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Abstract 

 

 Nowadays, conventional drug delivery systems (DDS), such as oral and parenteral 

delivery, are the most used administration routes for simple drug molecules. Oral delivery is the 

most desirable route, especially regarding patient compliance since it is a non-invasive 

technique, but also regarding cost effectiveness, and ease of use. However, it is clear that the 

technique is subjected to many hurdles: fragile molecules, such as therapeutic proteins, may lose 

part of their activity before they can reach the targeted site in the body, because they can be 

degraded by enzymes or harsh pH conditions, or simply screened out by immunogenic 

recognition in blood circulation. Additionally, the technique suffers from a lack of control over 

the release rate, which may be an important drawback, especially regarding toxicity issues. 

 Therefore, with the increasing complexity of therapeutic agents available to treat a 

variety of conditions, the need for sophisticated drug delivery systems to improve their liberation 

to the body is growing. Among the requirements for intelligent DDS, responsiveness is highly 

desirable as a mean to control pharmacokinetics and pharmacodynamics.  

 In this thesis, we study the potential of polymeric vesicles obtained from the self-

assembly of a photocleavable amphiphilic block copolymer as a light-triggered DDS. 

 The amphiphilic poly(methyl caprolactone)-ONB-poly(acrylic acid) copolymer (PMCL-

ONB-PAA), bearing a photosensitive O-nitrobenzyl linker  located as the junction point between 

the two blocks, is synthesized by the combination of two living polymerization techniques,  ring 

opening polymerization (ROP) and atom transfer radical polymerization (ATRP). The 

photocleavable linker is modified to serve as initiator for the growth of the polymer segments, in 

a two-step polymerization. The copolymer is efficiently cleaved upon UV irradiation, whether in 

solvent or in aqueous solution, yielding two separate polymer segments.  

 When hydrated, PMCL-ONB-PAA self-assemble into well defined structures, including 

polymersomes. They are shown to respond in a controlled manner to UV light, via a change in 

size and morphology. Indeed, loaded polymersomes disintegrate upon UV irradiation, yielding 

small micellar-like structures, and simultaneously releasing their payload. The versatility of our 
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system is tested both for small molecular weight molecules (Fluorescein and ATTO655 dye), and 

for proteins (enhanced green fluorescent protein). By varying the UV intensity, the payload is 

released in a controlled manner, as established by fluorescence spectroscopy and fluorescence 

correlation spectroscopy. Therefore, these responsive polymer vesicles serve as smart triggerable 

nanocarriers that can be applied for a variety of payloads, ranging from conventional drug 

molecules to proteins, enzymes, or DNA. 
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1. Introduction 

 The goal of this thesis was to design photoresponsive polymeric vesicles via the self-

assembly of photocleavable amphiphilic block copolymers, and to prove their potential use as 

nanocarriers for therapeutic molecules and proteins. 

 In this introduction, the basics to understand self-assembly are reviewed, and relevant 

examples of stimuli-responsive vesicles are discussed. 

 

1.1 Self-assembly 

1.1.1 Generalities 

 Polymeric vesicles, also coined as polymersomes, are a class of smart materials obtained 

from a bottom-up approach, involving the spontaneous organization of macromolecular building 

blocks (amphiphilic synthetic block copolymers in our case) into a well defined structure. Those 

building blocks may have functionalities at macromolecular level on their own, but when self-

assembled, they become part of a whole new structure, typically in the nanometer size range, and 

they convey completely different properties to it. 

 For example, in nature, the cooperative interactions between small building blocks 

(lipids, polypeptides, polysaccharides) give rise to the formation of essential organelles and 

bioactive compounds, such as cell membranes and proteins. In the field of nanotechnology, such 

self-assembled systems are already in use to address new challenges in biomedicine 

(nanoreactors, nanocarriers, biosensors, etc…), microelectronics (templated surfaces for crystal 

growth, microstrucutured materials with molecular switches, etc…). 

 The understanding and control of self-assembly process (i.e. understanding 

structure/property relationships) is essential to the discovery of new systems with unique 

properties, and will enable the rational design of molecular systems in order to optimize their 

performances. It is already known that the spontaneous organization of macromolecular building 
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blocks is due to a combination of forces such as hydrophobic interactions, Van der Walls forces, 

and hydrophilic interactions. 

 In order to mimic nature and fabricate well-defined self-assembled structures, one has to 

carefully design building blocks with features allowing such interactions. In this regard, synthetic 

block copolymers represent a very interesting class of materials. They can self-assemble to form 

a variety of superstructures. For example, in the diluted regime, block copolymers can self-

organize into very simple aggregates known as micelles. According to different parameters, 

imparted by a diversity of polymer chemistries, architectures, or lengths, they can also form 

structures such as cylindrical micelles and vesicles.  

 Therefore, with these synthetic polymers, we can do more than mimicking nature: by 

introducing specific functionalities to the polymer, we can direct self-assembly toward desired 

morphologies, or confer other properties on demand, such as responsiveness, to new systems. 

 

1.1.2 Basic principles 

 As described by Forster et al.
[1]

 the first prerequisite for synthetic block copolymers to be 

used in self-assembly, is to be constituted of two polymer segments having both long-range 

repulsive, and short-range attractive forces. In other words, for block copolymers, they must be 

constituted of at least two covalently linked (short-range attractive) segments with different 

polarities (long-range repulsive) (Figure 1). Such structures are called amphipathic, or 

amphiphilic (in the case of water) and resemble more conventional molecules such as surfactants 

or lipids. 
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Figure 1: Illustration of long-range repulsive and short-range attractive forces leading to an 

ordered structure by self-organization (d is the periodic length of the structure).
[1]

 

 

 The basic principle of self-assembly is based on the poor solubility of one of the blocks in 

a given solvent, while the second block has good solvent-solute interactions. In the case of water 

as solvent, although attractive forces in between hydrophobic chains are weak, they will pack to 

segregate out of the aqueous environment, this both due to weak interactions with the water 

molecules, and to the large energy barrier that cause the disturbance of the water lattice 

surrounding them.
[2]

 In contrast, the hydrophilic chains are more soluble in water, due to strong 

solvent-solute interactions.  

 Intuitively, one can deduce from this basic principle the most simple self-assembled 

structure induced by such forces, the micelle. In those self-assembled structures, the hydrophobic 

chains aggregate into a core to avoid contact with solvent molecules, while the hydrophilic 

chains interacting with solvent molecules form a corona at the surface. It should be noted that 

this example is only valid in the diluted state, where the critical micellar concentration (CMC) is 

extremely low for amphiphilic block copolymers when compared to low molecular weight 
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surfactants. In this thesis, the behavior of the synthesized block copolymers was only studied in 

the diluted regime, where structures like micelles and polymersomes can be found. 

 In the next paragraph, we give a short theoretical background on the formation of self-

assembled structures generated by synthetic amphiphilic block copolymers in water. 

 

1.1.3 Theory on self-assembly process with block copolymers 

 As we explained briefly, hydrated amphiphilic block copolymers behave as surfactants 

and lipids and they can self-assemble to form sophisticated supramolecular structures, such as 

spherical micelles, rods, or nanotubes, and vesicles in diluted solutions, but also many others in 

lyotropic and bulk phases (Figure 2).
[3-5]

  

 

 

Figure 2: Examples of superstructures obtained with amphiphilic block copolymers.
[1]

 

  

 There is an ongoing debate as to know whether the aggregates formed upon self-

assembly are kinetically frozen or equilibrium structures (thermodynamic). As of today, due to 
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the incredible diversity in block copolymers, there is no universal theory able to predict which 

morphology will be adopted preferentially. However, several key parameters are known to 

influence the self-assembly and will be briefly reviewed here.  

 Self-assembly of amphiphilic block copolymers has been described in terms of geometric 

constraints, directly related to the macromolecular features of the polymer chains, and 

thermodynamic considerations, such as minimization of the total free energy of the system, 

involving the decrease of interfacial tension at hydrophilic/hydrophobic interface and the entropy 

loss from polymer chains.
[6]

  

 

1.1.3.1 Geometric constraints 

 From a geometry perspective, the morphology is best described using the packing 

parameter p (Equation 1).
[7]

 

  
 

  
 

Equation 1 

 

 This parameter encompasses the volume of the hydrophobic block (ν), the area covered 

by hydrophilic groups (a), and the length of the hydrophobic block (l). p can also be related to 

the radius of curvature through Equation 2: 

       
   

 
   

 

 
(
 

  
 
 

  
)  

  

     
 Equation 2 

 

where K is the Gaussian curvature and H is the mean curvature, R1 and R2 are curvature radii.
[6]

 

As can be deduced from Equation 2, p approaches unity for very large curvature radii, which is 

characteristic of vesicular shapes. Such a high curvature is the result of the preferential chain 

packing upon bilayer formation, driven by volume and steric constraints. As an example, this 

phenomenon was illustrated by Discher et al. for poly(ethylene oxide)-b-poly(butadiene) (PEO-

PBD) aggregates.
[8]

 In their work, they also define a convenient quantity, the hydrophilic to 

hydrophobic ratio f to characterize this phenomenon. As a general rule, copolymers with ratios 
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above 0.5 tend to form preferentially micelles, when copolymers with ratios less than 0.33 tend 

to form vesicles (Figure 3). Although this ratio gives a good approximation, it may not be 

applicable to all systems. 

 

 

Figure 3: Schematics of block copolymer fractions with respective cryogenic transmission 

electron microscopy images showing vesicles or worm micelles and spherical micelles 

associated with different f ratios.
[8]

 

 

1.1.3.2 Thermodynamics of vesicle formation 

 The geometric elements are not sufficient on their own to describe the self-assembly of 

amphiphilic copolymers. It appears that in many systems, thermodynamics may have a 

significant role. In this model, a thermodynamic equilibrium is reached via minimization of the 

system’s total free energy. It involves the decrease of the interfacial energy, and the loss of 

entropy from polymer chains upon aggregation in small domains. According to the nature of the 

polymer chains, association thermodynamics will be dominated by one or the other 

contributions. 
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 The interfacial area per unit volume, Av, is given by Equation 3: 

        Equation 3 

where d is the dimensionality, φ is the volume fraction of hydrophobic domain, and l is the chain 

length normal to the interface. 

 To decrease the interfacial energy, amphiphilic block copolymers will self-assemble by 

minimizing the interfacial area. According to Equation 3, the lowest interfacial area is obtained 

for a dimensionality of 1, thus favoring flat bilayer structures. According to Antonietti and 

Förster,
[6]

 such flat bilayers can then close up to form vesicles, in a process called vesiculation 

described in Figure 4.  

 

 

Figure 4: Vesiculation process, showing the closure of flat bilayers to vesicles.
[6]

 

  

 The second contribution to the decrease of the total free energy, results from the entropic 

loss induced by segregation of polymer chains upon self-assembly. The intrinsic nature of 

synthetic polymers implies that there is a certain distribution of molecular weights 

(polydispersity), which can in turn play a significant role in the self assembly.
[6, 9]

 As was shown 

by Terreau et al. for a series of poly(styrene)-b-poly(acrylic acid) (PS-PAA) copolymers, shorter 

hydrophilic chains are segregating toward the inner part of the membrane, were the area 

available for hydrophilic groups is smaller, thus favoring changes in curvature.
[10]

 The extent of 

entropic loss of a polymer chain is closely related to the internal degree of freedom.
[6]

 Hence, for 
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stiff polymers with low flexibility, the decrease in free energy will be dominated by the 

minimization of interfacial area rather than entropy loss. 

 

1.1.4 Types of structures: micelles and vesicles 

 In this part, polymeric micelles and vesicles will be discussed in detail, as they are the 

main structures encountered in this thesis. 

 

1.1.4.1 Micelles 

 Micelles have a hydrophobic core constituted by hydrophobic segments (A), and a 

hydrophilic corona constituted of water-soluble segments (B) (Figure 5).  

 

 

Figure 5: Examples of the different self-assembled structures adopted by block copolymers with 

hydrophobic (A) and hydrophilic (B) elements in the diluted regime. 

 

 Therefore, the size of micelles is well-defined, by the length of the polymer blocks. They 

cannot be larger (in diameter) than twice the length of an AB diblock, assuming that the polymer 

chains are fully stretched both in the corona and in the core. In this regard, the nature of polymer 

segments plays an important role. For instance, corona-forming charged polymers exert a pulling 

force on core-forming chains. As stated by Meier and coworkers,
[11]

 the flexibility of the chains 

is also an important parameter: polymers with low glass transition temperatures (Tg) 

(polybutadiene for instance) can easily adopt new conformations in contrast to stiff chains with 

high Tg (such as polystyrene). 

(B) 

(A) 
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 In terms of shape, the morphology of micelles is mostly influenced by the hydrophilic 

block architecture. According to the model used by Antonietti and Forster,
[6]

 the shape of one 

building block is directly correlated to the curvature of the aggregate. This is maybe best 

described by the hydrophilic to hydrophobic ratio f that was discussed above. 

 The hydrophobic core of micelles can solubilize a number of hydrophobic dyes and 

drugs. But one important limitation of micelles is that they are not designed to carry hydrophilic 

payloads, since a number of therapeutic molecules are hydrophilic, and need to be encapsulated 

into structures comprising a hydrophilic compartment.  

 As was proposed by Kita-Tocarczyk et al.
[11]

 micelles may be seen as a crude example of 

a bilayer structure, only they do not have two sides exposed to water, and therefore, they do not 

comprise an inner pool. In the next paragraph, such vesicular structures are discussed.  

 

1.1.4.2 Vesicles 

1.1.4.2.1 Polymersome formation 

 In addition to the vesiculation process for vesicle’s formation proposed by Antonietti et 

al.
[6]

 (two-step process where bilayer close up to form vesicles), two other mechanism have been 

proposed for the formation of vesicles. Those mechanisms where developed with theoretical 

calculations,
[12]

 and latter experimentally observed. In both mechanisms, block copolymers 

initially self-assemble into small spherical micelles. In mechanism I (Figure 6), those micelles 

evolve toward larger micelles with disc-like or elongated shapes occurring via collision. 

Eventually, the disc-like micelles then close up to form polymersomes. Mechanism I was nicely 

illustrated by the experiments performed with a poly(ethylene oxide)-b-poly( 3-(trimethoxysilyl) 

propyl methacrylate) (PEO-b-PTMSPMA) block copolymer.
[13]

 Transition states induced by 

gradual solvent exchange (from methanol to water) were trapped and observed by TEM. In the 

methanol rich solution, a majority of micelles was observed, which slowly evolved to rod-like 

micelles, and finally to vesicular morphology. 
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Figure 6: Schematic representation of vesicle formation with mechanism I and II, from the initial 

homogeneous state (grey squares). Grey parts represent hydrophilic blocks, while black parts 

represent hydrophobic parts.
[12]

 

 

 In the second mechanism, polymer chains initially not involved in a micelle slowly 

aggregate with the existing micelles, increasing their size. When the energy cost associated with 

the bending, solvent diffused inside these oversized micelles to increase the curvature radius and 

finally yield vesicular structures. Adams et al. studied the impact of mechanism of formation on 

encapsulation in block copolymer vesicles, using a poly(ethylene oxide)-b-

poly(diethylaminoethyl methacrylate) (PEO-b-PDEAMA).
[14]

 In their work, they report 

extremely low encapsulation efficiency which can be best explained by mechanism II. In contrast 

with the first mechanism, where the large micelle close up and therefore imprison water in the 

inner pool,  in the second mechanism micelles slowly transform to vesicle without transiting by 

an “open system”, preventing solute molecules to get inside the inner pool. 

 

1.1.4.2.2 Polymersome size 

 It is known that polymersomes made from block copolymers are often trapped in a non-

equilibrium structure, or kinetically frozen structure, rather than a thermodynamic 

equilibrium.
[15]

 The mobility of polymer chains within a bilayer or from one self-assembled 

structure is extremely slow. Therefore, the size of vesicles is strongly dependent on the 

fabrication process, and can be tuned by changing preparation conditions. Generally, vesicle can 

be prepared with two main techniques, the co-solvent method where the AB copolymers are 
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dissolved in a good solvent for both blocks, slowly exchanged with water, and a solvent-free 

method, where the polymer is directly dissolved in water. In the case of the co-solvent method, 

which was used in this study, parameters such as order of solvent addition, addition duration, and 

affinity of solvent with water, play an important role over control of vesicle size. 

 As opposed to micelles, for which size is limited to the nanometer range, vesicle sizes 

can be found anywhere in between 100nm and several micrometers in diameter. The size range is 

particularly important for in vivo applications: it is well known that the size of carriers is a key 

feature in the design of an ideal drug delivery system (DDS), since it is directly linked to its 

blood clearance and circulation time.
[16, 17]

 Therefore, although micrometer-size particles are 

interesting from a practical point of view (easily characterized with imaging techniques) and 

have high loading capacity, nanometer-size polymersomes are seen as better candidates for drug 

delivery applications. 

 

1.1.4.2.3 Polymersome membrane properties 

 Structurally, polymer vesicles are very similar to liposomes: they are hollow spheres with 

an aqueous core, separated from the outside medium by membranes. However, the synthetic 

structures present features which outperform liposomes, because their membranes have special 

properties.  

 Liposome membranes formed by lipids with well-defined molecular weights, are 

relatively thin (3-5nm), fluid, and have poor mechanical stability. They are permeable to low 

molecular weight compounds and poorly resistant to lysis strain. The reinforcement of liposome 

membranes with PEGylation or introduction of cholesterol was explored, but it did not 

drastically improve their stability. In contrast, synthetic polymers form viscous and robust 

membranes that are thicker and far more stable than liposome membranes.
[18, 19]

  

 The thickness of the membrane was shown to be dependent on the molecular weight of 

the hydrophobic block, with different scaling laws according to the polymer system studied. The 

power law d~Mw
b
 relates the molecular weight (Mw) to the thickness d.

[20]
 Typically, thicknesses 

ranging from a few nanometers up to 40nm may be obtained.
[21]

 The control over thickness via 
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the hydrophobic block length is an important advantage over liposomes since the membrane 

basically defines the physical properties of polymeric vesicles. 

 The global stability of polymer vesicles also results from a specific attribute that only 

block copolymers have: polydispersity. As stated before, it has been shown that it allows chain 

segregation, with short hydrophilic chains toward the inside and higher molecular weight chains 

toward the outside, thus favoring curvature and stabilization of bended bilayers. Long-term 

stability is also linked to the very slow chain exchange dynamics of polymer chains, implying 

that polymer vesicles are not prone to dissociation.  

 Another important characteristic of polymer chains is flexibility. Due to their greater 

lengths, block copolymers can undergo a lot more conformational arrangements than lipids. This 

in turn facilitates their packing into membranes, where they may adopt different conformations: 

interdigitated (which represents best the real nature of most vesicle membranes), stretched or 

collapsed (which represents theoretical boundaries).
[22]

 This can confer increased toughness and 

lower permeability to the membrane, especially when compared to lipidic membranes which are 

considered to be leaky.     

 The different advantages of polymeric vesicles conferred by their outstanding membranes 

make them ideal materials to be use as drug or gene vehicles.  

     

1.1.5 Amphiphilic block copolymers 

 In addition to the structural or mechanical advantages they bring to membranes, synthetic 

block copolymers provide a versatile portfolio of building blocks, with the possibility to 

introduce functionality into self-assembled structures.  

 Amphiphilic block copolymers can be synthesized with a variety of polymerization 

techniques and coupling chemistries, which allows the fabrication of macromolecules with 

diverse architectures (including diblocks
[19, 21, 23, 24]

 and triblocks,
[25-27]

 but also dendritic
[28-30]

 and 

graft
[31]

 copolymers), chemistries, compositions, and lengths (Figure 7). As we have seen before, 

all these characteristics may be used to control several parameters of the self-assembly process. 
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Figure 7: Examples of block copolymer architectures.
[32]

 

  

 Living anionic and cationic polymerizations, and living radical polymerization are among 

the most advanced techniques used to produce AB block copolymers. Using those 

polymerizations, a large number of strategies for preparing block copolymers exist (they are 

presented in the first chapter). In this thesis, we combined two living polymerizations (ring 

opening polymerization and atom transfer radical polymerization) to produce our block 

copolymers. In this approach, the use of multifunctional initiators opens up possibilities to 

combine mechanistically incompatible polymerizations, and widens the choice of monomers. 

 Indeed, an exhaustive list of vesicle-forming AB block copolymers cannot be given in 

this thesis. To get an idea of the diverse copolymers forming polymersomes, the reader is invited 

to read the review from LoPresti et al. in which a summary table is given as supporting 

information.
[22]

   

A short overview of self-assembled structures obtained with copolymers comprising one 

of the blocks we used in our block copolymer is given. It should be noted that an exactly similar 

block as never been produced before.  

A number of studies report on the self-assembly of PAA containing amphiphilic block 

copolymers. Eisenberg et al. first reported multiple morphologies of aggregates of polystyrene-b-
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poly(acrylic acid) copolymers, including rods, spheres, and vesicles,
[10, 24]

 as well as vesicles 

from a poly(ethylene oxide)-b-poly(caprolactone)-b-poly(acrylic acid) triblock copolymer.
[26]

 

According to Yu et al., polybutadiene-b-poly(acrylic acid) copolymers can self assemble into 

different aggregates, including vesicles.
[33]

 With other systems, such as poly(butyl acrylate)-b-

poly(acrylic acid),
[34, 35]

 poly(caprolactone)-b-poly(acrylic acid),
[36]

  poly(2-cinnamoylethyl 

methacrylate)-b- poly(acrylic acid),
[37]

 poly(isoprene)-b-poly(acrylic acid),
[38]

 and poly(acrylic 

acid)-b-poly(methyl acrylate),
[39]

 micellar structures were obtained.  

 Only one example of PMCL containing block copolymer forming vesicles was 

reported.
[40, 41]

 In our group, Braun showed that vesicles of PEG-PMCL were easily formed 

under specific conditions.
[40]

 According to his work, the weight ratio of hydrophilic to 

hydrophobic (f) is a key parameter to drive the morphology of the aggregates toward vesicular 

like structures.    

 

1.2 Smart materials for drug delivery applications 

 As mentioned above, synthetic block copolymers are not only good alternatives to 

surfactants or lipids as amphiphilic building blocks, but they are also superior in terms of 

functionality.  

 According to Onaca et al.
[18]

 intelligent drug delivery systems require the following basic 

features: “adequate stability in the bloodstream, long circulation properties, and selective 

accumulation at the site of action together with a suitable drug release profile and good 

biocompatibility”. 

 In this thesis the work is limited to the design of a responsive nanocarrier (that is to fulfill 

the requirement of suitable release profile). As described above, the introduction of new 

functionalities and a variety of possible chemistries in amphiphilic block copolymers, provide a 

whole new range of properties, in addition to their self-assembling properties. In this respect, it is 

possible to introduce chemically active monomers or biologically active moieties to induce 

respectively responsiveness and targetability to those polymersomes. 
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 The mechanical advantage offered by AB block copolymers over lipids may also severely 

limit the applications of such nanocarriers: the improved stability is also preventing small 

molecules to escape the inner core of such structures via diffusion through the polymer 

membrane.
[42]

 Therefore, in self-assembled systems used as nanocarriers, a crucial point is to 

look for different approaches to modify the permeability of polymersome membranes, in order to 

promote the release of entrapped compounds. The most successful and elegant answer to this 

problem, is the use of stimuli-sensitive copolymers to fabricate responsive nanocarriers. 

  

1.2.1 Stimuli-responsive self-assemblies 

 The underlying strategy behind such system is based on a dramatic physicochemical 

change caused by the stimuli. At macromolecular level, polymer chains can be altered in 

different ways, including changes in hydrophilic to hydrophobic balance, conformation, 

solubility, degradation, or bond cleavage which will, in turn, cause considerable behavioral 

changes to self-assembled structures.
[43]

 Many designs with the location of responsive moieties 

or functional groups are possible. The locations include, but are not limited to: side chains on one 

of the blocks, chain end-groups, or junction points in between blocks. The response may be 

reversible or not depending on the strategy employed. The tailored properties of polymersomes 

build from those polymers make them suitable in medical applications, acting as smart systems. 

As a result, the area of drug nanocarriers is currently the most active and exciting area of 

development in the field of controlled DDS. 

 Stimuli are commonly classified in three categories, of physical, chemical, or biological 

nature.
[44, 45]

 Physical stimuli (light, temperature, ultrasounds, magnetic, mechanical, electric) 

usually modify chain dynamics, i.e. the energy level of the polymer/solvent system, while 

chemical stimuli (solvent, ionic strength, electrochemical, pH) modulate molecular interactions, 

whether in between polymer and solvent molecules, or in between polymer chains.
[46]

 Biological 

stimuli (enzymes, receptors) can be related to functions of molecules: enzyme corresponding 

chemical reactions, receptor-recognition of molecules.
[45]

 The next sub-sections only highlight 

the most promising stimuli, pH, temperature, and redox. Light responsive systems are described 

in detail in a specific subchapter. 
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1.2.1.1 pH-responsive systems  

In general, the pH responsiveness of a polymer is obtained via protonation or 

deprotonation of a polybase or polyacid, pH-induced conformational changes, or selective 

cleavage of pH sensitive bonds. 

The first pH sensitive vesicles made of polystyrene-b-poly(acrylic acid) were reported by 

Eisenberg et al. in 1995.
[24]

 Recently, his group reported on vesicles formed by a triblock 

poly(acrylic acid)-b-poly(styrene)-b-poly(4-vinyl pyridine) (PAA-b-PS-b-P4VP), undergoing a 

reversible pH-triggered inversion of the membrane.
[47]

 The switch is based on the 

protonation/deprotonation cycle of the two amphiphilic blocks: at pH 1, P4VP chains are 

positively charged, water soluble, and located on the outside corona, while PAA chains are 

protonated, not water soluble, and located inside. At pH 14, the PAA chains are negatively 

charged, the P4VP chains are deprotonated and insoluble, and the vesicles have an inverted 

membrane: PAA outside, P4VP inside. 

Another example of pH sensitive vesicle was proposed by Armes and coworkers.
[48]

 They 

developed a highly biocompatible and pH-sensitive block copolymer, PDPA-b-PMPC. The 

PDPA block is deprotonated at pH above 7 (pKa around 5.8-6.6), and therefore insoluble. DNA 

and water-soluble Doxorubicin were encapsulated within PDPA-b-PMPC vesicles, and released 

upon lowering of the solution pH. 

Using polypeptide based block copolymers, several groups reported on the successful 

formation of pH-responsive polymersomes, usually triggered by a conformational change of one 

of the blocks. As an example, Lecommandoux and Rodriguez-Hernandez prepared vesicles with 

poly(L-glutamic acid)-b-poly(L-lysine) copolypeptides (PGA-PLys).
[49]

 At pH<4, the polybase is 

in a coil conformation, while the polyacid is protonated and the hydrogen bonds induce a 

conformational change from a coil structure to an α-helical structure. The PGA block is then 

water insoluble, and forms the hydrophobic part of the membrane. At pH>10, the structure is 

inverted, with α-helices of PLys forming the core of the membrane, and PGA charged chains on 

the outside.    
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 Recently, an example of block copolymer bearing a pH-sensitive linkage in between 

hydrophilic and hydrophobic segments was reported. The PDMAEMA and PEG blocks are 

connected via an ortho-ester, which can be cleaved upon pH-trigger.
[50]

 

 

1.2.1.2 Temperature responsive systems 

 Nearly all temperature sensitive systems are based poly(N-isopropylacrylamide) 

(PNIPAM), a well known thermo-responsive polymer. This polymer has a lower critical solution 

temperature (LCST) of 32°C. Below this temperature, it is molecularly dissolved in water, and 

above 32°C, the hydrophilicity changes.  

 A number of studies with block copolymers combining PNIPAM with another 

hydrophilic polymer block, reported on temperature-sensitive vesicles. For example, Li et al. 

prepared vesicles with a poly([N-(3-aminopropyl)-methacrylamide hydrochloride]-b-poly(N-

isopropylacrylamide) PAMPA-PNIPAM block copolymer.
[51]

 Above the LCST of PNIPAM, 

vesicles spontaneously form with PNIPAM forming the membrane core, and PAMPA as the 

hydrated corona. The transition from fully dissolved diblocks to self-assembled structures is 

reversible, unless ionic crosslinking locked the vesicular structures. 

 Using a similar block copolymer, PEO-PNIPAM, Qin et al.
[52]

 prepared vesicles which 

can encapsulate Doxorubicin, and sequester a hydrophobic dye in their membranes. Upon 

cooling to temperatures below 32°C, the membrane is dissolved, and both contents are released 

upon complete dissociation of the vesicles. 

 It is also interesting to mention that polypeptide based block copolymers may also show 

temperature induced conformal changes, from α-helical to β-sheets structures.  

 

1.2.1.3 Redox responsive systems 

Hubbell and coworkers
[53]

 developed triblock copolymers PEO-PPS-PEO (PPS stands for 

polypropylene sulfide), and showed that upon exposure to oxidative agents such as H2O2, the 

middle hydrophobic block was oxidized to hydrophilic polypropylene sulfoxide and 
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polypropylene sulfone, thereby achieving a gradual transition from amphiphilic triblocks to fully 

hydrophilic chains. Polymersomes were dissociated into individual polymer chains within hours. 

The same group later reported on a reduction sensitive block copolymer. In this case, they 

produced a PEO-SS-PPS diblock copolymer with a reduction sensitive disulfide bond placed in 

between the two polymer segments.
[54]

 These copolymers spontaneously self-assemble into 

vesicular structures, which can be rapidly disrupted in the presence of cysteine in intracellular 

concentrations. The later is responsible for the separation of the blocks within 10 minutes, 

subsequently triggering the destruction of the vesicles.  

 

1.2.1.4 Other stimuli 

For other examples of the different systems available, the reader can refer to several 

recent reviews.
[16, 18, 43, 44, 46, 55-58]

 A summary of relevant studies is given in Table 1. 

 

Table 1: Overview of stimuli-responsive polymersomes.
[16]
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 It is interesting to mention that stimuli can also be classified as external (such as light, 

ultrasounds or magnetic field) and internal (temperature, pH, redox potential, or glucose level). 

According to Meng et al.,
[16]

 and as shown in Table 1, pH and temperature cues are predominant, 

due to their potential product scale-up and cost considerations. However, as mentioned by Keller 

et al.
[57]

 and as exposed in the next paragraph, light is arguably the most desirable stimulus of all.  

 

1.2.2 Light-sensitive materials 

Several studies on light responsive systems have been reported, including liposomes,
[55, 

59-63]
 micelles,

[64-67]
 hybrid materials,

[68, 69]
 microcapsules,

[70]
 and few accounts on vesicles.

[71-73]
 

In the drug delivery field, light is a particularly attractive factor, because it provides precise 

temporal (when the light source is switched on) and spatial control (where the light is directed 

to).
[55, 74]

 Furthermore, light-responsive systems do not require additional substances to trigger 

release, and as a result, do not modify the immediate environment around the polymersome, as is 

the case for systems sensitive to internal stimuli, such as pH. 

A number of light-sensitive molecules have been used in these systems. In this regard, 

azobenzene derivatives are the most used. This chromophore responds to both near-UV and 

visible light: reversible isomerization between the cis and trans conformation occurs upon light 

irradiation. The two conformations are known to have very different surface areas. The solubility 

change associated with the isomerization is responsible for reversible morphological changes 

within the self-assembled structures.
[67]

 Other molecules, such as spirobenzopyran derivatives,
[75]

 

nitrocinnamate,
[70]

 and O-nitrobenzyl derivatives (ONB) can also be introduced in amphiphilic 

copolymers to impart light-sensitivity. Depending on the sensitive molecule used, the UV-

induced changes may be reversible or not.   

In the next subsections, relevant studies of different light-sensitive self-assembled 

systems are discussed. 
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1.2.2.1 Photoresponsive liposomes 

 A few studies exist that report the design of photo-sensitive liposomes. Chandra et al.
[59]

 

designed photocleavable lipids, constituted of charged amino-acids (Asp, Glu, and Lys) as polar 

head groups linked to alkyl chains of stearyl amine (C18) as tail group by a photocleavable O-

nitrobenzyl linker (ONB). They incorporated those newly designed lipids into liposomes with 

1,2-disteroylglycero-3-phosphocholine (DSPC) as major constituent (95%), and encapsulated 

carboxyfluorescein. The release of the dye was complete after 120 minutes, with a short lag time 

at the beginning, indicating a two-step process: in the first step, the polar head groups are 

separated from the hydrophobic tail upon UV-induced cleavage of the ONB, and then it is 

followed by a reorganization of the lipids where the encapsulated content can be released. 

 Bisby et al.
[63]

 used the azobenzene chromophore to synthesize photochromic lipids, (1,2-

(4′-n-butylphenyl)azo-4′-(g-phenylbutyroyl))-glycero-3-phosphocholine, (Bis-Azo PC), and 

incorporated them into liposomes. They showed that the UV-induced isomerization of the azo 

chromophore results in changes in membrane permeability. They exploited the alteration of the 

membrane to release encapsulated acridine orange and doxorubicin. 

 Light may also serve as trigger via the photothermal conversion of energy of absorbed 

light. Using this concept, Troutman et al.
[62]

 designed thermo-responsive liposomes coated with 

gold, forming a plasmon resonant coating. Irradiation with IR-light (1094nm) was shown to 

trigger the release of model encapsulated compounds.     

 

1.2.2.2 Photoresponsive micelles 

 To date, micelles are the most common photoresponsive nanocarriers. A number of 

studies showed that they can have interesting applications in drug delivery, to release 

hydrophobic drugs. 

 Babin et al.
[76]

 prepared block copolymer micelles self-assembled from a poly(ethylene 

oxide)-b-poly([7-(diethylamino)coumarin-4-yl]methyl methacrylate) (PEO-b-PDEACMM) 

block copolymer. Upon NIR absorption, the coumarin pendant groups are cleaved, converting 

the hydrophobic PDEACMM polymer chains to poly(methacrylic acid) (PMA) hydrophilic 
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chains. The copolymer is then fully hydrophilic, leading to destruction of micellar structures, and 

release of Nile Red in solution. 

 Matyjaszewski and coworkers developed reversible micelles with light responsiveness.
[66]

 

The copolymer comprised a PEO hydrophilic block and a spiropyran containing block named 

SP. The spiropyran hydrophobic units undergo a reversible isomerization in response to light, 

yielding merocyanine hydrophilic structures. Micelles formed from PEO-b-SP can be disrupted 

by UV irradiation, when the PEO-b-SP is converted to PEO-b-ME, a fully water soluble diblock. 

They used those micelles to show encapsulation, release, and partial re-encapsulation of a 

hydrophobic dye (coumarin 102).   

 Using O-nitrobenzyl, a variety of systems has been suggested. Zhao et al. have developed 

a block copolymer poly(ethylene oxide)-b-poly(2-nitrobenzyl methacrylate) (PEO-PNBM) 

where the ONB has been placed as a side chain.
[64]

 Upon UV irradiation, the chromophores are 

cleaved and the polarity balance is changed causing the micellar structures to fall apart. A similar 

system was reported by Zhao and coworkers,
[77]

 using a poly(ethylene oxide)-b-poly-

(ethoxytri(ethylene glycol) acrylate-co-O-nitrobenzyl acrylate) (PEO-b-P(TEGEA-co-NBA)) 

triblock copolymer. The micelles obtain from this triblock copolymer were actually responsive to 

both UV-trigger and temperature-trigger, due to the thermo-responsive PTEGEA block. They 

showed that UV-irradiation could be use to change the LCST of the triblock, in an irreversible 

manner, and that the system could uptake Nile Red into the hydrophobic core of the micelles, 

and release it on demand. 

 Those examples of light-triggered release from block copolymer micelles are interesting 

because they show that light-responsive block copolymers can be used to provide responsiveness 

to self-assembled structures. However, as was stated before, the use of micellar structures is 

limited to the encapsulation of hydrophobic drugs in the core, when the demand for carriers able 

to encapsulate hydrophilic compounds is growing.    

 

1.2.2.3 Other photoresponsive supramolecular structures 

 Here, a few examples of hollow polymeric structures sensitive to light are presented.  
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 Recently, Zhang et al.
[68]

 described a system built from an amphiphile constituted by a 

PEO hydrophilic chain linked to a malachite green derivative. Malachite green is a photochromic 

molecule, which responds to UV-light by the release of a cyanide anion and creation of a cation. 

Before UV, vesicular structures are formed in solution due to hydrophobic interactions (the 

malachite green forms the inner part of the membrane). After UV, the ionized groups trigger 

membrane disruption. The vesicles could be reversibly obtained by a temperature switch, but no 

encapsulation and release studies are reported. 

 Another interesting example of light-responsive structures was reported by Yuan et al.
[70]

 

They prepared micrometer-size microcapsules in water/oil/water emulsion via reversible photo-

crosslinking of colloidal polyorganosiloxane nanoparticles (with diameters around 20nm) 

functionalized with nitrocinnamate moieties. The inner aqueous pool could be loaded with 

cyclodextrin molecules, which were released upon application of UV-light within minutes, after 

the reversible dissociation of the crosslinked shell. This represents an interesting system, 

however, the W/O/W system seem to be an important drawback for in vivo applications, since 

the shell contains large amounts of toluene and surfactant molecules. 

 We can also mention here the work from Robbins et al.
[69]

 They designed a tertiary 

system of polymersome (made of PEO-PBD block copolymers), encapsulated protein (such as 

ferritin), and PZn2 (a porphyrin structure). They showed that the polymersome membrane were 

destabilized as a result of local heating generated by the harvesting of UV light improved a 

synergetic action of ferritin and PZn2. They also demonstrated UV-triggered release of biocytin 

from those micron-size vesicles over 4 hours.  

 

1.2.2.4 Photoresponsive vesicles 

 As mentioned earlier, despite the fact that photoresponsive polymersomes would have 

several advantages over other stimuli, but also over photoresponsive lipids and micelles, only a 

few relevant systems have been described so far. 

  The first tentative block copolymers explored to form photodegradable vesicles 

contained azobenzene moieties. Zhao and coworkers reported the formation of vesicles with 
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PAzo-b-P(tBA-AA) copolymers, where PAzo is a hydrophobic methacrylate-based azobenzene 

containing side-chain liquid crystalline polymer, and p(tBA-AA) stands for the weakly 

hydrophilic poly-(tert-butyl acrylate-co-acrylic acid) polymer.
[78]

 Upon UV-irradiation, the 

hydrophilicity switch of the PAzo block from hydrophobic to hydrophilic, causes a change in the 

hydrophilic/hydrophobic balance of the copolymer inducing vesicle dissociation. Although the 

aggregates formed were coined as vesicles, no characterization data besides SEM pictures are 

given to support it. The study would require further evidence using techniques such as TEM or 

light scattering to be more convincing. In addition, the authors did not study encapsulation of 

model hydrophilic compounds. 

 Using the same chromophore, Han et al.
[71]

 synthesized a poly(N-isopropylacrylamide)-

block-poly{6-[4-(4-pyridyazo)phenoxy] hexylmethacrylate} (PNIPAM-b-PAzPy) block 

copolymer, sensitive both to UV and temperature cues. When hydrated, those blocks form giant 

vesicles with diameters ranging from 1 to 8 μm. When light was directed to the solution, the 

authors observed a significant swelling of the vesicles (up to 17% in volume). This reversible 

swelling-shrinking behavior was attributed to the isomerization flip of the azobenzene 

chromophores in the membrane. The cis configuration has a larger surface area when compared 

with the trans configuration, and this contributes to the deformation of the membrane. According 

to the authors, the concept of swelling-shrinking is applicable to the transformation energy from 

light to mechanical energy.  

    Still using azobenzene derivatives, Lin et al.
[72]

 reported a novel photoresponsive 

polymersome, obtained by self-assembly of a copolymer composed of hydrophilic poly(ethylene 

oxide) (PEO) and hydrophobic azopyridine containing poly(methacrylate) (PAP). The vesicles 

have a mean diameter of 420nm. Upon UV-exposure, several morphology changes were 

observed, and were described as a cycle including transitions from initial vesicles to larger 

vesicles via fusion, disintegration and rearrangements. Again, those transitions result from 

deformation of the membrane structure due to the isomerization of azopyridine moieties 

disturbing the tight packing of the polymer chains in the membrane. Although the ability of the 

polymersomes to encapsulate and release hydrophilic drugs was not studied, the authors 
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emphasize that the inner content of the vesicles would certainly escape, or would be exchanged 

with the outer media upon the morphological rearrangements. 

 Recently, Mabrouk et al.
[73]

 reported on a very original light-responsive system. They 

fabricated polymeric vesicles in the micrometer-size range, with asymmetric membranes 

composed of inert poly(ethylene glycol)-b-polybutadiene (PEG-b-PBD), and a liquid crystal-

based copolymer, PEG-b-PMAazo444 (PAzo). Upon self assembly, the PEG-PBD copolymers 

are segregated in the inner leaflet of the membrane, while the PAzo copolymers compose the 

outer leaflet of the membrane, hence forming an asymmetric membrane. When the Azo moieties 

are in the trans form, the PAzo polymer adopts a rod-like structure in the membrane. When light 

is switched on, Azo moieties are in the cis form, and the PAzo polymers undergo a 

conformational change to reach a coil conformation. Subsequently, the volume occupied by the 

PAzo chains is increased, leading to a spontaneous change in curvature and to the burst of the 

giant vesicles by “curling” of the membrane. The photoinduced degradation mechanism indicates 

that those polymersomes could be used to encapsulate and release a hydrophilic payload.      

 In light of the short review we proposed above, it seems that there is room for 

development of novel amphiphilic block copolymers able to self-assemble into light-responsive 

polymersomes for drug delivery applications. Focusing on light-responsive polymersomes, it is 

worthy to note that most of the groups cited previously worked on micron size vesicles. As stated 

before, size is an important feature in the design of drug delivery system, since it is directly 

linked to its blood clearance and circulation time. To the best of our knowledge, only one report 

of effective drug release from light-responsive vesicles with diameter below 300nm has been 

published so far.
[79]

 This work reported by Katz et al. is discussed in detail further in this thesis. 

 

1.3 Scope of the thesis 

1.3.1 Objective and motivation 

 The main objective of this study is to combine the stimuli-responsiveness of special 

copolymers with the ability to generate vesicles by self-assembly, in order to obtain a smart, 
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light-sensitive nanocarrier. In this respect, we designed a new amphiphilic and light-sensitive 

block copolymer: poly(γ-methyl-ε-caprolactone)-ONB-poly(acrylic acid) (PMCL-ONB-PAA). 

The self-assembled structures obtained from this diblock should be able to encapsulate an active 

compound, and release it upon the application of a light trigger, making them ideal candidates 

for drug delivery applications. 

 

1.3.2 Approach and concept 

 Works on light responsive systems were briefly presented above. The problems 

encountered by Y.Zhao and coworkers,
[64]

 and B.Zhao and coworkers,
[77]

 are important to our 

strategy, since we will also use an ONB derivative as the sensitive molecule. Namely,  in both 

studies the authors do not discuss the toxic effect of the released O-nitrosobenzaldehyde, known 

to be highly reactive toward other molecules such as proteins.
[80, 81]

 In order to avoid the toxicity 

of their systems, we introduced a photolabile group as a linker between the hydrophobic and 

hydrophilic polymer chains that will drastically reduce the amount of ONB in the system. This 

approach was investigated by Moon et al.
[82]

 to produce ONB-poly(styrene)-b-poly(ethylene 

oxide) (ONB-(PS-b-PEO)) and by Fustin et al.
[83]

 to produce PS-hν-PEO and poly(styrene)-hν-

poly(methyl methacrylate) (PS-hν-PMMA). However, the synthetic strategy used by these 

groups is based on coupling chemistry, usually not a well-controlled and tunable way to obtain 

block copolymers. Here we present a different approach: the synthesis and use of an outstanding 

difunctional photosensitive initiator allowing the growth of polymer chains from two different 

functionalities. In addition, this approach gives us the possibility to introduce also pH 

responsiveness in our system, with the use of tolerant ATRP and ROP living polymerization 

techniques.  

 The structure of the amphiphilic block copolymer is based on the photocleavable moiety 

(O-nitrobenzyl) acting as a junction point between the hydrophilic poly(acrylic acid) (PAA) and 

hydrophobic poly(γ-methyl-ε-caprolactone) (PMCL) blocks (Figure 8). 
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Figure 8: Schematic view of the amphiphilic photocleavable block copolymer, chemical structure 

of the poly(methyl caprolactone)-ONB-poly(acrylic acid) diblock copolymer, and its degradation 

products upon UV irradiation. Upon cleavage, PAA chains bearing the photodegraded linker 

and PMCL chains bearing -COOH end groups are formed. 

 

 The copolymers form well defined supramolecular structures in aqueous media, including 

vesicles which can be loaded with hydrophilic molecules. The strategy of payload release from 

our system is based on exposing vesicles to UV light, inducing a subsequent degradation of the 

ONB linkers that cause the cleavage of corona-forming PAA chains, and exposing the PMCL 

domains to water (Figure 9). Because they are energetically unfavorable, these photodegraded 

supramolecular structures undergo a rearrangement at the macromolecular level to yield more 

favorable entities, or the hydrophobic domains simply precipitate. The inner content of the 

vesicles is released during this transition (Figure 9). 
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Figure 9: Scheme depicting the polymersomes and the conformation of the assembled polymer 

chains forming its membrane (A). Upon UV exposure, the corona PAA chains are cleaved, i.e. 

they are separated from the PMCL forming the core of the membrane (B). Consequently, the 

vesicle’s membrane is destroyed and, presumably, the payload released (C). 

 

 The first chapter of this thesis describes the synthesis of a new photocleavable diblock 

copolymer using living polymerization techniques providing control over molecular weight 

(Mw) and polydispersity index (PDI).  

 In the second chapter, we report on the UV light-induced degradation of the polymer 

chains in solvent and in aqueous media, using simple characterization techniques (ultraviolet-
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visible (UV-Vis) spectrometry, gel permeation chromatography (GPC), and nuclear magnetic 

resonance (NMR)).  

 In the third chapter, we investigate the self-assembly behavior of the polymer chains in 

aqueous solution, and since elucidating the UV degradation mechanism of our vesicles is a key 

step before investigating their potential as triggerable nanocarriers, we carefully study the change 

in size and morphology of the self-assembled structures upon UV exposure.  

 In the last chapter, we demonstrate the ability of the system to encapsulate and release a 

payload upon UV-trigger, in other words, its ability to work as smart nanocarrier for drug 

delivery applications. In this respect we investigate the conditions in which the polymer vesicles 

allow encapsulation and release of a variety of compounds, ranging from small molecules (dyes) 

up to proteins (eGFP), in mild conditions.  
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2. Synthesis of new photocleavable block copolymers 

 Various functional moieties and chemical bonds have been introduced in diblock 

copolymers as a junction point between the two blocks via diverse synthesis routes. 

 A commonly used approach involves the use of a macroinitiator, i.e. a starting polymer 

bearing one or more active sites, which can then initiate the growth of a second block. The active 

site is usually obtained through the modification of the end-groups of a preexisting 

homopolymer. A necessary requirement is to not affect the functionality of the linker by the new 

chemical bond created upon polymerization. Several examples of this approach can be found in 

literature, including diblocks bearing a photocleavable,
[82, 84]

 a redox sensitive,
[85-88]

 or an acid-

labile bond.
[50, 89]

 

 A second approach, which can be referred to as “post-polymerization”, consists in 

connecting two preexisting homopolymers. The responsiveness of the linker is usually a result of 

the reaction attaching the two blocks (coupling or simple chemistry reaction). With this 

technique, redox sensitive,
[90]

 and light-sensitive,
[91]

 moieties were introduced via direct coupling 

of homopolymers bearing functional end-groups.  

 In the third technique, here referred as “the difunctional linker approach”, both polymer 

segments are grown directly from the sensitive linker. The challenging point comes from the 

requirement to use a molecule which, in addition to its responsive property (to any stimulus), 

bears two different functionalities to attach polymer segments to both sides. Due to the inherent 

complexity of such a linker, especially in terms of chemical stability, the technique was seldom 

used to introduce stimuli-sensitive moieties in block copolymers.
[92]

 Despite the lack of previous 

studies, we chose to work with this versatile and elegant approach. 

 

2.1 The difunctional linker approach 

 The synthetic approach developed in this work is shown in Figure 10. We first 

synthesized a difunctional initiator bearing a hydroxyl group and a tertiary bromine group 
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(ONB). In the difunctional initiator approach, a first block (A) is grown from the Y functionality 

(OH), yielding a homopolymer called macroinitiator. In the second step, the X functional group 

from the macroinitiator (Br) reacts with a second monomer, yielding the desired AB diblock 

copolymer. 

 

 

Figure 10: Scheme of AB diblock copolymer synthesis with the difunctional initiator approach. 

 

 The use of a dual initiator provides many advantages over classical methods for block 

copolymer synthesis, such as coupling reaction of the preformed homopolymers. In particular, 

the presence of two different initiation sites offers the possibility to combine the growth of 

mechanistically incompatible polymer chains.
[93]

 In order to have a better control over the two 

concurrent living polymerization techniques, we designed a dual initiator capable of initiating 

ring opening polymerization (ROP) and atom transfer radical polymerization (ATRP) in a 

sequential two-step process (Figure 11).  

 The dual initiator approach using the ROP-ATRP combination is well documented for a 

number of systems, using either a one-step procedure,
[94-96]

 or a two-step process.
[96-99]

 

Amphiphilic block copolymers were synthesized using this synthesis route and, as emphasized 

by Bernaerts et al. in a review on heterofunctional initiators,
[93]

 according to a totally controlled 

procedure. 
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Figure 11: Synthetic procedure for PMCL-ONB-PAA diblock copolymers. a) BiBB (0.67 eq), 

Et3N(0.67 eq), EtOAc, RT, 21h. b) γ-methyl-ε-caprolactone, Sn(Oct)2, toluene, 90°C, 10h. c) tBA, 

CuBr/PMDETA, toluene, 75°C. d) TFA (15 eq/tBA unit), CH2Cl2, RT, 18h. 

 

 The ONB hydroxyl group served as initiator for the ring opening polymerization of γ-

methyl-ε-caprolactone catalyzed by Sn(Oct)2 (Figure 11). We used the resulting poly(γ-methyl-ε-

caprolactone) (PMCL-ONB) macroinitiator (bearing a tertiary bromine end group) to polymerize 

tert-Butylacrylate (tBA) by atom transfer radical polymerization with CuBr as catalyst and 

PMDETA as ligand, yielding the diblock PMCL-ONB-PtBA. The final diblock PMCL-ONB-

PAA was obtained upon deprotection of the tBA units with trifluoroacetic acid. 

 

2.2 Synthesis of a new photocleavable moiety 

 We chose to work with an O-nitrobenzyl linker as the photoresponsive molecule, due to 

its chemical stability and rapid cleavage by near-UV irradiation (wavelength > 320nm). Another 

interesting feature of O-nitrobenzyl is its ability to be cleaved by two-photon near infrared (NIR, 

700–1000 nm) irradiation. NIR light is particularly attractive for biomedical applications 

compared to UV light; at these longer wavelengths, the irradiation is less harmful to cells, and 

the penetration depth into tissues is significantly increased.
[100]

 Additionally, ONB has been 

widely used and studied as a photolabile protective group.
[101-104]
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 The photocleavable linker was prepared according to a method proposed elsewhere,
[98, 

105]
 and adapted to the light-sensitive O-nitrobenzyl diol. A commercially available diol, 5-

hydroxy-2-nitrobenzyl alcohol, was reacted with α-bromoisobutyryl bromide (Figure 11). The 

esterification occurred preferentially at the phenol position yielding the desired compound. 

However, it should be noted that a mixture of compounds was obtained due to the formation of 

diester byproduct. To minimize the formation of this compound, we used a 1.5 fold excess of the 

diol. The remaining impurities and unreacted diols were removed by flash chromatography. We 

characterized the initiator and by-products by 
1
H NMR and 

13
C NMR (Figure 12).  
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Figure 12: 
1
H NMR (up) and 

13
C NMR spectra of ONB linker. Samples were dissolved in CDCl3. 

 

 In 
1
H NMR, we see the three peaks corresponding to the three aromatic protons (c: δ = 

7.25ppm, b: δ = 7.61ppm, and d: δ = 8.22ppm), the two protons of the –CH2- linked to the OH 
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(e: δ = 5.06ppm), and the six protons of the methyl groups (a: δ = 2.08ppm). The sharp signal of 

the proton of the alcohol group (δ = 2.42ppm) is due to proton exchange with water molecules (δ 

= 1.59ppm). In 
13

C NMR, all peaks were assigned to carbon atoms as follows; δC (ppm): 30.8 

(2xCH3), 55.1 (C-Br), 62.5 (CH2), 121.2 (C3), 122.2 (C5), 127.4 (C6), 140.4 (C2), 144.9 (C1), 

155.3 (C4), 169.9 (C=O). Both spectra reveal the expected structure, with no traces of 

byproducts. 

 

2.3 PMCL-ONB-PAA diblock synthesis 

 We will detail the ROP-ATRP combination we used to synthesize PMCL-ONB-PAA 

diblock copolymer.  

 

2.3.1 ROP of ε-caprolactone and γ-methyl-ε-caprolactone monomers initiated by ONB 

2.3.1.1 Introduction 

 Cyclic esters are known to polymerize via anionic or cationic polymerization to form 

polyesters. In the case of anionic polymerization, initiators such as metal alkoxides (Al(OR)3 for 

instance) and metal carboxylates (tin(II) 2-ethylhexanoate, Sn(Oct)2) are used.
[106]

 Although 

aluminum based alkoxides are among the most used initiators, we could not prepare them with 

our ONB alcohol. Indeed, aluminum is known to react with nitro compounds,
[107]

 and would 

potentially destroy the photosensitivity of our linker by alteration of the nitro functional group. 

Therefore we used tin(II) 2-ethylhexanoate as the catalyst. In ROP with Sn(Oct)2, the actual 

initiator is the metal alkoxide formed by the reaction between metal carboxylate and alcohol 

(Figure 13, A).  
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Figure 13: Mechanism of initiation in stannous octoate catalyzed polymerization of ε-

caprolactone, including (A) formation of stannous alkoxide initiator, (B) coordination/insertion 

of monomer into the stannous alkoxide bond, and (C) chain extension.
[108]

 

 

 The polymerization of cyclic esters initiated with Sn(Oct)2, proceeds by a coordination-

insertion mechanism, with propagation (Figure 13), and has been described as a living 

polymerization.
[108-110]

 

 The first copolymerization experiments were performed with ε-caprolactone as monomer, 

yielding poly(caprolactone) (PCL) hydrophobic blocks. We took advantage of this commercially 

available monomer to verify the feasibility of the ROP-ATRP procedure with the new ONB 

linker. However, poly(caprolactone) is a crystalline polymer with reduced chain mobility, and its 

use as the hydrophobic segment in self-assembling amphiphilic block copolymers does not 

confer flexibility to the formed superstructures. Foreseeing the potential limitations of such a 

system in our future applications, and following successful polymerizations, we rapidly switched 
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to a similar monomer, γ-methyl-ε-caprolactone. This monomer is synthesized by Bayer-Villiger 

oxidation,
[41]

 and can be polymerized (with ROP) under the same conditions to yield poly(γ-

methyl-ε-caprolactone). In the case of PMCL, a totally amorphous homopolymer,
[111]

 the 

flexibility of the chains is such that it provides fluidity to the polymer membrane formed upon 

self-assembly, a desirable property for polymersomes. Unless specified otherwise, the results and 

discussions reported in this thesis were obtained with, and refer to, PMCL-ONB-PAA block 

copolymers.  

  

2.3.1.2 Results 

 The PMCL-ONB macroinitiators were characterized by 
1
H NMR and GPC. The 

1
H NMR 

spectrum of the PMCL-ONB polymer shows the complete shift of the methylene protons of ONB 

from δ = 5.06 ppm (see Figure 12, labeled e) to δ = 5.53 ppm (Figure 14, labeled e), indicating 

that the OH group reacted and that the polymerization process was effectively initiated by the 

difunctional linker. The PMCL backbone protons have chemical shifts from 0.92 up to 4.11ppm, 

different from the cyclic lactone monomer. The k protons (δ = 4.11 ppm), are shifted toward high 

fields (high chemical shift) because they are on the CH2 linked to an oxygen atom. f protons (δ = 

2.31 ppm) are also shifted toward high fields due to the vicinity of the electron-rich ester linkage. 

The protons of the methyl group of the backbone are unshielded (i, lower fields, δ = 0.92 ppm). 

The other backbone protons (g, h, and j) have similar chemical shifts, from 1.45 to 1.68ppm. The 

spectrum also shows the peaks associated to the initiator described above. 
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Figure 14: Typical 
1
H-NMR spectrum for PMCL-ONB macroinitiator dissolved in CDCl3. 

 

 We estimated the degree of polymerization by comparing the integrals of the methylene 

protons peak (e) (or the 6 protons from the methyl signal, labeled a) of the initiator, with the 

methylene protons of the monomer (k). These estimations are in good agreement with the 

theoretical values calculated from the monomer to alcohol ratio which controls the degree of 

polymerization (see Table 2).
[108, 112]

  

 In addition, the polydispersity indexes obtained by GPC range from 1.1 to 1.3, thereby 

confirming that the polymerization was well controlled. Typical chromatograms are shown in 

Figure 15. 
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Figure 15: (Left) typical GPC chromatograms for PMCL-ONB and PCL-ONB macroinitiators. 

For PMCL55-ONB, the shoulder corresponds to high molecular weight polymer chains initiated 

by water; (Right) GPC traces for a PMCL-ONB homopolymer, showing the successful 

separation of high MW water initiated chains from the ONB initiated chains. 

 

  For a couple of polymer synthesis, the presence of water in non-negligible quantities, 

contributed to the competitive initiation of polymer chains. In this case, the reaction cannot be 

considered as a living polymerization. The polymer chains initiated by water have higher 

molecular weights, resulting in peak broadening and an increase in PDI. However, in most cases, 

it was possible to avoid high molecular weight chains through repeated precipitation steps 

(Figure 15). It should be noted that water initiated chains lack the ONB linker, and therefore are 

unable to initiate ATRP in the next step. PMCL-ONB and PCL-ONB blocks synthesized are 

summarized in Table 2. 
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Table 2: Molecular characteristics of synthesized PCL-ONB and PMCL-ONB macroinitiators. 

Polymer Nth
a 

N(NMR)
b 

Mn(NMR)
c 

Mn(GPC)
d 

Mw(GPC)
e 

PDI
f 

PCL55-ONB 50 55 6600 12600 15900 1.26 

       

PMCL55-ONB 60 55 7350 10100 16200 1.6 

PMCL23-ONB 20 23 3200 2900 3300 1.15 

PMCL30-ONB 30 30 4200 3200 4100 1.26 

PMCL105-ONB 100 105 13800 16700 22000 1.31 

PMCL150-ONB 200 150 19500 22500 33800 1.5 

PMCL76-ONB 100 76 10000 9100 10500 1.15 

 

a
 Targeted numbers of MCL (or CL) units. 

b
 Number of monomer repeat units in the PMCL (or PCL) block as 

determined by 
1
H-NMR spectroscopy. 

c 
Number-average molecular weight of polymers as determined by 

1
H-NMR 

spectroscopy. 
d,e 

Number and weight average molecular weight of polymers as determined by GPC with polystyrene 

standards
1
. 

f
 Polydispersity index determined from GPC results.  

 

2.3.2 ATRP of tBA with PMCL-ONB macroinitiator 

2.3.2.1 Introduction 

 In the next step, the second block was grown using atom transfer radical polymerization. 

ATRP was used since it is a robust technique toward functionalities and a versatile living 

polymerization affording well defined copolymers.
[113, 114]

  

 In ATRP, the radical (R•) is generated by the abstraction of the halogen atom from an 

organic halide (RX), catalyzed by a transition metal compound such as cuprous halide (CuBr). 

The formed reactive radical initiates polymerization. The advantage of ATRP over other radical 

polymerization arises from the rapid and reversible deactivation of propagating species by the 

                                                 
1
 The molecular weights determined by GPC are not absolute molecular weights. They are calculated from a 

calibration curve obtained with polystyrene standards, and therefore they differ from values obtained by 
1
H-NMR 

spectroscopy. 
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persistent transition metal complex CuBr2(L), maintaining low radical concentration and 

minimizing normal termination reactions. At all time during the reaction (i.e. monomer M 

conversion), active radicals (RMn•) are converted to so-called dormant species (RMn-Br), 

ensuring control over growth rate and subsequently over molecular weight distribution. 

 

 

Figure 16: ATRP mechanism catalyzed by cuprous bromide.
[106]

 

 

 Although CuBr is the most frequently used metal compound (Figure 16), a variety of 

transition metals (copper, iron, ruthenium, nickel) and halides (bromide, chloride, or idodide) can 

be applied to ATRP. 

 ATRP is a multi-component system of initiator (RX), activator, deactivator, ligand, and 

solvent. Therefore the reaction can be affected by a number of parameters, including transition 

metal, ligand, solvent, and temperature. Depending on the monomer and catalyst, it is necessary 

to adjust the system and reaction conditions to attain the polymerization conditions mentioned 

above (i.e. low radical concentration and suppression of normal termination). 

 Here, the ATRP was conducted with ONB as the RX, CuBr as metal halide, and with 

N,N,N’,N’’,N’’’-pentamethyldiethylenetriamine (PMDETA) as ligand. Although other ligands 

were tested (HMTETA and bPy), PMDETA was found to favor solubilization of copper in 

toluene solution.  
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2.3.2.2 Results 

 The completion of the polymerization is evidenced via 
1
H NMR with the appearance of 

the characteristic signals belonging to the acrylate backbone protons (m superimposed with f, δ = 

2.28ppm, and l, δ ≈ 1.8ppm) and the appearance of the methyl protons from the tBA (n, δ = 

1.47ppm, Figure 17).  

 

 

Figure 17: Typical 
1
H-NMR spectrum of a PMCL-ONB-PtBA block copolymer dissolved in 

CDCl3. 

 

 The degree of polymerization was calculated from the integral of the PMCL backbone 

protons k, and the integral of the PtBA backbone proton m (peak assigned to f+m protons). 

 Although no kinetic study was performed on the ATRP of tBA in the presence of the 

PMCL-ONB macroinitiator, we can see from the GPC data (Figure 18) that the polymerization 
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was well controlled; the diblock copolymer traces are unimodal and symmetrical, no tailing in 

the low molecular weight region is observed, and the molecular weight distributions are quite 

narrow (Table 3). The degree of polymerization of the acrylate block was tuned by varying the 

reaction time. The GPC chromatograms of the copolymer reveal a clear shift toward higher MW 

when compared to the PMCL-ONB macroinitiator trace.  

 

 

Figure 18: Typical GPC chromatograms showing a PMCL-ONB macroinitiator and two PMCL-

ONB-PtBA diblock copolymers with different molecular weights generated from it. 

 

Table 3: Molecular characteristics of synthesized PMCL-ONB-PtBA copolymers. 

Polymer NtBA(NMR)
a
 Mn (NMR)

b
 Mn (GPC)

c
 Mw (GPC)

d
 PDI

e
 

PCL55-ONB-PtBA8 8 7600 14900 20400 1.36 

PCL55-ONB-PtBA30 30 10400 19300 30800 1.59 

PCL55-ONB-PtBA10 10 7900 10300 13100 1.27 
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PMCL55-ONB-PtBA10 10 8600 16000 23000 1.44 

PMCL23-ONB-PtBA20 20 5800 3900 5000 1.27 

PMCL30-ONB-PtBA6 6 4900 3650 5100 1.39 

PMCL30-ONB-PtBA10 10 5400 3900 5500 1.39 

PMCL105-ONB-PtBA30 30 17600 23000 28000 1.21 

PMCL150-ONB-PtBA10 10 20800 22500 33200 1.48 

PMCL150-ONB-PtBA23 23 22500 24000 34900 1.45 

PMCL76-ONB-PtBA41 41 15290 13400 19100 1.42 

PMCL76-ONB-PtBA16 16 12350 11400 14800 1.29 

PMCL76-ONB-PtBA8 8 11050 11300 13300 1.28 

a
 Number of monomer repeat units in the PtBA block as determined by 

1
H-NMR spectroscopy. 

b 
Number-average 

molecular weight of block copolymers as determined by 
1
H-NMR spectroscopy. 

c,d 
Number and weight average 

molecular weight of block copolymers as determined by GPC with polystyrene standards. 
e
 Polydispersity index 

determined from GPC results.  

 

2.3.3 Deprotection of the PtBA block 

 To obtain PMCL-ONB-PAA block copolymers, the tert-butyl groups of tBA units are 

cleaved according to an established method, based on mild acidolysis of the ester bond with an 

excess of trifluoroacetic acid (TFA, 15 eq./tBA unit).
[115, 116]

 The success of the reaction was 

evidenced by 
1
H NMR spectroscopy, which shows the disappearance of the tert-butyl signal (n, 

Figure 17) and the presence of the signal for the acid protons from the deprotected groups at δ = 

10.83 ppm (Figure 19). The polyacrylate backbone protons are also shifted upon deprotection (m 

from δ = 2.28ppm to δ = 2.46ppm, and l from δ = 1.8ppm to δ = 1.96ppm).  
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Figure 19: Typical 
1
H-NMR spectrum of a PMCL-ONB-PAA block copolymer in deuterated 

THF. The insert shows the peak associated to the acid protons of the PAA block. 

 

 The deprotection was also followed by Infrared spectroscopy. The appearance of a broad 

peak ranging from 2400 to 3600 cm
-1

 in the FT-IR spectrum attributed to the O-H stretching 

(Figure 20) confirmed the presence of carboxylic groups as well. Additionally, the C=O 

stretching absorbance band of PMCL-ONB-PAA is shifted to lower wavenumbers (ca. 1700 cm
-

1
) compared to that of PMCL-ONB-PtBA (1730 cm

-1
). This also results in a broadening of the 

peak since both signals from PMCL ester carbonyls and PAA acid carbonyls are superimposed. 
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Figure 20: IR spectra of PMCL-ONB-PtBA (black) and its deprotected counterpart, PMCL-

ONB-PAA (red). 

 

 Finally, the solubility of the diblock changed during the course of the reaction, thus 

indicating a change in polarity due to effective deprotection of the PtBA block. It has been 

reported earlier that under the described deprotection method, no degradation of the polyester 

block occurred,
[117]

 which is confirmed by 
1
H NMR. 
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3. Photodegradation of polymer chains 

 

3.1 UV-irradiation setup 

 The UV irradiation was operated using a Hamamatsu UV spot light source, generating a 

UV beam of 3500 mW/cm
2
, with a radiant wavelength range from 240 to 400nm 

2
. The proper 

wavelength for ONB irradiation (365nm) was selected using a set of UV filters (WG360 and 

UG11, Schott Glass), as shown in Figure 21. 

 

 

Figure 21: Left: UV transmittance with UV filters to isolate the 365 nm band. Right: estimated 

UV intensity delivered to the samples as a function of distance from UV light source.  

 

                                                 
2
 To give an idea of UV energy scale, a few numbers are given here: 

UVA + UVB solar radiation before atmosphere attenuation: ~10 mW/cm
2
.118. Frederick, J.E., H.E. Snell, and 

E.K. Haywood, SOLAR ULTRAVIOLET RADIATION AT THE EARTH'S SURFACE. Photochemistry and 

Photobiology, 1989. 50(4): p. 443-450. 

UV solar radiation measured at noon (07.14.10), in the chemistry department courtyard of UniBasel,: ~2 mW/cm
2
 

UV radiations used for water purification: 30 to 100 mW/cm
2
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 The energy delivered to the sample was estimated from data provided by Hamamatsu, as 

a function of the distance in between the light output and the sample (Figure 21): at 1mm the 

maximum UV energy used in this work was obtained (700 mW/cm
2
), and the lowest energy used 

(20 mW/cm
2
) at 6mm. A scheme of the UV setup is provided in Figure 22: the samples are 

placed in Quartz cuvettes to minimize UV absorption by common glass vials, at the desired 

distance from UV source. 

 

 

Figure 22: UV setup for UV irradiation experiments. 

 

3.2 Block copolymer photocleavage in solvent 

 First, the cleavage of the block copolymers was investigated in solvents. To characterize 

the successful degradation of the linker, we followed the UV-Vis signal changes and the 

chemical modifications (with NMR spectroscopy) induced by UV irradiation. The subsequent 

separation of the two polymer segments was analyzed with GPC. 

 The degradation of O-nitrobenzyl moieties is well characterized. As mentioned before, it 

is an intramolecular process, i.e. it does not involve other chemical entities. Although the 

photochemistry of this compound is beyond the scope of this thesis, a schematic of its 

degradation, proposed by Blanc et al.
[119]

 is given in Figure 23. 

 

UV spot light source

Fiber optic light guide

UV filters

1mL sample 
in quartz 
cuvette
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Figure 23: Degradation mechanism of the O-nitrobenzyl moiety, adapted from reference [119]. 

R: PAA block, and R': PMCL block. 

 

 According to this degradation mechanism, the rearrangement leads to the formation of an 

aldehyde functionality (which stays attached to the PAA segment), and a carboxylic acid group 

(on the PMCL block). As we will see, the presence of the -COOH ionisable group in the terminal 

positions of cleaved PMCL chains is playing a significant role in the degradation mechanism of 

the supramolecular structures. 

 

3.2.1 ONB photodegradation characterized by UV-Vis spectroscopy 

 We investigated the photolytic degradation of the linker with UV-Vis spectroscopy, 

observing the spectral changes from a solution of copolymer over irradiation time. For this 

purpose we dissolved PMCL105-ONB-PAA30 in inhibitor-free tetrahydrofuran (THF) (or 

dichloromethane, DCM) in quartz cuvettes, and irradiated the solutions with UV light (~365 nm, 
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700mW/cm
2
) for a given amount of time. The UV-Vis spectra (Figure 24) show a clear shift over 

irradiation time. 

 

 

Figure 24: UV traces of PMCL-ONB-PtBA block copolymers after different irradiation times. 

Left: full spectra in DCM, right: absorbance increase at λ = 345nm. Irradiation: 700 mW/cm
2
, 

with λ = 365nm. 

 

 The spectral changes reflect the typical red-shifted absorbance (bathochromic shift) 

observed for the transformation of the nitrobenzyl linker to the nitrosobenzaldehyde compound, 

and therefore points toward the photolysis of the ONB linker.
[120]

 It should be emphasized that 

the complete degradation of the linker is reached after only 20 minutes of irradiation. This can be 

understood by the increase of the intensity of the UV-Vis band at 345nm as function of time, up 

to complete degradation (Figure 24). To prove that the bathochromic shift is solely resulting 

from the linker photodegradation, a control experiment was performed, where the UV-Vis 

spectra of a PMCL38-PtBA11 copolymer with no photocleavable linker were recorded over UV 

irradiation time. The spectra are given in Figure 25, and show that no red shift is observed in the 

region of interest, due to the absence of the ONB photolinker. 
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Figure 25: UV-Vis spectra of a PMCL-PtBA block copolymer inert toward UV irradiation. 

Irradiation: 700 mW/cm
2
, λ = 365nm. 

 

3.2.2 ONB photodegradation followed by 
1
H-NMR spectroscopy 

 Additionally, the photodegradation was followed by 
1
H NMR. In Figure 26, significant 

changes in chemical shifts are observed. As described previously (Figure 23), the ester linkage 

between ONB and PMCL is converted to an aldehyde functionality upon degradation. 

 

 

Figure 26: 
1
H NMR of a PMCL-ONB-PAA before UV irradiation (red), and after UV-induced 

cleavage (blue). 
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 On the 
1
H-NMR spectra, the CH2 signal at 5.5 ppm disappears and a peak corresponding 

to aldehydes appears (around 9.8 ppm), indicating that the photolysis took place. In addition, the 

aromatic signals are also affected: the ortho proton d is shifted from δ = 8.2ppm δ ≈ 7.0ppm. The 

nitroso group formed upon UV degradation has a smaller deshielding effect when compared to 

the nitro group. Therefore, the signal is shifted toward lower ppm values (higher fields). The 

effect is clearly visible on ortho protons, but less pronounced with meta and para protons.
[121]

 

 

3.2.3 GPC analysis: evidence of block cleavage 

 To further prove the degradation of the copolymer into its two constituting blocks, the 

UV exposed polymer was analyzed with GPC. After UV irradiation, the copolymer peak is no 

longer observed, and the chromatogram shows the appearance of two new peaks (Figure 27). The 

main peak corresponds to the cleaved PMCL: its retention volume is slightly higher than the 

retention time of the diblock, indicating a decrease in molecular weight. As for the second peak, 

it represents the low molecular weight cleaved PAA chains. The intensity of this peak is 

extremely small when compared to the peak associated to PMCL cleaved chains. It can be 

explained both by the poor solubility of free PAA chains in THF, and by the weight proportion 

of the PAA vs. PMCL in the copolymer. 

 

 

Figure 27: Refractive index (RI) response chromatograms of a PMCL-ONB-PAA copolymer 

before and after UV irradiation. 
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 However, this second peak can be visualized more easily when considering the UV signal 

obtained by GPC (Figure 28). In this second chromatogram, the high UV intensity of the PAA 

peak is due to the O-nitrosobenzene residue attached to the PAA chains after degradation (see 

Figure 23). The presence of this new peak associated to low molecular weight polymer chains 

with high UV absorbance, reveals the successful cleavage of the copolymer. 

 

 

Figure 28: (Left )UV response chromatograms of a PMCL-ONB-PAA copolymer before and 

after UV irradiation, showing the formation of small molecular weight entities (2).(Right) UV 

spectra of single retention volume 1 and 2 illustrating the red-shifted absorption of the degraded 

linker attached to low Mw PAA segments. 

 

 With the Viscotek GPC setup, it is possible to acquire the UV-Vis spectrum for a given 

volume fraction. Figure 28 shows the UV-Vis spectrum of the copolymer prior to UV exposure 

and the UV-Vis spectrum of the cleaved PAA fraction (retention volumes respectively labeled 1 

and 2). These spectra show the significant red-shifted absorption associated with the degradation 

of the ONB linker to the O-nitrosobenzene residue (fraction 2) when compared with the intact 

copolymer (fraction 1), thus confirming the UV-induced cleavage of the copolymer. 
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3.3 Block copolymer photocleavage in water 

 The cleavage of PMCL-ONB-PAA in aqueous environment was investigated similarly to 

solvent environment. Our aim was to prove that, despite this dramatic environmental change, the 

copolymer can still be efficiently cleaved.As stated before and described in detail in the next 

chapter, PMCL-ONB-PAA copolymer are self-assembling when hydrated, due to their 

amphiphilic nature. Solutions of polymer aggregates (1mg/mL) in phosphate buffered saline 

(PBS, pH 7.4) were prepared. In the supramolecular structures formed, the polymer chains adopt 

new conformations (from random coil in solvent to stretched in membrane) and organize into 

ordered structures (interdigitated polymer membranes). As a result, the environment around the 

ONB linker is completely different: in organic solvent it is surrounded by solvent molecules, and 

in supramolecular structures it sits at the water-polymer interface in a segregated microdomain.  

 

3.3.1 UV-Vis spectroscopy 

 When the solution of self-assembled structures is exposed to UV, a clear color change is 

observed, along with the red shifted absorption (max. at λ = 340nm) observed in experiments 

performed in solvent solutions (Figure 29). 

 

 

Figure 29: UV exposed PMCL-ONB-PAA solution in PBS and UV-Vis spectra associated. 

 

UV No UV 
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 As shown in Figure 30, the absorbance in the red region is increasing with irradiation 

time, indicating that the ONB linker is progressively degraded.  It is interesting to note that, at 

constant UV energy (700 mW/cm
2
), the UV exposure times to achieve cleavage of the polymer 

both in organic solvent and aqueous environment are very similar (~ 20 min). This result is quite 

consistent with the fact that the ONB linker photodegradation is an intramolecular rearrangement 

(i. e. it is rather independent of the environment in which the photodegradation occurs).
[64, 119]

 

Hence the linker is degraded in a similar fashion, whether it sits in solvent or in aqueous 

environment.  

 

 

Figure 30: UV vis spectra of polymer degradation in PBS (left), and absorbance increase at λ = 

400nm vs. irradiation time (right). Irradiation: 700 mW/cm
2
, λ = 365nm. 

 

3.3.2 1
H-NMR spectroscopy 

 In an effort to give further proof of the photoinduced cleavage of the copolymer in 

aqueous solutions, the UV-exposed polymer segments were isolated, and analyzed separately 

with 
1
H NMR. After UV irradiation of a copolymer solution in PBS, the hydrophobic cleaved 

PMCL chains were extracted from PBS solution with dichloromethane, a good solvent for 

hydrophobic polymers, and a poor solvent for hydrophilic charged polymers (such as PAA). The 



P h o t o d e g r a d a t i o n  o f  t h e  p o l y m e r  c h a i n s  |  5 5  

 

 

  

NMR spectra of the PMCL-ONB macroinitiator, the intact PMCL-ONB-PAA copolymer, and the 

extracted cleaved PMCL segments are given in Figure 31. 

 

 

Figure 31:
 1

H NMR spectra of: (A) PMCL30-ONB macroinitiator in CDCl3; (B) PMCL30-ONB-

PAA5 in THF-d8, and (C) PMCL30 block in CDCl3 cleaved by UV irradiation. The shift observed 

for the c peak is due to the different solvents used. Irradiation: 700 mW/cm
2
, λ = 365nm. 

 

 As shown in spectrum C for cleaved polyester chains, the PAA peaks (see spectrum B, 

peaks e, g and g’) are not present anymore, indicating that the extracted block is purely PMCL, 

without copolymer. In addition, the methyl protons characterizing the tertiary bromine end of the 
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PMCL-ONB macroinitiator (spectrum A, m signals) are not seen in the cleaved PMCL spectrum. 

This is another indication that the ONB residue stays attached to the PAA block upon cleavage, 

and it proves that spectrum C represents a cleaved PMCL, and not a non-polymerized 

macroinitiator. 

 

3.3.3 Further degradation 

 Surprisingly, when the irradiation is continued (i.e. up to 2 hours or more), the red-shifted 

band observed in UV-Vis spectra starts to decrease (Figure 32). 

 

 

Figure 32: Prolonged irradiation time of a PMCL-ONB-PAA solution in PBS. (A) UV-Vis 

spectra recorded over time showing a progressive decrease of the absorbance after 20 minutes 

of UV exposure; (B) Absorbance at λ = 400nm vs. irradiation time. Irradiation: 700 mW/cm
2
, λ 

= 365nm. 

 

 The photochemistry of ONB structures is a complex phenomenon. The aldehyde group 

created upon UV irradiation is quite reactive and, according to literature, the nitrosobenzene 

compound can further react in the presence of a base, or with further exposition to UV-light.
[122]

 

A B 
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It then eventually results into the coupling of two nitrosobenzene structures to form a bis-aryl 

compound as described in Figure 33. 

 

 

Figure 33: Degradation scheme of nitrobenzene species as proposed by Barltrop et al.
[122]

 

 

 In our case, the aldehyde functionality is actually a chain end-group on the PAA chain. 

Therefore the coupling of two entities would result in the formation of a long PAA chain. 

Interestingly, GPC measurements performed on a PCL55-ONB-PAA10 copolymer after long 

exposure times, give further evidence to this hypothesis. In these chromatograms (Figure 34), a 

high molecular weight peak can be seen (with all detectors, i.e. refractive index (RI), UV-Vis, 

right angle light scattering (RALS), and viscosity). According to GPC calculations, this peak 

corresponds to a fraction with a Mw of 90000 g/mol. The copolymer itself has a total molecular 

weight of 10000 g/mol. In the case of coupled PAA chains, their molecular weight would reach a 

maximum of 2000 g/mol. Therefore, the high molecular weight fractions are probably resulting 

from aggregation of several polymer chains. 

 In this respect, it is interesting to see that in RALS signal, the fraction corresponding to 

this high Mw peak scatters more than the other fractions.  
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Figure 34: GPC chromatograms of PCL-ONB-PAA before and after UV degradation: (A) 

refractive index, (B) UV-Vis, (C) light scattering, (D) viscometry. Irradiation: 700 mW/cm
2
, λ = 

365nm. 

 

 From the light scattering theory, we know that large objects scatter more. Therefore, 

consistently with the Mw calculated, we assume that this fraction is actually due to small 

aggregates rather than fully dissolved polymer chains in a coiled conformation. One explanation 

could be that these aggregates are constituted by long PAA chains resulting from coupling of two 

PAA segments via the ONB rearrangement. The formation of aggregates is plausible since newly 

A B 

C D 
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created PAA chains are even less soluble than shorter PAA chains. This hypothesis is reinforced 

by the viscosity measurement from GPC: the high viscosity of the high molecular weight peak is 

due to these aggregates, behaving as “beads” in a fluid, which, from a rheological point of view, 

induce an increase of the viscosity. 

 As a conclusion, and according to all characterization techniques used (UV-Vis, NMR, 

and GPC), the PMCL-ONB-PAA copolymer is efficiently cleaved upon UV-irradiation, both in 

solvent and in aqueous solution, and yields two separated homopolymers, PMCL and PAA. 
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4. Self-assembled structures and their UV-triggered degradation  

 In a first part, different supramolecular structures generated by the self-assembly of 

PMCL-ONB-PAA (and PCL-ONB-PAA) copolymers in aqueous solutions, are characterized by 

dynamic light scattering (DLS), static light scattering (SLS), and transmission electron 

microscopy (TEM). In a second part, the changes in size and morphology of the self-assembled 

superstructures induced by UV-irradiation are described. Based on these results, the third section 

suggests a plausible degradation mechanism at molecular level. 

 

4.1 Self-assembly of PMCL-ONB-PAA and PCL-ONB-PAA copolymers in PBS 

 We investigated the formation of self- assembled structures of block copolymer PMCL-

ONB-PAA using the co-solvent method. The copolymers were dissolved in a minimum amount 

of solvent (THF), and buffer solution (PBS, pH 7.4) was slowly added, to reach a typical 

polymer concentration of 1mg/mL. When needed, the pH was adjusted to 7.4 with 0.5M NaOH 

solution. The solutions were stirred for 3 days, allowing the system to equilibrate, and the small 

amount of solvent to evaporate.  

 

4.1.1 Preliminary studies with PCL-ONB-PAA and PMCL-ONB-PAA 

 The molecular weights and f ratios of copolymer used in this study are given in Table 4. 

 

Table 4: Characteristics of copolymers used for self-assembly. 

Polymer Mn(g/mol)
a
 f 

b
 

PCL55-ONB-PAA8 7200 0.09 

PCL55-ONB-PAA30 8900 0.26 

PCL55-ONB-PAA10 7400 0.11 
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PMCL55-ONB-PAA10 8100 0.1 

PMCL23-ONB-PAA20 4800 0.32 

PMCL30-ONB-PAA6 4600 0.1 

PMCL30-ONB-PAA10 4900 0.16 

PMCL105-ONB-PAA30 16100 0.15 

PMCL150-ONB-PAA10 20300 0.04 

PMCL150-ONB-PAA23 21350 0.08 

PMCL76-ONB-PAA41 13250 0.24 

PMCL76-ONB-PAA16 11550 0.11 

PMCL76-ONB-PAA8 10650 0.06 

a 
Number-average molecular weight of block copolymers as determined by 

1
H-NMR spectroscopy. 

b
 Hydrophilic to 

hydrophobic weight ratio. 

 

 We used TEM to visualize aggregates formed upon self-assembly, and characterize their 

morphologies. A variety of structures can be formed with PCL-ONB-PAA and PMCL-ONB-

PAA diblocks, including micelles and vesicles.  

 Vesicles formed by PCL containing blocks have been reported before, especially with 

PEG-PCL diblocks,
[123, 124]

 but only micelles were described using PCL-PAA copolymers. 

Indeed, with a copolymer PCL55-ONB-PAA30 with a f ratio of 0.26, TEM micrographs revealed 

the presence of micelles (Figure 35, A and B). Those spherical structures are constituted by a 

PCL rich core and a PAA corona. 
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Figure 35: TEM pictures of superstructures obtained by self-assembly in PBS of: (A) and (B) 

PCL55-ONB-PAA30; (C) and (D) PMCL76-ONB-PAA41. 

 

 When a PMCL-ONB-PAA copolymer with similar f ratio was used (PMCL76-ONB-

PAA41, f = 0.25), we observed aggregated clusters (Figure 35, C and D). The aggregation 

contrasts with the well defined and isolated micelles observed with the PCL based block 

copolymer. Presumably, the glassy nature of PCL provides stiffness to the micelles. Upon 

drying, the structures keep their shapes, and the electrostatic repulsions between PAA coronas 

are sufficient to prevent aggregation. But in the case of PMCL based self-assemblies, the flexible 
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polymer imparts fluidity to the structures, which collapse completely upon drying, forming 

aggregates.  

 Dynamic light scattering provides information on size and size distribution of particles in 

solution. The size distribution histograms obtained by DLS confirm the presence of micelles for 

both copolymers, with radii around 15nm for PCL55-ONB-PAA30 and 30nm for PMCL76-ONB-

PAA41 (Figure 36). In PBS solution, the highly charged PAA corona chains are in a fully 

stretched conformation, due to charge repulsions inducing chain expansion.
[125]

 Therefore, the 

difference in size observed for the two copolymers may be explained by the length difference in 

between PAA chains. The histogram also reveals the presence of larger particles in the case of 

PMCL76-ONB-PAA41, which we assume to correspond to the micellar aggregates observed with 

TEM. 

 

 

Figure 36: Typical DLS histograms for diblock copolymers with high f ratios. Number-averaged 

size distributions, 90° measurements, CONTIN fit.  

 

4.1.2 Theory on f ratio and polyelectrolytes 

 The morphology and size of self-assembled structures is highly depending on the f 

ratio.
[8]

 If the hydrophilic block is long with respect to the hydrophobic block, then the large 

volume occupied by the chains on the outer part is driving the self-assembly toward a highly 
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curved structure, such as a micelle. With the size of the hydrophilic block decreasing (at a 

constant hydrophobic block length), aggregate’s shape may evolve to rod-like micelles, and 

finally to vesicles.
[126]

       

 The influence of the f ratio may actually be even more pronounced for the class of 

polymers used in this work, i.e. charged polymers. Due to electrostatic interactions, hydrophilic 

charged blocks are bulkier than commonly used blocks such as PEO. The corona forming 

polymer chains require a larger volume to minimize the strong electrostatic repulsions in 

between charges. Hence, such copolymers are more prone to form smaller objects with high 

curvature radii, i.e. micelles.
[34]

  

 Therefore, by shortening the lengths of hydrophilic blocks relative to the hydrophobic 

blocks we tried to favor the formation of vesicles. 

   

4.1.3 Polymers with low f ratios forming vesicles 

 With copolymers of lower f ratio (PCL55-ONB-PAA10, f = 0.11; PMCL105-ONB-PAA30, f 

= 0.15; PMCL30-ONB-PAA6, f = 0.1), micelles are still observed in large proportions. However, 

the vesicles with diameters around 200nm were also revealed (Figure 37). According to the TEM 

micrographs, the amount of vesicles (versus micelles) is significantly higher in these samples, 

when compared to copolymers with f ratios around 0.25. It is interesting to note that, due to the 

high glass transition temperature (Tg) of PCL and its crystalline nature, most of the observed 

vesicles are collapsed or even burst.   
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Figure 37: TEM micrographs showing vesicles and micelles from self-assembled copolymers in 

PBS: (A) and (B) PCL55-ONB-PAA10; (C) PMCL105-ONB-PAA30; (D) PMCL30-ONB-PAA6. 
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Figure 38: Typical DLS histograms for diblock copolymers with low f ratios. Number-averaged 

size distributions, 90° measurements, CONTIN fit. 

  

  

 DLS histograms for copolymers with lower f ratios show two populations, micelles (with 

diameters around 10 and 20nm) and vesicles with diameters around 180nm. For the copolymers 

with the lower f ratios (0.1 and 0.11), the peak associated to the polymersomes (Rh = 90nm) 

accounts for 3 to 5% (number-average) of the total number of particles, while it represents 1% 

for the copolymer with a f ratio of 0.15. Such a result was expected, and is due to the long PAA 

block, driving the self assembly toward smaller aggregates. 

 Although those polymers formed vesicles, the fraction of micelles was still largely 

superior. According to literature, the total copolymer length also influences the formation of 

polymersomes with respect to other structures. It has been shown that the formation of vesicles is 

easier with long chain copolymers compared to short chain copolymers.
[127, 128]

 

 We have seen that PMCL105-ONB-PAA30 and PMCL30-ONB-PAA6 diblock copolymers 

formed polymersomes. However, in the case of PMCL105-ONB-PAA30, it seems that the f ratio is 

too large, and in the case of PMCL30-ONB-PAA6, even though the f ratio is more favorable, the 

total length of the copolymer may be too short.   
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 Therefore, based on this hypothesis, a PMCL76-ONB-PAA16 copolymer with intermediate 

Mw, and a f ratio of 0.11 was synthesized. This polymer gave the most promising results when 

analyzed by TEM and right angle DLS. It appears that the formation of vesicles versus micelles 

is favored. We thoroughly characterized this diblock using TEM, DLS, and SLS, and used it later 

to explore the UV-induced degradation of the vesicles.  

 It should be noted that micelles can be separated from vesicles via size exclusion 

chromatography (SEC), and that the vesicles size can be homogenized by extrusion through 

filters with defined pore sizes. In the case of PMCL76-ONB-PAA16 for instance, we were able to 

isolate polymersomes with relatively homogeneous sizes. For this copolymer, TEM micrographs 

reveal the presence of spherical structures of diameters ranging from 100 to 150 nm, and only a 

few larger (diameter up to 500 nm, Figure 39). 

 

  

 

Figure 39: Size distribution (from DLS), and TEM micrographs showing vesicles formed by self-

assembly of PMCL76-ONB-PAA16 in PBS, pH 7.4. Divergence in size of the objects observed by 

TEM and DLS is attributed to the difference in size between hydrated corona chains in water 

(DLS), and collapsed corona chains in the dry state (TEM). TEM scale bars: 1000 and 500 nm. 

 

 The size distribution histograms, obtained by DLS, indicate that the initial solution of 

self-assembled structures contains a major population with a hydrodynamic radius (Rh) of 80nm. 
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The major population and a secondary population with a Rh around 200nm reveal the presence of 

large structures that could be either vesicles or micellar aggregates (Figure 39).  

 Additional information on the morphology of these large structures can be gained from 

static light scattering. PMCL76-ONB-PAA16 copolymer solutions with several concentration 

(from 0.01 to 1 mg/mL) were analyzed by SLS (angles from 40 to 140), to obtain the radius of 

gyration (Rg). This quantity was then used to calculate the Rg/Rh ratio, which is a variable used to 

describe the morphology of the particles in solutions. We calculated a ratio of 0.94 between the 

radius of gyration (Rg) and the hydrodynamic radius (Rh), using Cumulant analysis and Berry 

plots. This value is comparable to the theoretical value given for hollow spheres (Rg/Rh =1.0),
[129]

 

(when micelles typically have a Rg/Rh ratio of 0.77) and represents an indication that the two 

populations are vesicles. 

 To conclude, the combination of DLS, SLS, and TEM demonstrate that, when hydrated, 

PMCL76-ONB-PAA16 copolymer preferentially self-assemble into vesicular structures. The next 

subchapter is focusing on the UV-induced modification altering the polymersome structure.  

 

4.2 Photodegradation of self assembled structures 

 We investigate the effect of UV-irradiation on polymersome structure. We observed their 

changes in size and morphology, in order to understand how the system responds to the external 

light stimulus and to propose a plausible degradation mechanism. 

 

4.2.1 Experimental data 

4.2.1.1 DLS 

 Number-averaged size distributions of a solution of vesicles measured after different 

irradiation times indicate that, during the irradiation process, vesicle size decreases (Figure 40). 
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Figure 40: Number-averaged size distributions obtained by dynamic light scattering (DLS). A) 

20 mW.cm
-2

; B) 200 mW.cm
-2

. Three measurements at 90° for 300 seconds each were performed 

on samples irradiated for different amounts of time. The correlation curves were fitted using the 

CONTIN method. 

 

 After 20 minutes of irradiation with a dose of 200 mW.cm
-2

, both populations of initially 

observed intact vesicles (radii of 80 and 200 nm, Figure 41, A) were significantly reduced, and a 

distinct population of smaller entities appeared (Figure 41, B). Conjecturably, those newly 

formed species, with a Rh of around 40 nm, are fragments of degraded vesicles. There were 

relatively few intact vesicles after 45 minutes of irradiation, and the major peak was associated 

with fragments of vesicles (Figure 41, C). In turn, these entities finally yield micellar-like 

structures, represented by the sharp peak with a Rh < 20 nm (Figure 41, D). Interestingly, even 

after 60 minutes of UV irradiation, a very small peak (accounting for 1% of the aggregates) can 

still be seen at 80 nm, indicating that a fraction of the vesicles is not destroyed or that micellar 

aggregates are formed (insert in Figure 41, D). 
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Figure 41: Number-averaged size distributions obtained by dynamic light scattering (DLS). 

Three measurements at 90° for 300 seconds each were performed on samples irradiated (200 

mW.cm
-2

) for different amounts of time. The correlation curves were fitted using the CONTIN 

method. A) 0 minutes, B) 20 minutes UV, C) 45 minutes UV, and D) 60 minutes UV. 

 

 A similar degradation behavior was observed when a lower UV irradiation dose (20 

mW.cm
-2

) was applied to the same solution.   

 In addition, a significant decrease in the mean count rate during the DLS experiment was 

observed (Figure 42), in agreement with previously reported photodegradable micelles,
[64]

 and 

redox sensitive micelles.
[130]

  In general, the intensity decay is due to a lower number of 

aggregates in solution (correlated with the destruction of the initial particles and material 

precipitation), a decrease in their size, or a combination of both. Surprisingly, the UV exposure 
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of the self-assembled PAA-ONB-PMCL chains is not accompanied by precipitation.  This proves 

that, in this case, the observed decrease in mean count rate is solely associated with the 

disruption of vesicles to smaller particles. 

 

 

Figure 42: Plot of mean count rate vs. irradiation time (200 mW.cm
-2

) for DLS experiment using 

AB2 vesicles in PBS. Values averaged over three measurements. 

 

4.2.1.2 SLS 

 We performed SLS on a vesicle solution after 94 minutes of UV irradiation to gain 

further insight into the morphology of the degraded structures. The Berry and cumulant plots 

used for calculations are given in Figure 43. The Rg/Rh ratio dropped from 0.94 for intact 

vesicles, to 0.88, a value that is higher than the typical ratio of 0.77, which is specific for 

micellar structures. The weak effect observed on the ratio indicates that we have a mixture of 

micelles and other bigger aggregates after UV treatment: the presence of still intact vesicles in 

solution, or micellar aggregates, is likely to explain this ratio. 
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Figure 43: Berry and cumulant plots for a solution of PMCL76-ONB-PAA16 vesicles before and 

after UV exposure: A) Berry plot before UV, B) cumulant analysis before UV, C) Berry plot after 

UV, and D) cumulant analysis after UV. UV irradiation with 200 mW.cm
-2

. 

 

4.2.1.3 TEM 

 We applied TEM to visually observe the morphology changes upon UV irradiation. The 

TEM micrographs show three different morphologies, corresponding to different stages of 

photodegradation: vesicles, broken vesicles, and finally micellar structures (Figure 44). 
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Figure 44: Morphology changes observed by TEM: (A) before UV, vesicles with diameter 

around 100nm, (B) 25min UV, broken vesicles and shapeless particles, and (C) 90min UV, 

micelles and micellar aggregates. Scale bars: 200nm. 

 

 This degradation sequence, based on observable morphology changes, is in good 

agreement with the decrease in size observed by DLS. It is also interesting to see that, according 

to Figure 53 C, the small fraction of big structures observed after 60 minutes of UV-irradiation 

(fraction with Rh = 80 nm, figure 50 D, and Rg/Rh ratio of 0.88), results from aggregation of 

small micelles rather than intact vesicles. This observation supports the hypothesis of a UV-

induced transition from polymersomes to micelles, which possibly aggregate.  

To conclude, DLS, SLS, and TEM characterization techniques show that the UV-irradiation of 

PMCL-ONB-PAA polymersomes caused an unambiguous change both in size and morphology, 

to finally yield micellar structures. 

 

4.2.2 Kinetics 

 The kinetics of vesicle degradation can be investigated by the change in size induced by 

UV irradiation over time and observed in DLS experiments (20 and 200 mW.cm
-2

, Figure 45). 

When the lowest irradiation intensity was used, the decrease in size took place rather slowly. As 

expected, the process is faster when a higher intensity of UV is applied. This behavior correlates 

to the increased ONB degradation rate for higher UV intensities,
[131]

 and can be used to tune the 

release rate of encapsulated compounds. The progressive change in size and morphology is 

C B A 
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correlated with the destruction of the initial vesicles and with the formation of micelles, as 

proposed in the summary included in Figure 45. 

 

 

Figure 45: Evolution of Rh vs. irradiation time, showing the transition from initially mostly 

vesicles, to a mixture with intermediate compounds with lower sizes, and finally to micelles. 

 

4.3 Explanation of mechanism 

 In this section, our goal is to present a satisfactory explanation of the transition from 

vesicles to micelles evidenced experimentally. If a nanocarrier system is designed for in vivo 
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applications, then its content must be released or made accessible, either by disruption of the 

vesicle, or by a permeabilisation mechanism.  

 

4.3.1 Common degradation mechanism for responsive polymersomes 

 There are various models to describe the response of polymersomes to different stimuli, 

the most common being vesicle destruction and membrane permeability increase.    

 Although a triggered degradation mechanism of responsive polymersomes is not often 

discussed in detail, it is generally accepted that the destruction of vesicular structures is due to a 

loss of membrane integrity.
[42]

 In the majority of stimuli-responsive vesicles, the membrane is 

destabilized via the alteration or modification of one of the polymer blocks. In the most common 

systems, hydrophobic segments are fractionated by acidolysis.
[8]

 In this case, the stimulus causes 

a dramatic change in the hydrophilic/hydrophobic ratio f (this ratio increases as the hydrophobic 

block is shortened),
[132]

 and vesicles disintegrate to form micellar structures, a transition favored 

by this new hydrophilic/hydrophobic balance. In other systems (triggered by pH or temperature), 

the hydrophilicity of a block can be tuned to obtain a fully hydrophilic copolymer chain, leading 

to dissolution of the membrane,
[48, 52, 53, 133]

 and causing the vesicle’s destruction. 

 The payload may also be released upon an increase in the permeability of the membrane, 

i.e. without necessarily breaking the vesicles. Such systems are actually mostly used as 

nanoreactors, from which a substrate is released. The permeability of the membrane may be 

tuned by introducing membrane proteins (such as OmpF,
[134]

 and aquaporine
[135]

), or by using 

polypeptides adopting helical structures in membranes. However, very few purely synthetic and 

triggerable polymersomes forming semi-permeable membranes have been reported. Examples 

generally involve the selective degradation of polymers inserted in a crosslinked membrane, 

thereby forming pores.
[136, 137]

 

 
In our approach, the degradation mechanism is not based on selective alteration of one or 

two blocks (whether it is degradation or hydrophilicity change), but on the physical cleavage of 

the diblock, at the hydrophilic/hydrophobic junction. 
 
To our knowledge, the work of Katz and 

coworkers,
[79]

 represents the only detailed example of a polymersome for which  destabilization 
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is induced by cleavage at the hydrophilic/hydrophobic interface. A diblock copolymer of 

poly(ethylene oxide) (PEO), which represents the hydrophilic part and with poly(caprolactone) 

(PCL) as the hydrophobic part and joined by a photocleavable moiety, self-assembled into 

vesicular structures. UV exposure induced a rearrangement of the cleaved PCL chains inside the 

membrane, resulting in a release of content. However, the vesicular structure was retained 

because the membrane was stabilized by the remaining, uncleaved PEO chains. After sufficient 

irradiation time, when all PEO chains were cleaved, the aggregates collapsed, and a precipitation 

occurred. 

 

4.3.2 Proposed mechanism for our system 

 As the architecture of our diblock copolymer is similar to that of Katz,
[79]

 one would 

expect a comparable degradation mechanism. However, we observed a completely different 

degradation behaviour after UV irradiation: no polymer precipitation occurs, and instead micellar 

structures are formed. These structures, consisting of purely hydrophobic blocks, are not 

conventional polymeric micelles,
3
 but rather “shaved micelles”. The existence of such polymeric 

superstructures, due to electrostatic stabilization in water, was reported previously. In particular, 

aggregates such as unimolecular micelles
[138]

 and dendrimers,
[139]

 which have a hydrophobic 

core, can be electrostatically stabilized in aqueous solutions by functionalization with charged 

carboxylic head groups.  Recently, Benaglia et al.
[140] 

reported the formation of micelles 

composed of a completely hydrophobic poly(styrene)-poly(methyl acrylate) block copolymer 

bearing a terminal carboxylic end group; the negatively charged corona of the micelles stabilized 

the particles in an aqueous environment. In a similar fashion, the self assembly of linear 

polystyrene chains bearing a carboxylic end group into stable colloidal particles was previously 

reported by Liu et al.
[141]

  

 In the case of our diblock copolymer, the degradation pathway is based on the photolysis 

of the O-nitrobenzyl linker, generating a carboxylic end group on the cleaved poly(methyl 

                                                 
3
 I.e. micelle formed by amphiphilic diblock copolymers with a hydrophobic core and a hydrophilic corona. 
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caprolactone) chain (Figure 8). These terminal weak acids (pKa ~ 4.5) are negatively charged 

under the conditions that we use (i.e.  PBS buffer, pH = 7.4).  

 Hence, directly after irradiation, there is a strong electrostatic repulsion in the outer part 

of the membrane (polymer-water interface) due to the ionic groups generated by cleavage of the 

ONB linker. A rearrangement takes place in the membrane in order to minimize this repulsion, 

due to an increase of the surface area available for negative charges. Because the area available 

for ionic head groups is proportional to 1/R (where R is the radius of the spherical particle),
[141]

 

the morphology will evolve from almost flat bilayers (extremely low curvature, high R value) to 

more favorable micellar structures (small R, high curvature).  

 Therefore, we propose that the supramolecular structures resulting from UV irradiation of 

PMCL-ONB-PAA vesicles are micelle-like particles formed by aggregated PMCL chains, 

stabilized by an ionic corona of charged carboxylic end groups (see Figure 46). Additionally, 

uncleaved PMCL-ONB-PAA chains contribute to the stabilization of these aggregates in the 

early stage of the degradation process, explaining the transition structures observed by TEM and 

DLS. The size of the structures (approx. 20 nm in hydrodynamic radius) clearly indicates that 

they are formed by several PMCL chains. A putative scheme of the degradation mechanism is 

summarized in Figure 46. 
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Figure 46: Graphical summary depicting the proposed mechanism of polymersome degradation. 

A) molecular level: the diblock copolymer is rapidly cleaved upon UV irradiation; B) 

supramolecular level: as a result of chain scission, packing of the PMCL chains forming the 

membrane is progressively destabilized and evolves into a more favorable arrangement; C) 

aggregate morphology: from vesicles to broken vesicles to stabilized micellar structures. 

 

 The different degradation behaviors of our diblock copolymer compared to that reported 

by Katz et al.
[43]

 is due to the chemical nature of the photosensitive linker: O-nitrobenzyl linker 

yields a COOH residue upon cleavage, whereas the N-nitrobenzyl linker yields an amide 

residue.
[142] 

As the amide is uncharged at physiological pH, there is no driving force toward the 

formation of micellar structures. In addition, poly(caprolactone), as a hydrophobic block,
 [43]

 is a 

crystalline polymer with reduced chain mobility, limiting a complete reorganization of the 

hydrophobic segments after cleavage.
[3]

 In the case of PMCL, a totally amorphous 

homopolymer,
[111]

 the flexibility of the chains is such that it provides fluidity to the membrane, 
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which is able to adopt an alternate conformation and evolve toward a newly formed 

supramolecular structure. 
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5. Encapsulation and release of hydrophilic molecules 

 

5.1 Encapsulation of low molecular weight molecules 

5.1.1 Fluorescein release 

 In order to test whether this system can be used as a phototriggered nanocarrier, we 

studied the encapsulation of small hydrophilic molecules inside the aqueous cavity, and their 

release upon UV irradiation.  

 To make sure that fluorescein is a suitable dye resistant to the conditions we use, 

measurements were carried out on a 1μM fluorescein solution in PBS, with the harshest 

irradiation conditions employed (700mW/cm
2
). Even if fluorescein is subjected to 

photobleaching over a period of 60 minutes of irradiation, the decrease in fluorescence is 

minimal, and should not interfere with qualitative experiments.  

 We also studied the fluorescence emission of the empty vesicles, to study their potential 

fluorescence due to the presence of the photoactive ONB linker in the polymer chains. The 

fluorescence of the polymer self-assemblies without any cargo was first studied, using the 

excitation wavelength of Fluorescein (498nm). We observed that the fluorescence emission 

intensity is actually decreasing when UV light is applied.  

 Due to the relative difficulty to find molecules suitable for our encapsulation experiments 

(i.e. easily detected and inert toward UV irradiation), and assuming that the combined effects of 

fluorescein photobleaching and fluorescence decrease from the polymer itself were not dramatic, 

we pursued the preliminary release experiments with this dye. 

 The loading of polymersomes with fluorescein and its release as a result of the exposure 

of polymersomes to UV was followed by fluorescence spectroscopy at different UV energies 

(Figure 47).  A significant increase in fluorescence intensity over time was obtained for the 

solutions of loaded vesicles exposed to UV, which was associated with the release of fluorescein 

(Figure 47, A - C). The solution of loaded vesicles that was kept in the dark showed no 
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fluorescence increase over time, indicating that there was no leakage without UV irradiation 

(Figure 47, D). 

 

 

Figure 47: Fluorescence spectra of fluorescein-loaded polymersomes exposed to different UV 

doses, showing the increase in fluorescence over time (from 0 to 311 minutes) due to release of 

the dye from a state of high concentration inside vesicles (self-quenching regime) to free dye in 

water (unquenched regime). A) Irradiation with 700 mW.cm
-2

; B) irradiation with 200 mW.cm
-2

; 

C) irradiation with 20 mW.cm
-2

; D) kept under dark conditions (i.e. no UV). 

 

 In addition, release rates depended on the UV intensity: by increasing the UV intensity, a 

more rapid release was obtained (Figure 47 and Figure 48, A). While 200 minutes were 

necessary to release about 40% of the encapsulated fluorescein by irradiation with an intensity of 
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20 mW.cm
-2

, only 20 minutes were necessary to release a similar fraction when an intensity of 

700 mW.cm
-2

 was used (Figure 48, B). The fact that the UV triggered release from PMCL-ONB-

PAA vesicles is highly dependent on the intensity of the irradiation can serve to control the 

release process.  

 

 

Figure 48: (A) plot of normalized fluorescence (maximum emission intensity at λ=513nm) vs. 

irradiation time for fluorescein-loaded polymersomes: () no irradiation, () irradiation with 

20 mW.cm
-2

, and () irradiation with 700 mW.cm
-2

. (B) percentage
4
 of Fluorescein released vs. 

irradiation time for fluorescein-loaded polymersomes exposed to different UV energies, showing 

energy dependent release kinetics: () 20 mW.cm
-2

, () 200 mW.cm
-2

, and () 700 mW.cm
-2

.  

 

5.1.2 Release of ATTO655 followed by fluorescence correlation spectroscopy (FCS) 

 We used FCS to gain further insight into release behavior from PMCL-ONB-PAA 

polymersomes because it is a very sensitive method, up to single molecule detection. In FCS, the 

fluctuations in the emission signal in time are decrypted using autocorrelation functions. When a 

persistent pattern caused by different physical parameters is found, essential information on 

                                                 
4
 The percentage of dye released was estimated from comparison with the maximum fluorescence emission intensity 

obtained after mechanical destruction of the vesicles kept under dark conditions. Due to measurement 

approximations (fluorescence signal affected by the background signal from polymer, and possibly by 

photobleaching of the dye), the percentage of fluorescein released should not be taken at face value. 
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molecular dynamics, such as diffusion properties, can be derived from the autocorrelation 

curves. FCS provides diffusion time, number, and brightness of freely diffusing fluorescent 

molecules through a confocal volume of around 1 fL. The diffusion time can be used to 

determine the hydrodynamic radius of the particles by using the Stokes-Einstein equation.
[62]

 We 

used FCS both to determine the amount of released dye from polymersomes as a function of 

irradiation time, and to calculate the size of the polymer superstructures present in solution. For 

encapsulation, we used ATTO655 dye instead of fluorescein, because it is more photostable 

while having a similar molecular weight (Figure 49). 

  

 

Figure 49: Photobleaching of encapsulated species: A) fluorescein, B) ATTO655, and C) eGFP. 

All experiments were performed for 0 to 100 minutes of irradiation (200 mW.cm
-2

). 
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 We analyzed the autocorrelation curves using the least-squares fitting for two 

populations: free dye and polymersomes (Figure 50).
[143]

 The average diffusion time (τD) of the 

free dye was 44μs, while the τD for encapsulated dye inside polymersomes was 15.64ms. Nearly 

70% of dye was released after 15 minutes of UV irradiation, (Table 5). 

 

Table 5: FCS results for vesicles encapsulating ATTO655 dye. 

Sample F1[%] 
a
 τD,1[μs] 

b
 Rh,1[nm] 

c
 F2[%] 

a
 τD,2[μs] 

b
 Rh,2[nm] 

c
 

ATTO655, 52nM in PBS 100 44 0.5 NA [d] NA [d] NA [d] 

Loaded vesicles, UV = 0 min 0.01 44 0.5 99.9 15645 171.9 

Loaded vesicles, UV = 15 min 70.1 44 0.5 29.9 5015 55.1 

Loaded vesicles, UV = 25 min 96.4 44 0.5 3.6 1486 16.3 

Loaded vesicles, UV = 45 min 97.9 44 0.5 2.1 950 10.4 

a
 Fraction of component n.

 b 
Average diffusion time of fraction n. 

c 
Hydrodynamic radius of fraction n. 

d
 Not 

applicable. 

 

 The fraction of free dye in solution increased with longer UV irradiation, and after 45 

minutes ATTO655 was completely released (Figure 50). 
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Figure 50: Left: experimental FCS autocorrelation curves (symbols) and fitted curves (plain 

lines) for ATTO655 release experiment. Right: FCS autocorrelation curves obtained for a 

solution of free ATTO655 in PBS (), a solution of polymersomes loaded with ATTO655 under 

dark conditions (), the same solution exposed to UV (15 minutes) (), to 25 minutes UV (), 

and to 45 minutes UV (). All curves were normalized to 2. UV energy: 200 mW.cm
-2

. 

 

 The diffusion times were used to estimate the Rh of loaded polymersomes and degraded 

supramolecular structures, respectively (see Table 5). Upon UV irradiation, the hydrodynamic 

radius of the supramolecular structures progressively decreased from 172 to 10 nm, in agreement 

with dynamic light scattering. Thus, UV irradiation triggers the disassembly of the 

polymersomes (Rh of 172 nm) to yield micellar structures (Rh of 10 nm). 

 

5.2 Encapsulation of protein enhanced green fluorescent protein (eGFP) 

 To show the versatility of our system in respect with large molecules such as DNA and 

proteins, we investigated the encapsulation and release of enhanced green fluorescent protein 

with FCS. 

 The diffusion time for eGFP is 98.5μs, while it is 10.4ms for the encapsulated proteins 

inside polymersomes (Table 6). The diffusion time of free proteins corresponds to a 

hydrodynamic radius of 2.2nm, in good agreement with the reported radius of 2.3nm.
[144]
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Table 6: FCS evaluation of polymersomes loaded with eGFP. 

Sample F1[%] 
a
 τD,1[μs] 

b
 Rh,1[nm] 

c
 F2[%] 

a
 τD,2[μs]

 b
 Rh,2[nm] 

c
 

eGFP, 60nM in PBS 100 98.5 2.2 NA [d] NA [d] NA [d] 

Loaded vesicles, UV = 0 min 0 98.5 2.2 100 10384 231 

Loaded vesicles, UV = 5 min 61 98.5 2.2 39 10096 224 

Loaded vesicles, UV = 10 min 69 98.5 2.2 31 5691 126 

Loaded vesicles, UV = 23 min 79 98.5 2.2 21 2439 54 

Loaded vesicles, UV = 43 min 77 98.5 2.2 23 550 12 

Loaded vesicles, UV = 60 min 83 98.5 2.2 17 694 15 

a
 Fraction of component n.

 b 
Average diffusion time of fraction n. 

c 
Hydrodynamic radius of fraction n. 

d
 Not 

applicable. 

 

 The solution of encapsulated eGFP kept in dark conditions did not present free protein 

(Table 6). After UV irradiation, the autocorrelation curve can be fitted by taking into account the 

presence of two populations, labeled F1 and F2, respectively free and encapsulated protein 

(Figure 51). As the fraction of free eGFP in solution (F1, associated with τD = 98.5 μs) is rapidly 

increasing from 0 to 80% with UV exposure time, it indicates that the protein is gradually release 

in response to the UV trigger. 
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Figure 51: Left: fitted FCS correlation curves of free eGFP and polymersomes loaded with 

eGFP irradiated with increasing amount of time. Right: percentage of eGFP free in solution 

(fraction 1), and hydrodynamic radius (Rh) of supramolecular structures plotted as a function of 

irradiation time. All curves were normalized to 2. UV energy: 200 mW.cm
-2

. 

 

 In addition, the size of self-assembled structures dramatically changed upon UV 

irradiation. The fraction of eGFP released in solution correlates to the size decrease of the 

structures (Figure 51). The change of the hydrodynamic radius upon UV exposure is in good 

agreement with the values obtained by dynamic light scattering, and support the process of UV-

mediated transition from vesicles to micelles, with a simultaneous release of the protein.  

 The release profiles of different payloads, ranging from small molecular weight 

compounds up to proteins, correlate with the time scale associated with the disassembly process 

of the vesicles. They indicate an immediate and graded response (as a function of UV intensity) 

of the polymersomes to the stimulus (UV light). When the light is switched on, both the 

transition from the vesicle to micelle and the release start simultaneously. It shows that our 

system is sensitive enough to respond to the UV stimulus even if there is still a fraction of 

polymer chains uncleaved. Vesicles’ membranes are destabilized and are rendered permeable for 

the encapsulated molecules in the very first minutes of irradiation.  
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6. Conclusions & Outlook 

 The goal of this thesis was to design smart polymeric nanocarriers for the encapsulation 

and triggered release of hydrophilic molecules. Apart from a few examples of micelles and 

micrometer-size vesicles, the lack of photoresponsive vesicles with ideal characteristics to be 

used as DDS motivated this work. In this thesis we proposed a simple bottom-up approach to 

fabricate polymeric vesicles obtained by the self assembly of light-sensitive building blocks 

(amphiphilic photocleavable block copolymers), which are able to encapsulate hydrophilic 

compounds, and to release them in a controlled manner. 

 We started with the synthesis of a new photodegradable linker, ONB, designed to initiate 

the independent growth of two polymer chains, using living polymerization techniques, ROP and 

ATRP. This synthesis route allowed us to prepare AB block copolymers comprising a 

photocleavable moiety connecting A to B, with well defined molecular weights and narrow 

molecular weight distributions. We worked with biocompatible and biodegradable PMCL (A) 

and PAA (B), but the versatility of our synthesis route allows various other combinations for 

different applications. Actually in our case, the technique allows a convenient preparation of 

‘‘multi’’-responsive block copolymers and superstructures with the use of pH-sensitive 

hydrophilic block (PAA). 

 Upon UV exposure, with energies as low as 20 mW/cm
-2

, PMCL-ONB-PAA block 

copolymers were effectively cleaved into PMCL and PAA homopolymers after light-induced 

degradation of the ONB linker. The degradation was shown to be both rapid and quantitative. 

 In buffer solution at physiological pH, the amphiphilic block copolymers were shown to 

self-assemble into polymeric vesicles, with diameters below 200nm, and stable over several days 

indicating kinetically trapped structures. The vesicles undergo dramatic structural changes after a 

few minutes of exposition to UV-irradiation. A clear transition from vesicular structures to 

“shaved” micelles was evidenced, on the basis of size and morphology changes, and according to 

an original degradation mechanism. 
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 We exploited the complete degradation of the vesicles upon UV-trigger to show that they 

can be used as efficient DDS. We demonstrated the ability of the vesicles to encapsulate 

payloads ranging from small molecular weight hydrophilic molecules (Fluorescein and 

ATTO655) up to proteins (eGFP), supporting the versatility of our system in various therapeutic 

applications. The payloads were released within minutes of UV-light irradiation. In addition, the 

release rates were shown to be dependent on UV intensity, indicating that the inner content of the 

photodegradable polymersomes can be released in a controlled manner, supporting the system as 

an efficient stimuli-responsive drug delivery system.   

 

 Several modifications could be envisaged to further improve or tune our system. 

Concerning drug delivery, one possibility to adjust the release kinetics could be to blend an inert 

copolymer with the photocleavable copolymer to form the membrane. It has been shown that for 

blends of inert and hydrolysable copolymers forming vesicles, rates of release are linearly 

dependent on the amount of degradable copolymer blended in the membrane, in turn providing 

tunable release to the system.
[145]

 In a similar fashion, we expect that by mixing a PMCL-ONB-

PAA copolymer with a PMCL-PAA copolymer inert toward UV irradiation, the degradation of 

the vesicles would be slower. The release rates could even be correlated to the number of 

photocleavable moieties, since PMCL-ONB-PAA copolymers comprise a single linker per chain. 

 Another way to control the release rates would be to strengthen the corona of the 

polymersomes, by crosslinking the corona forming chains.
[48, 146]

 Such a technique is easily 

applicable to PAA chains, either by amidation with diamines,
[36, 116]

 or via thermally induced 

anhydride formation.
[147]

 As an example, stiff capsules were produced by hydrolyzing the 

polyester core of PCL-PAA micelles with crosslinked PAA, and the remaining crosslinked PAA 

shell was shown to be permeable to small molecules.
[36]

 In our system, by controlling the amount 

of PAA crosslinking, we could tune the extent of membrane degradation, hence retarding the 

vesicle disruption, providing control over release rate.  

 Finally, the degradation of the ONB linker induced by light with other wavelength was 

not investigated in this thesis. In particular, since ONB is sensitive to 2-photon IR, it would be of 
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high interest for biomedical applications to study the encapsulation and release of compounds 

with near-IR irradiation (700 to 1000nm).  
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7. Experimental part 

7.1 Materials 

Synthesis: All commercially available solvents and reagents were used as received unless 

specified otherwise. 5-Hydroxy-2-nitrobenzyl alcohol (Aldrich, 97%), a-bromoisobutyryl 

bromide (BiBB, Aldrich, 97%), triethylamine (Et3N), copper bromide (CuBr), tin(II) 2-

ethylhexanoate [Sn(Oct)2], trifluoroacetic acid (TFA), N,N,N’,N’’,N’’’-

pentamethyldiethylenetriamine (PMDETA), dichloromethane (DCM), tert-butyl acrylate (tBA), 

ethyl acetate (EtOAc), and Dulbecco’s phosphate-buffered saline (PBS) were purchased from 

Aldrich. γ-methyl-ε-caprolactone was synthesized according to a protocol described 

elsewhere.[23] Sn(Oct)2 was dried under high vacuum at 80 °C overnight before use. Toluene 

was distilled twice from CaH2. tBA was passed over basic alumina prior to use.  

 

Encapsulation: Fluorescein (Aldrich), THF (inhibitor free, Aldrich), ATTO 655 (ATTO-TEC 

GmbH), enhanced green fluorescent protein in PBS buffer (EGFP, from Biovision) were used as 

received. 

 

7.2 Polymers 

7.2.1 Synthesis 

7.2.1.1 Synthesis of difunctional photocleavable initiator ONB 

In a round bottom flask, 5-hydroxy-2-nitrobenzyl alcohol (0.818 g, 4.8 mmol) was dissolved in 

anhydrous ethyl acetate (20 mL). Triethylamine (0.44 mL, 0.326 g, 4.8 mmol) was added under 

stirring and nitrogen flow.  α-bromoisobutyryl bromide (0.39 mL, 0.741 g, 3.22 mmol) diluted in 

ethyl acetate (5 mL) was added dropwise via syringe pump over 90 minutes and let to react for 

24 hours at room temperature. The precipitate was filtered off and washed twice with ethyl 
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acetate. The combined organic phases were extracted with 0.1M NaHCO3 (2x 50 mL), brine (2x 

50 mL) and water (2x 50 mL), then dried over MgSO4 and the solvent was distilled under 

reduced pressure. Further purification was performed using flash chromatography (TLC: Rf = 

0.45, ΔRf = 0.17; separation on silica gel column; 20-80% EtOAc in hexane) to yield the desired 

compound as a clear orange oil; 
1
H NMR (CDCl3, 400 MHz) δH (ppm): 2.08 (6H, s, 2xCH3), 

5.06 (2H, d, CH2), 7.25 (1H, dd, aromatic), 7.61 (1H, d, aromatic), 8.22 (1H, d, aromatic); 
13

C 

NMR (CDCl3, 400 MHz) δC (ppm): 30.8 (2xCH3), 55.1 (C-Br), 62.5 (CH2), 121.2 (C3), 122.2 

(C5), 127.4 (C6), 140.4 (C2), 144.9 (C1), 155.3 (C4), 169.9 (C=O). 

 

7.2.1.2 Synthesis of PMCL-ONB-PAA block copolymer 

PMCL block: Ring opening polymerization was carried out under inert atmosphere and water 

free conditions using standard Schlenk techniques.  Sn(Oct)2 (127 mg, 314 μmol) was placed in a 

25 mL, two-neck, and round bottom flask equipped with a gas inlet and a septum. The catalyst 

was dried overnight under high vacuum at 80°C. To this flask, a solution of ONB initiator (200 

mg, 620 μmol) in 5 mL of dry toluene was added, followed by 3 freeze-pump-thaw cycles. Then 

the solution was allowed to react for 30 min at 90°C. Freshly distilled γ-methyl-ε-caprolactone 

(8.05 g, 62 mmol) was then added to the reaction flask via syringe. The reaction mixture was 

then let to react for 10 hours at 90°C.  The resulting polymer solution was diluted with a small 

amount of THF, precipitated in 250 mL of cold methanol (-30°C), and washed with 4x50 mL of 

cold methanol. The polymer was dried overnight under high vacuum. 

 

PtBA block: For the ATRP of tBA under oxygen free conditions, PmCL-ONB macroinitiator 

(MW = 13750 g.mol
-1

, PDI = 1.31, 1.0 g, 72.7 μmol), tert-butyl acrylate (1.58 mL, 1.40 g, 10.9 

mmol), CuBr (10.4 mg, 72.7 μmol) and toluene (5 mL) were added to a three-neck, round bottom 

flask equipped with a refrigerant, a gas inlet, and a septum. The solution was degassed with 3 

freeze-pump-thaw cycles. PMDETA (12.6 mg, 72.7 μmol) dissolved in 2 mL toluene was 

bubbled with N2 for 1 hour before addition via gas-purged syringe to the reaction flask. The flask 

was then placed in an oil bath at 75°C. After a given reaction time the resulting polymer solution 
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was exposed to air and diluted with non-degassed THF. The polymer solution was passed 

through a basic alumina column. After concentration, the polymer was precipitated in 100 mL of 

cold methanol/water mixture (9/1 volume) and dried under high vacuum. 

 

Deprotection of PtBA block: In the last step, the PtBA polymer units were deprotected under 

mild acidolysis. In a round bottom flask, PmCL-ONB-PtBA (MW = 22000 g.mol
-1

, PDI = 1.21, 

0.81 g, 1.2 mmol of tBA units) was dissolved in dry dichloromethane (50 mL) and TFA (15 

eq/tBA unit, 2.2 g, 19.3 mmol) was added. The reaction was stirred for 18 hours at room 

temperature, then the polymer was precipitated in 250 mL of cold diethyl ether. Traces of TFA 

were removed under high vacuum. 

 

7.2.2 Characterization 

7.2.2.1 NMR 

Organic structures and polymers were analyzed on a bruker 400MHz. Most of the compounds 

were dissolved in CDCl3, with TMS as an internal reference (128 scans). In the case of the 

amphiphilic diblock copolymers, d-THF was used. 

7.2.2.2 GPC 

Polymer molecular weights and PDIs were estimated using a Viscotek GPCmax system equipped 

with a PLgel 10mm column, THF as eluent (flow rate = 1mL.min
-1

) at 30°C and using refractive-

index (RI), UV, viscosimetry, and 90° angle light scattering for detection; the calibration was 

carried out using polystyrene standards. 

7.2.2.3 IR 

Fourier-transform infrared (FTIR) spectra were recorded on a Shimadzu 8400S instrument. 
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7.3 UV degradation 

Samples were exposed to UV light provided by a Hamamatsu UV spot light source LC4 (200W 

mercury-xenon lamp, spectral range 240 to 400nm), equipped with a fiber optic light guide. The 

required irradiation wavelength (365nm) was isolated using a set of UV filters (UG11 and WG 

360, Schott Glass, see UV CO spectra in Figure 21). Samples were placed in Quartz cuvettes, 

preferred to prevent any UV absorption from common glass vials. Several irradiation intensities 

were obtained as a function of light source to sample distance. Samples were irradiated using 20, 

200, or 700 mW/cm
2
, for a given amount of time. 

 

7.4 Self assembled structures 

7.4.1 Preparation 

Preparation of self assembled structures for morphology studies: polymer was dissolved in a 

minimum amount of inhibitor free THF. We used inhibitor free THF to avoid UV light 

absorption by butylated hydroxytoluene (BHT). Then phosphate buffered saline (PBS) was 

slowly dropwise added. The pH of the solution was adjusted to 7.4 (physiological pH) with 0.5M 

NaOH solution (or HCl 0.5M) if needed. The solutions were allowed to equilibrate in the dark 

for 3 days. Samples were extruded through 1μm, 0.4μm and 0.2μm filters to get rid of large size 

aggregates. Vesicles were isolated from micellar structures via Size Exclusion Chromatography 

(Sepharose 2B, eluent PBS). We evaluated the final polymer concentration (i.e. after extrusion 

and SEC) using a fluorescence calibration curve. The fluorescence signal from the ONB linker 

was used to build this calibration. 

 

7.4.2 Characterization 

7.4.2.1 DLS 

The hydrodynamic radii and size distribution of the self-assembled copolymers were measured at 

room temperature by dynamic light scattering (scattering angle: 90°, 3 measurements of 300s 
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each) with a commercial goniometer (ALV/CGS-8F, ALV Langen) equipped with a He:Ne 

linear polarized laser (JDS Uniphase, wavelength = 632.8 nm). An ALV-5000/60X0 correlator 

was used to calculate the correlation function of the scattered light intensity, which was analyzed 

using the CONTIN algorithm.  

 

7.4.2.2 SLS 

For static light scattering measurements, we used solutions with different polymer concentrations 

(from 0.1 to 1.0 mg.mL
-1

), at scattering angles from 40 to 150° with 10° angular steps. For each 

angle, three measurements of 100 seconds each were performed. For DLS and SLS data 

processing we used the ALV static & dynamic fit and plot software (version 4.31 10/01). SLS 

data were processed according to the Berry-model, and cumulant analysis. 

 

7.4.2.3 TEM 

Transmission Electron Microscopy (TEM) was employed as imaging technique to visualize the 

self-assembled copolymer structures. 0.1 to 1.0 mg.mL
-1

 solutions of polymer were placed on a 

copper grid (300 mesh), treated with glow discharge to make them hydrophilic.  A drop of 

solution was placed on the grid, and the excess liquid was blotted. Then the grids were stained 

(2% uranyl acetate), followed by a rinsing step. In some cases, the rinsing step was avoided, in 

order to make sure that material was not lost during this operation. TEM micrographs were 

acquired with a Philips Morgagni 268D instrument, operated at 80 kV. 

 

7.5 Encapsulation and release 

7.5.1 Preparation of loaded vesicles 

Preparation of vesicles encapsulating Fluorescein: a solution of Fluorescein in PBS buffer 

(25mM) was prepared. It was added drop by drop to a polymer solution in THF. The solution 

was allowed to equilibrate for 3 days in the dark. Following equilibration time, free fluorescein 
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was removed by dialysis against fresh PBS buffer (for 2mL of solution, 2x800mL buffer 

exchange, then 800mL overnight, using a 100000 MWCO dialysis membrane). Traces of free 

fluorescein were removed via SEC (Sepharose 2B, PBS). 

ATTO655: Similar encapsulation procedure as above, using a 25 μM solution in PBS buffer. 

Extrusion with 1 and 0.4 μm filters prior to dialysis, but without performing SEC. 

eGFP: Similar encapsulation procedure, with a 3 μM eGFP solution in PBS buffer. Extrusion 

with 1 and 0.4 μm filters prior to dialysis (with 300 000 MWCO membrane), but without 

performing SEC.  

 

7.5.2 Fluorimetry 

Release of encapsulated compound: The amount of released dye was followed at room 

temperature using fluorescence spectroscopy (on a Perkin Elmer, LS55). Irradiated samples were 

placed in Quartz cuvettes and directly analyzed. The excitation wavelength was set at 494nm and 

the emission spectra were recorded from 450 to 650nm. The instrument was used in scan mode, 

with excitation slit set to 10nm and emission slit set to 3nm. 

 

7.5.3 FCS 

Fluorescence correlation spectroscopy (FCS) was performed with an inverted confocal 

fluorescence laser scanning microscope LSM 510 META/Confocor2 (Zeiss, Germany) equipped 

with an argon laser (for 405, 458, 477, 488 and 514 nm), and two helium-neon lasers (543 and 

633 nm) as excitation sources. For FCS, 15 μL solution were applied to the glass surface of a 

cover glass (Huber & Co. AG, Switzerland) positioned on the xy-stage of the microscope. The 

excitation laser beam and the fluorescence emission passed through the same objective. The 

fluorescence signal was detected by highly sensitive avalanche photo diodes. Fluorescence 

intensity fluctuations were processed in terms of an autocorrelation function. 
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