteindelijk goed 
geïntegreerd op de TU/e en zijn we ook warm ontvangen binnen het Eindhovense. Samen met Pascal, Dave, 
Jan P., Hailong, Shoupeng, Roxane, Mona en natuurlijk Bastiaan kwamen we binnen en hebben we ons 
kantoortje gevormd. We were part of the small group to move to Eindhoven and together we made sure that 
we would remain a strong, happy group. We re-organized group meetings and made sure we sat down to lunch 
together. Eventually the group started growing and we all went our own way again, but I think back warmly 
of our small group together and how we supported each other during this time. Thanks!  

En toen werd onze groep groter! Loai, Yigit, Wiggert, Bastiaan, Wouter, Duc, Alex, Toni, Teresa, Roy O., 
Gilad, Chiara, Roxane, Jingxin, Shidong, Marleen, Bingbing, Suzanne, Daan, Jan Pille, Roxane, Victor, 
Shoupeng, Hailong, Mona, Jaleesa, Lise, Annelies, Amy and Jianzhi, thank you so much for the good times 
and legendary group outings we had the past couple of years. Every one of you was always so very kind and 
willing to help, which is such an underappreciated quality in scientists. I wish you all the very best in continuing 
your own research and any future endeavors, may we meet again! My office mates: Bastiaan, Pascal, Marleen, 
Roxane, Shoupeng, Jianzhi, Hailong, Liduo, Dave, Lise, thanks for the great times and moral support during 
those typical PhD moments and I apologize deeply for my loud laughter, I hope I didn’t keep you too much 
from doing your work.  

Uiteindelijk zijn we als groep helemaal opgenomen door de andere groepen op de afdelingen en door ontzettend 
lieve collega’s. Wat ben ik blij dat ik jullie heb leren kennen: Eline, Eva & Jurgen (onze overburen!), Sebas 
(mede-veiligheids-slachtoffer), Pim (bier?), Dan Jing (met je mooie tassies, we moeten nog steeds die 
pipethouder patenteren), Simone, Marcos (I’ll never forget the pigeon brest thing…), Peter, Lenne, Maaike, 
Galen, Iris, Femke, Rens, Madita and many more, thanks for all the great times! 

Lenne en Maaike, topteam, onze gezamenlijke liefde voor alpaca’s (of soms blijkbaar een vicuña, volgens 
Maaike) en gin zorgde voor een onmiddelijke band. Lenne, jij zit (zat) in hetzelfde bootje als ik en dat was 
vooral tegen het einde toch wel erg prettig. Even klagen of steun verlenen was echt heel fijn en ik heb met 
enorme bewondering zitten kijken hoe jij keihard na de quarantaine weer het lab opdook om je laatste 
experimenten af te krijgen. Maaike, jij moet nog eventjes, maar ook jij komt er wel. Ik heb met veel plezier 
Harry komen aaien, komen kletsen (vaak iets te lang) of even te ragen over de TEM. De gin workshop die we 
samen hebben gevolgd was errug gezellig en ik hoop dan ook dat we nog vaker bij elkaar kunnen komen onder 
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het genot van een groot glas gin! Suzanne, mijn groene vriendin, wij konden elkaar van toen we zuurkastburen 
waren in Nijmegen. We konden ons hart goed bij elkaar luchten en ik vond het dan ook heel tof dat je naar 
Eindhoven kwam. Samen hebben we een plantenliefde bij elkaar en in onszelf ontdekt en onze kantoren waren 
dan ook de groenste van de hele verdieping. Ik vond de IVN cursus samen heel gezellig (al brachten we de 
gemiddelde leeftijd wel strak naar beneden) en ik hoop dat we elkaar nog vaak zullen spreken. Je bent een 
topper en je komt er wel! Zet ‘m op! Marleen, wat vond ik het gezellig om jou als vrolijke krullenbol in ons 
kantoor te hebben, zeker al vanwege onze gedeelde plantenliefde. Het tripje met Suzanne naar de Intratuin om 
kantoorplanten aan te schaffen was stiekem veel leuker dan werken! Bastiaan, Pascal en ik (vooral die eerste 
twee) hebben je wel een klein beetje verpest met al dat geplaag, maar zo hebben we wel een klein beetje onze 
eigen kantoorhumor ontwikkeld. Jammer dat we niet langer hebben kunnen koffiedrinken en kletsen, maar ik 
hoop dat we elkaar zo af en toe nog eens zien buiten werk! Alex, I’m so happy I got to know you. You are a 
great guy with an amazing sense of humor! I loved our roadtrip to Dernbach in the Jag (still don’t know how 
we upgraded from Opel to Jaguar) and the whiskies we shared there. Great adventures await you, especially 
now with your new adorable puppy and little Mason on the way. And on top of that, je Nederlands is echt heel 
goed aan het worden, ik ben trots op je! You and Sarah are great people and a great team together, let’s keep 
in touch! Amy, I think you are the happiest person I’ve ever met. Our introduction in Nijmegen at the 
Vierdaagse was legendary and I think we then quickly knew you’d fit right in with our group. I was really happy 
that you joined us and so proud that you landed that job in Nijmegen! Good luck, all the best and let’s stay in 
touch! Superdoei! Jaleesa, met uwen schoonen haren, wat is het toch altijd beregezellig met jou. Jij bent zo 
lekker jezelf, waardoor ik ook lekker mezelf kan zijn. Ik heb best veel steun aan je gehad de afgelopen jaren en 
ben blij dat ik je heb leren kennen. Jammer dat je me nooit hebt kunnen overhalen om mee te skaten, maar ik 
ben toch echt een te groot watje. Laten we nog eens wat biertjes drinken! Roxane, I got to know you on your 
first day (my second day) as a PhD student and you had just heard about the move. Super weird day, but I had 
a great time chatting with you anyway! You convinced me to go to gym with you once, which, to be honest, I 
will never do again. Girl, you work out! It’s impossible for me to keep up with you! Keep up the good work, I’m 
honored to be your paranymph, and when I’m ever in France I’ll definitely stop by! 

Ook het onderzoek in Eindhoven wordt gedragen door een aantal zeer moedige en kundige groep mensen. 
Allereerst het analytische team Joost, Lou en Ralf, dank voor alle wijsheid en hulp de afgelopen jaren. Jullie 
hebben me goed kunnen helpen waar dat nodig was. Joost, ik heb me enorm geamuseerd tijdens ons tripje 
naar Wyatt, je hebt me goed geleerd hoe je, op welke manier dan ook, mensen je toch gaan geven wat je graag 
wil. Daarnaast is er natuurlijk ook nog Marjo. Je bent zo een ontzettende leuke vrouw en ik heb het enorm fijn 
gevonden dat jij altijd klaar voor ons stond (en nog steeds staat). Je bent als een soort moedergans van de groep 
en altijd in voor een praatje over vanalles en nog wat. Het was altijd gezellig om jou aan tafel te hebben tijdens 
groepsuitjes (en natuurlijk daarna ook nog bij het uitgaan), ik ga je zeker missen! 

Tijdens mijn promotie heb ik een bescheiden aantal studenten mogen begeleiden, waar ik veel plezier aan heb 
gehad! Rachel, jij was mijn allereerste student. Ik vond het ontzettend gezellig met jou en ik heb je 
zelfvertrouwen zien groeien met de week. Je onderzoek was ontzettend lastig en we wisten allebei niet zo goed 
waarom. Desondanks heb je uiteindelijk een mooi verslag neergelegd en ben je toch maar lekker geslaagd! Ik 
ben supertrots op je, je hebt het goed gedaan en ik wens je dan ook veel succes met je verdere loopbaan. We 
komen elkaar in ieder geval nog vaak tegen in Geleen! Thijs, mijn tweede en tevens laatste student, jouw 
relaxte instelling vond ik echt fantastisch en je ging dan ook redelijk soepel door je onderzoek heen. Je liep 
tegen veel problemen op maar daar had je altijd wel een oplossing voor. Je hebt het ontzettend goed gedaan en 
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ik heb een enorme gezellige tijd met je gehad. Ik wens je heel veel succes met je carrière en wie weet zien we 
elkaar nog eens! 

Dan mijn paranimfen. Rik, het was voor mij al heel snel duidelijk dat mijn grote broer ook mijn paranimf zou 
moeten worden. Ik weet dat we elkaar wel eens achter het behang hadden kunnen plakken, maar desondanks 
ben ik altijd blij geweest om jou als mijn grote broer te hebben! Je bent altijd zo geïnteresseerd in wat ik doe 
(‘bietje de ganse daag pötjes reure, ofwat’) en ik ben blij dat je me dan ook (emotioneel) wil bijstaan op mijn 
verdediging. Kan niet wachten om je in je pinguïnpak te zien! En dan Royke, jij bood jezelf al grappend aan als 
paranimf toen je vertrok bij de TU/e, maar ik had allang besloten dat jij het zou worden. Tijdens de enorme 
hoeveelheid aan klaagkoffies, lunches in ’t gras en ijsjes in die warme zomers kwamen we erachter dat we toch 
eigenlijk wel heel veel gemeen hebben. Eigenlijk vooral een heel slecht gevoel voor humor. Samen met Pascal 
en Bastiaan waren we een beetje de vier (?) musketiers en dat heeft me echt door mijn promotie gesleept, ook 
nadat je vertrokken was. Dankjewel dat ger mich allebei bie wilt stoan!  

Naast collega’s zijn vrienden toch wel een belangrijke factor om te relativeren en te genieten van het leven. Ten 
eerste, Nan, we kennen elkaar ondertussen al heel wat jaren en onze levens zijn in de tussentijd ontzettend 
veranderd. Van concertjes en terrasjes naar het getrouwde leven en twee kleine kinderen! Ondanks dat we 
elkaar wat minder zien voelt het altijd direct als vertrouwd als we samen zijn en gaat de tijd ook bizar snel 
voorbij. Ik ben trots op je hoe je alles doet zo samen met Mark, je bent een fantastische moeder en ontzettend 
goede vriendin voor me. Joyce, onze vriendschap kwam eigenlijk wat later, maar ik ben toch zo blij dat we 
samen die jaartjes bij Cornelissen hebben gewerkt! Je bent altijd ontzettend geïnteresseerd in wat ik doe en 
geeft me altijd een luisterend oor. Ik heb met plezier gekeken hoe je samen met Rico jullie huis hebben gekocht, 
opgeknapt, hondje erbij hebben genomen en nu ook nog eens een baby onderweg hebben (waarschijnlijk al 
geboren bij de tijd dat je dit leest!). Ik ben blij als we dalijk wat vaker op bezoek kunnen komen bij elkaar! Rob 
en Haico, ofwel de boys, dankjewel dat jullie me altijd verwelkomd hebben in jullie club. Ik voel me nog altijd 
een klein beetje (héél klein beetje) schuldig dat ik heb mogen freeloaden van die PHR business dinertjes, die 
toch altijd wel erg gezellig waren. Bedankt voor de nodige afleiding, vaak in de vorm van alcohol, en de 
gezelligheid! Ver zeen os, bis nog ‘ns get is hè. Else en Sebastiaan, jullie zijn altijd geïnteresseerd in wat we 
allemaal doen, maar eigenlijk vinden we het samen vooral gezellig om te praten wat er allemaal in de toekomst 
op ons te wachten staat. Dat heeft me altijd enorm geholpen om  te relativeren. Jullie zijn topmensen en nu 
samen met kleine Raf een echt gezinnetje! Anika, jij bent eigenlijk de reden geweest dat ik genoeg 
zelfvertrouwen had om een promotie te gaan doen. Jouw nuchtere houding lieten mij inzien dat als ik maar 
geloof in mezelf, ik kan komen waar ik wil. Je hebt me enorm veel geleerd, waar ik heel dankbaar voor ben. Ik 
ben blij dat we vrienden zijn gebleven en ondanks de afstand elkaar toch nog proberen te zien. Heel veel geluk 
en liefde met je gezin (+ uitbreiding), wordt weer eens tijd voor een ‘tas koffie’! Roy en Iris, eigenlijk was het 
geheel toeval dat we vrienden zijn geworden. Ik leerde Roy kennen op Chains en kwam er toen achter dat hij 
ook uit Limburg kwam (instantane band toen je riep: in Remunj kruupe de hunj mit de vot op de grunj, of 
zoiets). We raakten aan de praat en vele koffies laten kwamen we er achter dat het toch wel erg goed klikte. Ik 
nodigde jullie uit voor onze bruiloft, waarop Iris zich bedacht het wel handig zou zijn om het bruidspaar in 
ieder geval één keer voor de bruiloft te ontmoeten. Vanaf toen was het duidelijk dat we uit hetzelfde hout 
gesneden waren. Ik ben dan ook heel blij dat we zulke goede vrienden zijn geworden! Niet te vergeten, de 
Pineapples ofwel Spass Animals: Lise, Jack, Lianne, Rens, Bastiaan, Nora en natuurlijk Pascal,  bedankt 
voor al die leuke concertjes en gezelligheid de afgelopen jaren! Eigenlijk heb ik jullie pas leren kennen tijdens 
mijn PhD, maar die vriendschap zat vanaf het begin al helemaal goed. Dankjewel dat Pascal en ik deel mochten 
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uitmaken van jullie festivalclubje, ik kan me inmiddels het niet meer anders voorstellen! Op naar DTRH/LL 
2021! 

Dan zijn er natuurlijk ook niet-collega’s die een onmisbare rol spelen in het volgen en afronden van een 
promotietraject. Opa, af en toe was het maar lastig om te begrijpen wat ik nou allemaal weer aan het doen was 
in Eindhoven, maar toch bleef je altijd geïnteresseerd. De vraag wanneer ik dan ook eindelijk eens klaar was 
en weer naar het zuiden (thoes) kwam werd veel herhaald, wat me heeft doen inzien hoe erg ik mijn familie 
mis! Het doet pijn dat oma er niet bij is om dit allemaal te kunnen zien, maar ik hoop dat U weet hoe trots ik 
ben dat mijn opa mijn verdediging mag bijwonen. De familie Bruls en co., dankjewel voor jullie eeuwige 
gezelligheid en interesse in wat ik allemaal aan het doen was! De familiefeestjes lieten mij altijd goed relativeren 
en die Limburgse gründlichkeit had ik wel nodig om lekker door te blijven gaan. De familie Welzen: Marion, 
Leon, Laura en Ruud, dank voor jullie interesse en advies. Ik ben ondertussen alweer bijn 12 jaar onderdeel 
van jullie familie en ik ben erg dankbaar hoe jullie mij altijd welkom en thuis laten voelen. Dat we nog vele 
jaren mogen dineren en borrelen!  

Rik en Franca, wat heb ik gebaald de afgelopen tijd dat ik zo ‘ver’ weg woon. Jullie mooie nieuwe huis, 
geweldige tuin (mét kippen), schattige puppy en straks prachtige baby was ik graag veel vaker komen 
bewonderen. Af en toe kreeg ik het gevoel dat ik zoveel miste, juist omdat jullie allemaal zo dicht bij elkaar 
wonen en zo snel eventjes op de koffie kunnen. Gelukkig is het nog steeds mijn plan om terug noa ‘t sjoene 
Limburg te komen, zodat ik veel vaker op bezoek kan komen (tenzij jullie daar geen zin in hebben natuurlijk…). 
Ik ben supertrots op jullie, hoe jullie je samen overal doorheen slaan maar vooral ook lekker doen waar jullie 
zin in hebben. Ik hou van jullie en van mijn kleine neefje/nichtje en ik wens jullie alle liefde in de wereld samen.  

Pascal, lieverd, daar zijn we dan. We werden wel eens gek aangekeken als mensen hoorden dat we onze hele 
opleiding samen hebben doorlopen. ‘Dat doen ze alleen maar om bij elkaar te blijven’. Pff, wisten ze maar eens 
wat een goed team wij zijn. Op het werk ben je mijn sparpartner, vertrouwenspersoon en koffiemaatje. Thuis 
ben je mijn beste vriend, sous-chef, rots, grappenmaker en klusman. Met zijn tweeën hebben we in Nijmegen 
op dat zolderkamertje van 25 m2 en temperaturen van >40 °C de relatietest overleefd (wat verrassend 
makkelijk was, ik weet niet waar iedereen zo moeilijk over doet) en vanaf toen wist ik ook dat niets ons meer 
in de weg stond. Alles is altijd makkelijk met ons: geen gedoe, geen drama, geen gezeur. We kennen elkaar 
door en door en juist dat maakt het zo fijn dat jij altijd aan mijn zij staat. De afgelopen tijd was het niet altijd 
even gemakkelijk met twee proefschriften die moeten worden geschreven onder één dak, maar gelukkig 
kunnen we samen goed afschakelen en elkaar afleiden. En wat ben ik trots op jou en eigenlijk ons allebei; we 
hebben ‘t toch maar even samen voor elkaar gekregen! Onze wegen gaan zich nu ietsje meer scheiden als we 
ieder onze eigen carrière gaan beginnen, maar ik blijf voor altijd naast je staan, om je te steunen en je lief te 
hebben. Ik hou ontzettend veel van je en ik kan niet wachten om te zien wat voor grootse avonturen ons te 
wachten staan!  

Deze laatste alinea is voor de mensen die dit alles mogelijk hebben gemaakt. Pap en mam, jullie zijn de reden 
dat ik hier sta. In de letterlijke zin, natuurlijk, maar ook figuurlijk: jullie onvoorwaardelijke steun en liefde heeft 
van mij een nuchter maar strevend mens gemaakt. Jullie hebben mij altijd gepushed waar nodig was, afgeremd 
waar gewenst, maar mij altijd ondersteund in de keuzes die ik maakte (ik reken hier mijn levensdoel als 
zangeres even niet mee, daar waren jullie heel duidelijk in). Juist dat heeft er voor gezorgd dat ik elke keer weer 
het beste uit mezelf probeer te halen. Jullie weten, af en toe komt die vervelende onzekerheid weer om de hoek 
kijken, waarin ik alles aan mezelf betwijfel, maar dan herinner ik altijd een zinnetje wat als een soort mantra 
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door mijn jeugd ging: je kan niet meer dan je best doen. En dat is het hem juist. Ik heb altijd de neiging om 
mezelf met anderen te vergelijken, maar door dat zinnetje weet ik dat ik ook goed genoeg ben, zoals ik nu ben. 
Ondanks dat we maar 80 km uit elkaar wonen heb ik jullie enorm gemist de afgelopen jaren. Stukske vlaai om 
11 uur, koffie (of misschien wel liever een borreltje) om 4 uur en vanaf dan tot in de late uurtjes rond de tafel 
zitten. Ik ga ervoor zorgen dat dat de komende jaren veel vaker gaat gebeuren. Ik hou ontzettend veel van jullie 
en bewonder hoe jullie in het leven staan. Dit proefschrift is dan ook voor jullie!  

- Imke  
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