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A B S T R A C T

driven by self assembly, amphiphilic block copolymers can
be used as the basis for the creation of various artificial nano and
micro-devices which can: i) deliver therapeutic agents ii) imitate func-
tionalities found in nature and thus give us the opportunity to study
and understand them iii) be engineered for biosensing and bioanalyti-
cal applications. Highlighting the versatility of block copolymers, this
work describes how we can use amphiphilic block copolymers as a
to assemble nanometer-sized vesicles i.e., polymersomes for reactive
oxygen species (ROS) delivery in vitro, and solid supporting polymer
membranes for the development of an applicable platform.

first, we used polymersomes to deliver ROS in vitro, in a
controlled and biocompatible manner. A water-soluble porphyrin,
which generates ROS upon irradiation under red LED light, was en-
capsulated in the aqueous cavity of polymersomes. The porphyrin-
incorporating polymersomes were then co-cultured with Escherichia
coli bacteria and three different mammalian cells lines (HeLa, HEK
293T and HepG2). Next, they were irradiated to in situ photoactivate
the prophryrin to produce ROS. The evaluation of our experimental
findings allowed us to optimize the encapsulation and process and
most importantly to find out that the polymer membrane has many
valuable advantages for our system. More specifically, the low per-
meability of the polymer membrane limits the intrinsic toxicity of
the porphyrin. At the same time, the encapsulation prolongs the ROS
generation within cells. Furthermore, the ROS delivery is ’on-demand’
and only occurs upon irradiation. The following significant decrease
of viability for both bacteria and mammalian cells in vitro was verified
by corresponding viability assays as well as EPR spectroscopy and con-
focal laser microscopy. The triggerable ROS generating polymersomes
proved to be promising nano-carriers for photodynamic therapy.

the second part of this thesis moves from 3D polymersomes
based on poly(dimethylsiloxane)-poly(2-methyl-2-oxazoline) (PDMS-
PMOXA) amphiphilic triblock copolymers to their planar counterpart.
Creating a solid supported polymer membrane by using the vesicle
fusion method is established for phospholipids but not for polymer-
somes. In order to overcome this challenge, we propose a simple
procedure for creating planar polymer membranes. Here, it’s worth to
mention that polymersomes are known to have a robust yet flexible
outer membrane which makes their transition from hollow spherical to
planar structures a demanding task. We decided to use thiol-modified
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polymersomes to facilitate their adsorption onto a gold coated sur-
face. Then, we triggered the rupture of the polymersomes and the
corresponding membrane formation via Ca2+ -induced osmotic shock.
Using sensitive surface characterization techniques such quartz crys-
tal microbalance with dissipation (QCM-D) monitoring, atomic force
microscopy (AFM), spectroscopic ellipsometry and brewster angle
microscopy (BAM) we gained a deeper understanding of polymer
membrane formation requirements. Our findings suggest that i) the
length of the single polymer chains and the resulting membrane thick-
ness, ii) the attachment on solid support and iii) the external stimulus
for the membrane formation have to be considered as crucial parame-
ters. These results open up new perspectives on the creation of block
copolymer based, cellular membrane-mimicking platforms.
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1
I N T R O D U C T I O N

In this chapter, the reader will be introduced to the principles of self assembly
of block copolymers in aqueous solution with focus on nanometer-range vesi-
cles, i.e. polymersomes. The important criteria underlying the self-assembly of
amphiphilic block copolymers are presented. Then, the decoration of polymer
membranes/compartments with biomolecules to create systems with improved
properties and functionality is highlighted. Next, the procedures to immo-
bilize polymersomes with and without biomolecules on solid supports and
the expansion on selected functions obtained by specific biomolecules are dis-
cussed. Finally, the introduction gives an overview of how to prepare planar
polymer membranes on a solid support and how these platforms turn into
biomimetic interfaces by attaching or inserting biomolecules to the polymer
membranes(figure1.1).

biological membranes are of great importance in life as they
play crucial roles in the structure and function of all living cells . They This chapter

contains parts
adapted from the
review [1]
Yorulmaz Avsar,
Saziye,
Kyropoulou,
Myrto, Di Leone,
Stefano,
Schoenenberger,
Cora-Ann, Meier,
Wolfgang P., and
Palivan, Cornelia,
"Biomolecules Turn
Self-Assembling
Amphiphilic Block
Co-polymer
Platforms Into
Biomimetic
Interfaces", Frontiers
in Chemistry 6
(2019), pp. 645.

serve as an interface between cells and their environment and pro-
vide the basis for internal compartmentalization which is essential for
controlling many cellular processes. Membranes also take part in dis-
tinct biological processes including selective nutrient transport, signal
transduction, cell-cell recognition, and inter- and intra-cellular com-
munication. Structurally, they consist of many different components,
mainly distinct phospholipids and cell-specific sets of proteins. While
the phospholipid bilayer provides the structural backbone of the mem-
brane, proteins (e.g.,peripheral and transmembrane proteins) are incor-
porated in or attached to the phospholipid matrix[2]. In the past few
decades, much attention has been devoted to developing novel model
biointerfaces that mimic basic functions of biological membranes. In
a biomimetic approach, naturally occurring lipids, synthetic lipids,
and synthetic block copolymers have been used to create the mem-
brane backbone[3–5]. Polymer-derived synthetic model membrane
systems have several advantages over those made of phospholipids
since they are more stable and more amenable to chemical modifi-
cations[6–8]. To date, a range of simplified model systems including
polymer micelles[9]and polymersomes[7], and polymersomes or pla-
nar membranes attached to solid supports have been obtained [10, 11].
Furthermore, an increased complexity of the synthetic membranes,
such as stimuli responsiveness[12]or permeability[13] can be achieved
by mixing block copolymers with different physicochemical properties
and chemical modifications. Biological functions are brought about by
combining the synthetic membranes with a variety of biomolecules in-
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2 introduction

Figure 1.1: Concept of bioinspired polymer vesicles and polymer mem-
branes highlighting some possible applications of such assemblies,
adapted by [14]

cluding proteins, peptides, and nucleic acids. These biomolecules can
be conjugated, inserted and encapsulated within three-dimensional
polymer assemblies, whereas they can be conjugated to or inserted
into planar polymer membranes. Additionaly, block copolymers can
be equiped with therapeutic and diagnostic agents creating platforms
which serve the needs of current nanomedicine.

1.1 amphiphilic block copolymers : principles of self

assembly

advances in polymer chemistry have brought about many
different strategies for producing amphiphilic block copolymers with
desired numbers (n) and types (m) of monomers, which each have dis-
tinct hydrophilic and hydrophobic characteristics. To date, amphiphilic
block copolymers are synthesized through different approaches in-
cluding i) atom transfer radical polymerization (ATRP), ii) reversible
addition-fragmentation chain transfer (RAFT), iii) anionic living poly-
merization, or iv) ring-opening polymerizations (ROPs), each one
having its own advantages and disadvantages. In living polymeriza-
tion techniques, the reaction stops once the monomer in solution has
been consumed and restarts upon the addition of fresh monomer.
Living polymerizations are often used for synthesizing distinct block
copolymers (ABA, ABC, ABCA, etc.) because they offer precision and
control over molar mass and end-groups[15–19]. For example, synthe-
sis of two chemically distinct monomers (m = 2) leads to a diblock
copolymer (n = 2) whereas synthesis of three different monomers
(m = 2 if two of the monomers are chemically same or m = 3 if the
monomers are chemically distinct) results in triblock copolymers (n
= 3). In general, these block copolymers are defined as AB diblock
copolymers or ABA and ABC triblock copolymers where A and C
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are chemically distinct hydrophilic blocks whereas B represents the
hydrophobic block. Varying the number of blocks (n) and chemically
distinct block types (m) in polymer synthesis creates a collection of
unique copolymers, where each generates a specific nano-sized struc-
ture in aqueous solution.

there are primary and secondary factors that change the
self-assembly properties of block copolymers in the solution. The main
primary factors are number of monomers (n), number of monomer
types (m), degree of polymerization of each monomer (Ni), and the as-
sociated interaction parameters (Xij), where i and j correspond to chem-
ically distinct repeat units. Secondary factors include block flexibility
(e.g., stiff vs. flexible chains), dispersity (Ð) and heterogeneity in block
composition. A detailed discussion on these factors can be found else-
where[20]. In particular, Ð is influenced by the ratio of weight average
(Mw) to number average (Mn) molecular weight[21], simply reflecting
the molecular weight distribution. For example, the poly(ethylene
oxide)-block-polycaprolactone (PEO-PCL) block copolymer with a
polydispersity index of 1.14 yields predominantly polymersomes[22]
whereas the PEO-PCL block copolymer with a polydispersity of 1.42

creates mainly worms[23]. Amphiphilic block copolymers are able
to self-assemble a wide range of nano-sized structures in aqueous
solution. The most prominent examples are nanoparticles, micelles
(spherical, cylindrical, and worm-like), and polymersomes. It is im-
portant to note that obtaining different block copolymer assemblies is
the result of the inherent molecular curvature arising from the rela-
tive size difference between the hydrophilic and hydrophobic blocks.
This principally defines the geometric packing of block copolymers
in the resulting copolymer assemblies in aqueous solution, which is
known as dimensionless packing parameter, p (figure1.2). The p is
defined as p = v

ao lc , where v is the volume of the hydrophobic block,
ao is the contact area of head group and lc is length of hydrophobic
block[24]. Although p has originally been developed for amphiphiles
in water[24], it has also been used for predicting structures resulting
from self-assembly of amphiphilic block copolymers in aqueous so-
lution[25]. It corresponds to the ratio of the molecular volume of the
hydrophobic block to the actual volume occupied by the block copoly-
mer in the resulting assemblies. Depending on the p value, different
polymer structures within aqueous solution have been predicted. For
example, spherical micelles are formed when p ≤ 1/3, cylindrical
micelles are formed when 1/3 < p ≤ 1/2, and vesicles are formed
when 1/2 ≤ p ≤ 1 [26, 27]. In addition to primary and secondary
factors which focus on the nature of block copolymers, external factors
such as temperature, ionic strength, pH and formation method (e.g.
solvent switch or film rehydration) also influence the self-assembly of
particular block copolymers[28–30].Once desired block copolymer as-
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semblies in an aqueous solution are obtained, further characterization
is required for these assemblies to qualify for specific biomedical and
biosensing applications.

the characterization of the assemblies by a wide range
of microscopy and light scattering techniques mostly concerns size,
size distribution, shape, and surface charge. For example, optical mi-
croscopy has been mainly used for polymersomes that are bigger
than limit of resolution (>200 nm) whereas transmission electron
microscopy (TEM) has been utilized for high resolution images of
both micelles and polymersomes[31–33]. Static light scattering (SLS)
and dynamic light scattering (DLS) have been employed to obtain
radius of gyration (Rg) and hydrodynamic radius (Rh) of both mi-
celles and polymersomes, respectively[34]. Specifically, if the ratio
of Rg to Rh, or shape factor, is ≤ 1, it is indicative of spherical ob-
jects[35] allowing for a prediction of the predominant morphology of
assemblies in a solution. For example, polymersomes assembled from
poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-PDLLA) had a ratio
close to 1, whereas the PEG-PDLLA elongated tubes had an average
shape factor of 1.5 with all values above 1.3[36]. In addition, DLS mea-
surements will reveal the size distribution (e.g., unimodal, bimodal, or
multimodal) of the assemblies[31]. Apart from size parameters, zeta
potential measurements can be carried out to determine the surface
charge of assemblies[37].

Figure 1.2: Various self-assembled structures formed by amphiphilic block
copolymers in a block-selective solvent. The type of structure
formed is due to the inherent curvature of the molecule, which
can be estimated through calculation of its dimensionless packing
parameter, p, adapted by[27]
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there are different procedures to obtain self-assembled
structures.In the cosolvent[38], solvent switch[39] and the water addi-
tion/solvent evaporation[38] procedure, the amphiphilic block copoly-
mer is dissolved in an organic solvent. The ultimately desired solvent
system in which only the hydrophilic block is soluble, i.e. an aqueous
buffer, is added to the polymer solution (solvent switch and water
addition/solvent evaporation). Alternatively, the polymer solution is
added dropwise to the aqueous solvent (cosolvent). One disadvantage
of these methods is that traces of organic solvent might remain in the
system. This is not the case in the film rehydration method[38, 40, 41]
where the polymer dissolved in organic solvent, is first dried to a thin
film, whose subsequent rehydration with aqueous buffer results in
self-assembly.

1.1.1 Polymersomes

polymersomes are membrane-enclosed 3d supramolecu-
lar structures formed by self-assembly of corresponding amphiphilic
block copolymers in aqueous solutions[6]. They have a similar mem-
brane morphology to liposomes (phospholipid vesicles) and based on
the just mentioned characterization techniques have a shape factor
1/2 ≤ p ≤ 1. However, they have several advantages over liposomes,
partially owing to the larger molecular weight of the block copolymer.
Notably, the synthetic nature of amphiphilic block copolymers enables
controlling the properties of the polymersomes produced[42], such
as membrane thickness and fluidity[7, 43], permeability[13, 44], and
stability[44]. For example, the membrane thickness of liposomes is
typically 3–5 nm whereas polymersome membranes can be tuned in
the range of ~8–21 nm[45]. More specifically, the membrane thickness
of polymersome depends on the molecular weight of polymers and
degree of polymerization, principally hydrophobic blocks[46]. In terms
of diameter, liposomes and polymersomes can both form nanometer
sized vesicles or giant vesicles (>1 µm) depending on the methods
applied for vesicle preparations[25]. Polymersomes are predominantly
prepared by: (i) film rehydration, (ii) solvent switch, and (iii) direct
dissolution. In the film rehydration method, the block copolymers are
first dissolved in appropriate organic solvent which is then evaporated
either with a stream of nitrogen or by applying a vacuum in a rotary
evaporator. The resulting thin copolymer film is rehydrated by addi-
tion of an aqueous solution under continuous stirring. Solvent switch
and direct dissolution methods correspond to those described above
for the preparation of micelles. These commonly used methods as
well as electroformation, double emulsion and microfluidics methods
have also been applied to prepare giant unilamellar vesicles (GUVs)
from block copolymers[6, 47], but these micron sized vesicles are not
discussed in this study.
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Polymer block Abbreviation

Poly(acrylic acid) PAA

PB Poly(butylene) PBD

Poly(butadiene) PBD

Poly(benzyl methacrylate) PBzMA

Poly(caprolactone) PCL

Poly(2-(diethylamino)ethyl methacrylate) PDEAEM

Poly(2-(dimethylamino)ethyl methacrylate) PDMAEMA

Poly(3,4-dimethyl maleic imido butyl methacrylate) PDMIBM

Poly(dimethylsiloxane) PDMS

Poly(2-(diisopropylamino)-ethyl methacrylate) PDPA

Poly(ethylene glycol) PEG

poly(ethylene glycol)methacrylate PEGMA

Poly(ethylene oxide) PEO

Poly(2-ethyl-2-oxazoline) PEtOz

Poly(ferrocenylmethyl methacrylate) PFMMA

Poly(glutamic acid) PGA

Poly(glycidyl methacrylate) PGMA

Poly(2-hydroxyethyl methacrylate) PHEMA

Poly(l-isocyanoalanine(2-thiophen-3-yl-ethyl)amide) PIAT

Poly(lactic)acid PLA

Poly(4,5-dimethoxy-2-nitrobenzyl methyl methacrylate acid) PMA

Poly(methacrylic acid) PMAA

Poly(γ-methyl-ε-caprolactone) PMCL

Poly(methyl methacrylate) PMMA

Poly(2-methyl oxazoline) PMOXA

Poly(2-methacryloyloxyethyl phosphorylcholine) PMPC

Poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) PNBA

Poly(n-butylmethacrylate) PnBMA

Poly(N-isopropylacrylamide) PNIPAM

Poly(N-vinyl-pyrrolidone) PNVP

Poly(styrene) PS

Poly(sulfobetaine methacrylate) PSA

Poly(11-mercaptoundecyl sulfonic acid) PSBMA

Poly(tert-butyl methacrylate) PtBMA

Poly(trimethylene carbonate) PTMC

Poly(vinyl alcohol) PVA

Poly(vinylpyridine) PVP

Table 1.1: Common polymer blocks and their abbreviations, adapted by[14]
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based on membrane thickness and vesicle size , the in-
ternal volumes of both lipid and polymer vesicles have been com-
pared[48]. For small and large lipid vesicles, the internal volume is
small (>10–9 µL) whereas for polymersomes the variations in internal
volume is high due to difference in membrane thickness. However,
membrane thickness is less affective for internal volume of the small
and large lipid vesicles compared to vesicle size. For giant lipid and
polymer vesicles, the effect of membrane thickness on internal volume
is negligible. In contrast to liposomes whose lipids are subject to ox-
idation, polymersomes are more stable and can have a significantly
longer shelf live[49]. The intrinsic membrane properties of polymer-
somes and liposomes have been extensively studied and compared[50].
Moreover, there are special, recently developed polymersomes based
on a polyion complex, named PICsomes[51]. PICsomes are formed
by simply mixing oppositely charged block copolymers in an aque-
ous solution[51]. They are prepared by mixing for example anionic
PEG-poly(α, β-aspartic acid) and cationic PEG-poly([2-aminoethyl]-
a, β-aspartamide) in aqueous solution[52]. PICsomes have also been
loaded with enzymes (e.g., l-asparaginase or β-galactosidase) for en-
zyme delivery [53, 54].

different amphiphilic block copolymers that form poly-
mersomes have been synthetized. Some of the most commonly used
block copolymers are poly(ethyl ethylene)-b-poly(ethylene oxide)
(PEE-b-PEO)[45], poly(butadiene)-b-poly(ethylene oxide) (PBD-b-PEO)
[42], poly(styrene)-b-poly(acrylic acid) (PS-b-PAA)[42, 55], poly(2-
methyloxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyl
oxazoline) (PMOXA-b-PDMS-b PMOXA) [56, 57](figure1.3), commer-
cially available poly(propylene oxide)-based (PPO) architectures (PEO-
b-PPO-b-PEO, pluronics)[44], and poly(ethylene oxide)-b-polycaprola
ctone-b-poly(2-methyl-2-oxazoline) (PEO-b-PCL-b-PMOXA)[38] (ta-
ble1.1).
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Figure 1.3: The PMOXA–PDMS–PMOXA tri-block membrane could self-
assemble in one of two ways, using electroporation (depicted
by electric flash) to allow water (represented by blue droplets) to
enter the bilayer; (b) A schematic of the folded over hairpin-like
membrane form analogous to a more traditional bilayer, which
can then follow the same mechanisms for electroporation as (a);
and (c) the tri-block assembly as a monolayer, adapted by [58]

1.2 polymersomes equiped with biomolecules : expansion

to functional biointerfaces

a variety of biomolecules have been combined with poly-
mersomes either by conjugating them to the outer surface of poly-
mersomes, by inserting them into the polymeric membrane or by
encapsulating them inside the polymersome cavity. A large diversity
of chemical functionalization can be realized by the control of block
copolymer synthesis. Conjugating biomolecules to the outer surface of
polymersomes can be achieved by covalent or non-covalent attachment
using conventional immobilization techniques.

1.2.1 Bioconjugation of biomolecules in polymersomes

so far , the covalent attachment of biomolecules to
polymersomes has been achieved by various methods, such as by click
chemistry based on azide–alkyne cycloaddition[59–61], vinyl sulfonyl
coupling with amines, coupling of N-hydroxysuccinimidyl esters with
primary amines [8, 62], and maleimide with thiol groups[63, 64]. Poly-
mersomes are especially suited to constitute a nanocompartment since
the bounding polymer membrane protects the encapsulated enzymes
and helps to maintain their activity. For example, horseradish peroxi-
dase (HRP) was linked to the surface of polymersomes through azide–
alkyne cycloaddition click chemistry by using a polystyrene-b-poly
(l-isocyanoalanine (2-thio-phen-3-yl-ethyl) amide) (PS-b-PIAT) block
copolymer and a block copolymer with an acetylene-functionalized
hydrophilic terminus. Another two enzymes were combined with
different parts of the HRP-polymersomes, Candida antarctica lipase
B (CalB) was incorporated into the membrane, and glucose oxidase
(GOx) was encapsulated inside the cavity. These enzymes sequen-
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tially converted glucose acetate to glucose which was further ox-
idized to gluconolactone. The hydrogen peroxide produced in this
reaction was detoxified by HRP mediated oxidation of 2,2´-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) to ABTS+[59].In another
example, vinyl sulfone functionalized poly(ethylene oxide)-b-poly
(g-methyl-3-caprolactone), VS-PEO-b-PMCL, block copolymers self-
assembled into polymersomes to which thiol-containing CGRGS tar-
geting peptides were conjugated under mild conditions in the absence
of a catalyst[65]. Peptide coupling did not change the morphology of
the polymersomes. Furthermore, 6-hydrazinocotinate acetone hydra-
zone (HyNic) modified Trastuzumab antibodies were conjugated to
the surface of 4-foramybenzoate (4FB) functionalized PDMS-PMOXA
polymersomes by coupling of N-hydroxysuccinimidyl esters with
primary amines[8].

in a similar concept, thiolated mouse anti-rat monoclonal
antibody (OX26) was covalently attached to the surface of maleimide-
functionalized poly(ethylene glycol)-b-poly (ε-caprolactone) (PEG-b-
PCL) polymersomes [63]. Strategies for the non-covalent attachment of
biomolecules on polymersome surfaces include biotin-avidin interac-
tions[66–69], metal/nitrilotriacetic acid (NTA)–histidine interaction[70–
72], and host-guest inclusion complexation between β-cyclodextrin
and adamantane[69, 73]. For example, the terminal end of OB29 block
copolymer was functionalized with 4-fluoro-3-nitrobenzoic acid (4F3

NB) followed by the addition of biotin. By functionalizing the outer
shell of the polymersome with biotin, the modular avidin–biotin chem-
istry was used to bind NeutrAvidin, which served to attach the bi-
otinylated cell adhesion molecules, selectin and integrin. Alternatively,
NeutrAvidin-coated polymersomes served to bind biotinylated-sLex,
biotinylated-anti-ICAM-1(b-anti-ICAM-1), or a mixture of the two.

binding studies on surfaces bearing only ICAM-1/Fc, ICAM-
1/Fc and P-selectin/Fc, or P-selectin/Fc alone revealed that vesicles
bearing both ligands showed superior adhesion. Another approach of
surface attachment was reported for PB-b-PEO block copolymer-based
polymersomes with terminal lysine-NTA functional groups which
were treated with metal ions such as Cu2+ and Ni2+ to attract polyhisti-
dine tagged proteins before their self-assembly into polymersomes[71].
Then, polyhistidine-tagged proteins such as fluorescently labeled
maltose binding protein (His10-MBP-FITC), polyhistidine-tagged en-
hanced green fluorescent protein (His6-EGFP) and polyhistidine-
tagged red fluorescent protein (His6-RFP) were coupled to metal-
NTA functionalized polymersomes. Similarly, fluorescently labeled
histidine-tagged peptides were selectively attached to the surface of
Cu2+-Tris-NTA containing PB-b-PEO polymersomes to mediate target-
ing[72].
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in the case of host-guest inclusion complexation, host
groups [e.g., β-cyclodextrin (β-CD)] and guest groups are included at
both ends of block copolymers that self-assemble into polymersomes.
More specifically, the building blocks of polyether imide (PI) with
β-CD at both ends (CD-PI-CD) self-assembled into polymersomes.
The presence of β-CD at the surface of polymersomes enabled the
formation of inclusion complexes with adamantane-ended polyethy-
lene glycol (PEG)[74]. In another example, polystyrene (PS) appended
with β-CD formed polymersomes to which HRP molecules that were
modified with adamantane groups through a PEG spacer were conju-
gated[73]. Enzyme activity assays showed that HRP preserved its cat-
alytic activity after the attachment to the polymersomes. Besides conju-
gating biomolecules to preformed functionalized polymersomes, block
copolymers were co-synthesized together with biomolecules such as
the green-fluorescent protein variant amilFP497[75] and heparin[76,
77]. More specifically, amilFP497 was linked to thermo-responsive
poly(N isopropyl acrylamide) (PNIPAM) and heparin was linked to
PDMS. The protein-polymer bioconjugates were then mixed with block
copolymers to form biomolecule-decorated polymersomes. With this
approach, an enhanced coupling efficiency was achieved. Other block
copolymers were grafted to nucleotide sequences and the resulting
DNA-block copolymers formed polymersomes[78, 79]. Alternatively,
DNA was attached to the surface of polymersomes based on a mix-
ture of PMOXA-PDMS-PMOXA and azide functionalized PMOXA-
PDMS-PEG-N3[80]. The functional azide groups enabled coupling of
dibenzocyclooctyne (DBCO)-derivatized single stranded DNA or its
complementary oligonucleotide to the surface of polymersomes. Hy-
bridization of complementary DNA strands was exploited as driving
force to self-organize polymersomes. Specifically, polymersomes were
connected via single stranded DNA molecules of 12nm length creating
“polymersome clusters”. Conceivably, these polymersome clusters may
serve as a general platform for applications such as enzyme cascade
reactions. If the biomolecule is a membrane protein, it is normally
associated with the hydrophobic part of the polymersome, i.e., tends
to insert into the membrane. In case the biomolecule is hydrophilic, it
will either locate to the aqueous cavity of the polymersome (i.e., be
encapsulated) or to the inner and/or outer surface of the polymersome
membrane.

1.2.2 Reconstitution of memrane proteins and biopores

when inserting membrane proteins into synthetic mem-
branes, it is critical to preserve their functionality. Inspired by nature,
polymer based catalytic nanocompartments (CNCs) can be designed
to carry out chemical, enzymatic, and even cascade reactions. The
work that pioneered field has been done in 2000[84] and the first time
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Figure 1.4: Schematic representation of catalytic nanocompartments: a)with
encapsulated phosphoglucomutase (yellow) for the conversion of
glucose-1-phosphate (blue filled circle) to the product glucose-6-
phosphate (light brown filled circle) b)modified OmpF acting as
a “gate” in catalytic nanocompartments and c)visualization of
the workflow using design of experiments to achieve a functional
reconstitution, adapted by [81–83]

where bacterial outer membrane proteins (Omp) and more specifically,
the porin OmpF, which forms pores for molecules with a molecu-
lar mass up to ~600Da[85] , have been inserted in the membrane
of PMOXA-PDMS-PMOXA polymersomes. There the enzymatic re-
action of antibiotic ampicillin to ampicillinoic acid, hydrolysed by
β-lactamase. To achieve membrane insertion, OmpF can be combined
with the block copolymer before film formation or it can be added to
the rehydration solution before polymersome self-assembly. In later
examples with OmpF[82, 86], Pore functionality was demonstrated by
loading the hydrophilic cavity with horseradish peroxidase (HRP) and
testing for enzymatic activity on externally added substrates. Likewise,
the molecular flow through OmpF pores rendered pH-sensitive was
triggered in response to a pH change in the local environment and a
reversible on/off switching of HRP activity in the cavity of the poly-
mersomes was observed[87]. Fungal uricase and HRP were combined
to function in sequence by encapsulating each of the two enzymes
in separate nanocompartments that were both equipped with OmpF
as a gateway for substrates and products[88]. When these catalytic
nanocompartments were added to cells exposed to uric acid, detoxifi-
cation of uric acid occurred by fungal uricase through the presence
of hydrogen peroxide (H2O2). Another functional insertion in syn-
thetic polymer membranes, both spherical and planar, was achieved.
Melittin, a pore forming peptide which mainly consists bee venom
was inserted in polymer membranes resulting to their permeabiliza-
tion[89]. A systematic study was carried out to evaluate how molecular
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properties (e.g., hydrophilic to hydrophobic block ratio, membrane
thickness, surface roughness, and membrane curvature) and the stage
(before or after the self assembly process) of melittin addition to the
polymer membranes influence its functional insertion. Impermeable
polymersome membranes can also be rendered permeable by the in-
sertion of natural ion channels such as alpha-hemolysin (αHL), the
carboxylic acid ionophore ionomycin[81], or gramicidin A (gA)[77, 90].
Recently, the functional reconstitution of proteorhodopsin (PR) was
achieved[83]. The detergent n-octyl-β-D-glucopyranoside (OG) was
used to destabilize the membrane of preformed polymersomes and
thereby enable the entry of PR while preserving its intrinsic function-
ality. To optimize this system, a comprehensive analysis of parameters
underlying the reconstitution process was carried out. This study
provides the basis for exploring a general mechanism of membrane
protein reconstitution into synthetic membranes (figure1.4).

1.2.3 Polymersomes in nanomedicine

polymersomes , if appropriately selected are well-suited to
fulfill key requirements of biomedical applications including biocom-
patibility, stability, controllable size, robustness and tunable surface
chemistry. For in vivo applications, in particular therapeutic applica-
tions, block copolymer-based nanomedicines should stably circulate in
the vascular system while avoiding unspecific interactions with blood
components, specifically extravasate at the site of disease, followed by
an efficient uptake and eventually target-specific release of the cargo
(figure1.5). Ideally, the design of the nanovehicles should entail con-
trollable drug release, increase of drug bioavailability, and reduction
of adverse effects. As mentioned above, polymersomes are able to host
various therapeutic agents with distinct physicochemical properties,
including hydrophilic and hydrophobic small molecule drugs[52, 91],
proteins[92], nucleic acids[93, 94], etc.; either the hydrophilic moieties
are encapsulated in the aqueous core or the hydrophobic ones are
intercalated in the polymeric membrane. In this regard, several en-
capsulation strategies have been developed, mostly depending on
the nature and solubility of the therapeutic payload and the block
copolymers constituting the polymersomes. In general, the therapeutic
cargo can be incorporated into polymersomes either during or after
the polymersome formation[41].

drug delivery based on biodegradability and stimuli re-
sponsiveness .

The development of methods which ensure the release of poly-
mersomes’ various therapeutic payloads upon reaching the target is a
necessary parameter of what we call targeted drug delivery in order
to limit the side effects associated with several drugs. Generally, the
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release kinetics of the therapeutic payload are related to the diffusion
through the polymer membrane, which is consequently governed by
the difference of concentration in the polymersome lumen and in the
surrounding environment. The drug release can be trigerred either by
use of block copolymers which:

1. are biodegradable i.e. they degrade or they are subjected to
morphological changes of their membrane through a hydrolytic
mechanism, in this category block copolymers with polyerster
blocks such as PLA and PCL are mainly used[95–98]. Hydrol-
ysis shorthens the hydrophobic fractions of block copolymers
such as PLA-PEG or PCL-PEG and therefore their hydropho-
bic to hydrophilic ratio. This alters the shape of the copolymer
which undergoes a morphological transition[95] which also con-
sequently leads to the release of the drug or therapeutic agent.

2. are designed to receive and react to a signal from external stim-
uli[99–110] (e.g.changes in temprature, pH, redox potential, mag-
netic field, light) Drug delivery from biodegradable polymer

Figure 1.5: Overview of polymersomes in nanomedicine: a) strategies for en-
capsulation of therapeutic agents in polymersomes b)superoxide
dismutase encpulating porous polymersomes for neuropathic
pain treatment and c) scheme of stimuli-responsive polymersomes
for drug delivery, adapted by[41, 111, 112]

assemblies has some limitations mainly related tto slow release
of the drug. A way to overcome this challenge and achieve
better bioavailability of the incorporated therapeutics is to to de-
velop stimuli-responsive polymersomes. Some of the main ways
to obtain stimuli responsiveness is: (i) vary the hydrophobic–
hydrophilic polymer fraction; (ii) change the solubility of one
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block polymer as response to stimuli; (iii) use of molecules which
include bonds which are cleaved upon exposure to the proper
stimuli and (v) by use of polymers that can swell or collapse.
Triggered release is of high relevance and importance because
it can improve the pharmacokinetic profile and the side effects
due to the intrinsic toxicity of drugs.

1.2.3.1 Polymersomes in theragnostics

Theragnostics (i.e. devived from therapy and diagnostics) is en emerg-
ing field in modern medicine which focuses on ’treat what you see’
principle. It utilizes properly designed compounds (e.g. radioactive
drugs) which allow for the simultaneous detecting/imaging and treat-
ment of a desease, most often tumour (figure1.6). As well established
nano-sized platforms for nanomedicine, polymersomes hold a great
potential as theragnostic agents as well. In particular they can combine
therapeutic functions which can be applied in gene and chemotherapy,
photodynamic and photothermal therapy etc. with imaging functiPons
which can be consequently applied in magnetic resonance (MR), com-
puted tomography (CT), Positron-emission tomography (PET) imaging
etc[113]. There are examples of polymersomes combinig MRI with
chemotherapy, by incorporating MRI imaging modules with anticancer
drugs (e.g. DOX)[114–116] Recently an advanced polymersome based
teragnostic platform against atherosclerosis has been developed. It is
based on two polymersome compartments clustered together with
DNA [117]. The diagnostic compartment attaches to the suface of cells
and via dye loading can serve as imaging component, whereas the
therapeutic compartment is able to trigger the cellular expression of a
secreted reporter enzyme via production of dopamine.
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Figure 1.6: Modalities of both therapeutic (I) and imaging (II) modules of
theranostic polymer vesicles, adapted by[113]

1.2.4 Polymersomes immobilized on a Surface

Solid supported polymer-based nanoscale structures can be described
as block copolymer assemblies, e.g., polymersomes or micelles that
are immobilized via specific methods on a solid support. The resulting
surfaces hold a tremendous potential for applications in fundamen-
tal material sciences and, when equipped with the corresponding
biomolecules, as a new type of interface with which enhanced catal-
ysis can be achieved. First, we discuss from a fundamental physical
chemistry point of view how immobilization of polymersomes on
solid supports such as glass, mica and silica can be achieved. We then
move to more advanced systems where polymersomes are not only
immobilized on a surface, but they are also able to carry out distinct
functions and respond to external stimuli due to their conjugation
with corresponding biomolecules.

1.2.5 Immobilization strategies

1.2.5.1 Click chemistry

Immobilization of polymersomes on a solid support not only creates a
more robust system but also offers the possibility to control topology.
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Toward this goal, click chemistry has been predominantly employed to
immobilize polymersomes on solid supports. Click chemistry refers to
organic reactions that allow the connection of two synthetic molecular
building blocks or to bioconjugation if at least one of the partners
is a biomolecule. Click chemistry involves some of the most com-
mon reactions of modern organic and polymer chemistry, such as
Diels–Alder, Michael addition, pyridylsulfide reaction, oxyme, thi-
olene, strain-promoted azide–alkyne cycloaaddition (SPAAC), and
Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC)[118]. The use of
click chemistry for the attachment of polymersomes on a solid support
requires a functionalized polymer to expose specific molecular groups
and a chemically treated surface. A recent example reports immo-
bilization of polymer vesicles assembled from a triblock copolymer
PMOXA-PDMS-PMOXA terminated with either carboxylate- or amino
groups, on click-functionalized porous polyacrylonitrile (PAN) mem-
branes[11]. The coupling of the polymersomes on the PAN surfaces
involves the azide functionalization of the polymersomes followed
by the surface conversion of the alkyne groups of the substrate to
triazoles, which then results in a chemical bond between the solid
support and the polymersomes (figure1.7).

polymersomes immobilized on solid substrates can be mon-
itored by several microscopy techniques including atomic force mi-
croscopy (AFM), cryo-scanning electron microscopy (Cryo-SEM), and
fluorescence microscopy. In addition to revealing the topography of
surface-attached polymersomes in buffer with minimal perturbation,
AFM allows for measuring the thickness of the vesicle-based layer.
Cryo-SEM was used to characterize the vesicle adlayer on the surface
as a complementary method to AFM, but due to the harsh sample
preparation conditions (platinum coating, high vacuum etc.), the mor-
phology of the polymersomes was mostly disrupted. Nevertheless,
a high coverage of the substrate with polymersomes was observed
when the PAN surface and the polymersomes were modified with
alkyne and azide functional groups, respectively. Consistent with the
presence of available alkyne-groups, fluorescence microscopy of PAN
coated substrates stained with an azido-coumarin dye revealed an
increase of the fluorescence signal after modification. By encapsu-
lating the fluorescent dye 2-(N-methyl-N-2-4-carboxyl butyl amino
(6,10-bis(N,N-dimethylamino) trioxatriangulenium chloride (ATOTA-
COOH) in the polymersomes, immobilization on the alkyne-modified
PAN surfaces was demonstrated. Recently, by using a combination of
SPAAC and thiol-ene reactions, different polymersomes and mixtures
of polymersomes and micelles have been co-immobilized on a solid
support[119, 120]. PDMS-based polymersomes served as an ink for
creating locally defined patterns on glass, leading to multifunctional
surfaces with controlled properties. A general procedure for the im-
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mobilization of polymersomes on solid silica substrates via a biocom-
patible thiol–ene reaction has recently been developed [121, 122]. This
reaction takes place with copper-free catalysis to avoid the cytotoxic-
ity of transition metals[123]. Methacrylate end group functionalized
PMOXA-PDMS-PMOXA polymersomes were immobilized on thiol-
functionalized surfaces with or without with polyethyleneglycol (PEG)
spacers in presence of Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) as a catalyst.

Figure 1.7: A combination of bio-orthogonal and catalyst-free strain-
promoted azide–alkyne click (SPAAC) and thiol–ene reactions
coimmobilize polymersome–polymersome and polymersome–
micelle assemblies, adapted by[119]

1.2.5.2 Electrostatic interactions and covalent attachment

Another method for the immobilization of polymersomes on a solid
support takes advantage of electrostatic interactions. For example,
polymersomes have negatively charged functional groups and the sub-
strate is positively charged or vice versa. Accordingly, polymersomes
based on pluronic L121 triblock copolymers (PEO5-PPO68-PEO5)
were mixed with high molecular weight poly(acrylic acid) (PAA),
which is negatively charged at neutral pH, for immobilization onto
a glass or mica surface[124]. The immobilization was achieved by
Mg2+-mediated electrostatic interactions between the polymersomes
and the solid support. Noticeably, the polymersomes “gently” at-
tached to the surface at room temperature and detached from the
surface with increasing temperature. In a similar approach, amine-
functionalized polymersomes assembled from poly(lactide-b-ethylene
oxide) (PLA-PEO), poly(capro-lactone-b-ethylene oxide) (PCL-PEO),
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and poly(isoprene-b-ethy-leneoxide) (PI-PEO). PLA-PEO and PCL-
PEO were attached to aldehyde-functionalized glass surfaces[125].
The different chemical composition of the polymers led to different
physical and chemical properties of the polymersomes. The PCL-PEO
polymersomes were stiffer than PI-PEO, because they remain glassy
at room temperature (Tg = 60°C). These differences affected not only
the shape of the polymersomes but were also reflected in the footprint
area, i.e. the contact area between the polymersome and the solid
support. Bound PEO-PCL polymersomes showed a small, deformed
footprint area and a barrel-type shape while the high bilayer flexibility
of PI-PEO resulted in a larger footprint area and a hollow spherical
structure without significant deformation.

1.2.5.3 Streptavidin-biotin interaction

Yet another approach for immobilizing polymer based nanostruc-
tures on a solid substrate is based on streptavidin-biotin interac-
tion[126]. Streptavidin adsorbed to a glass substrate was shown to
interact with biotinylated tri-block copolymer vesicles made from
PMOXA-PDMS-PMOXA[127]. A corresponding method for polymer-
some immobilization on streptavidin-coated silicon wafers and petri
dishes has been reported via two distinct pathways[128]. One path-
way involved blending commercially available biotin-1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[biotinyl (polyethylene glycol)-
2000] (Biotin–PEG–DSPE) with an amphiphilic block copolymer mix-
ture to introduce the biotin to the polymersomes. The second pathway
was based on the chemical functionalization of the block copoly-
mer with biotin. In both cases, surface functionalization of poly((2-
methacryloyloxy)ethyl phosphoryl choline)-b-poly(2-(diisopropyl-ami
no)ethyl methacrylate) (PMPC–PDPA) diblock copolymers with biotin
was achieved. The surfaces were characterized at high-resolution in
liquid using advanced techniques including stimulated emission de-
pletion microscopy (STED), AFM, and force spectroscopy mapping
(FSM). In particular, these methods allowed the characterization of
neutral polymersomes at the nanoscale without the artifacts caused by
the drying or freezing of samples. STED and AFM studies confirmed
that the polymersomes can be immobilized on a surface and imaged in
situ under native conditions. The enhanced spatial resolution offered
by STED revealed that ATTO640 dye-loaded polymersomes clustered,
and that the mean diameter of individual polymersomes is about half
of the diameter suggested by conventional CLSM.

1.2.5.4 Adamantane–β-cyclodextrin host–guest interactions

Attachment of multifunctional, responsive, and photo cross-linked
polymersomes to solid substrates was also accomplish by exploiting
strong adamantane–β-cyclodextrin host–guest interactions [129](fig-
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ure1.8). To reduce non-specific binding and better retain spherical
shape, the level of attractive forces acting on the polymersomes was
tuned through both PEG passivation and a decrease of β-cyclodextrin
on the corresponding substrates. In addition, polymersomes were
pH responsive: they swelled under acidic conditions in situ. Apart
from pH responsiveness, light responsiveness was achieved by modi-
fying the polymersome surface with nitroveratryloxycarbonyl (NVOC)
protected amine molecules as photo-cleavable groups prior to immo-
bilization.

1.2.5.5 Surface characterization techniques

The most important techniques for the characterization of the immobi-
lization of polymersomes on a solid support are SEM, AFM, CLSM,
STED, and QCM-D. The AFM, especially AFM in liquid, can provide
structural information, for example the corrugation of the modified
surface, and details regarding the mechanical properties, e.g., stiffness
of the polymersomes, at nanoscale resolution. SEM on the other hand,
allows an overview of the system albeit the samples are dried under
vacuum and usually require coating with platinum. With CLSM, one
can obtain microscopy of the immobilized polymersomes or the solid
support alone provided that at least one of them is fluorescent. In
this case, higher resolution images recorded by STED can reveal more
details than conventional fluorescence microscopy. QCM-D provides
information about the amount of mass deposited on the solid substrate
and simultaneously reveals conformational changes of the polymer-
somes upon immobilization (intact shape, rupture, strength of the
attachment on the surface).

1.2.6 “Smart” surfaces created by immobilized catalytic nanocompartments

Polymer-based catalytic nanocompartments on solid supports are
complex systems which consist of polymersomes equipped with func-
tional biomolecules such as encapsulated enzymes and/or proteins
incorporated into the polymer membrane that have been chemically
immobilized on a solid substrate to obtain specific geometries and/or
additional stability[130]. A recent study illustrates the immobilization
of two types of PDMS-b-PMOXA diblock copolymer-based catalytic
nanocompartments on a silica surface as a scaffold which allows an
enzymatic reaction between uricase and lactoperoxidase enzymes[131].
The cascade reaction within the enzymes loaded in the two separate
nanocompartments requires an insertion of melittin as biopore that
facilitates the in and out diffusion of the reaction products and it is
monitored by converting Amplex® Red to the fluorescent probe re-
sorufin by using the H2O2 produced from uric acid and H2O. Another
example is the creation of a “smart surface” for pH reporting[132].
Using the copper-free click chemistry, a layer of polymersomes loaded
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Figure 1.8: a) Scheme of the Polymersome Immobilization by Adamantane-β-
Cyclodextrin Host-Guest Complexation and Further Steps Includ-
ing Tuned-Adhesion Properties, pH Swellable Surfaces, and NIR
Induced Photochemical Reactions and b)Peak force tapping mode
liquid AFM height image of polymersomes at pH 7.4 condition;
(b1-3) three-dimensional (3D) image of the marked region. Height
vs diameter relationship for (b4 and b5) 3D images of a single
polymersome illustrating the shape variation due to the different
adhering forces on surfaces), adapted by[129]
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with pH-sensitive dye was immobilized on a solid substrate, and
reported pH changes in the external environment by a change in pyra-
nine fluorescence. This concept can be widely applied to rapidly detect
pH changes, and is thus of particular interest to the food industry. An-
other example involves polymersomes self-assembled from a mixture
of non-functionalized copolymers (PMOXA6-PDMS42 -b-PMOXA6)
and copolymers (PMOXA7-PDMS44 -PMOXA7) functionalized with
aldehyde end groups that were attached via an aldehyde-amino reac-
tion to a glass surface that has been chemically modified with amino
groups[133].

e. coli glycerol facilitator (glpf) was functionally recon-
stituted into the polymersome membranes that allowed the selective
diffusion of sugar alcohols to the cavity of the polymersomes, where
encapsulated ribitol dehydrogenase (RDH) served as biosensing entity.
This is a model of a nanosized sensor for selectively detecting sugar
alcohols. Encapsulating the enzymes inside polymersomes protects
them from a potentially harmful environment whilst preserving their
catalytic activity. Moreover, surface-immobilized nanocompartments
can contain an encapsulated biocatalyst, such as penicillin acylase that
produces antibiotics [134]. The diffusion of the substrate and antibi-
otics to and from the polymersomes was possible by the insertion
of OmpF into the polymeric membranes. These surface-immobilized
nanocompartments were enzymatically active and stable over days,
producing antibiotics that efficiently inhibited bacterial growth. SEM
was used to examine the growth of microorganisms that had been
exposed to the surface-immobilized nanoreactors. The number of E.
coli cells was three to four times lower on substrates with immobilized
OmpF-equipped nanocompartments compared to bare silicon surfaces
or to substrates with immobilized nanocompartments lacking OmpF
pores.

1.3 planar polymer membranes

Amphiphilic block copolymers can form planar membranes on solid
supports, so-called solid supported polymer membranes(figure1.9).
The advantage of planar polymer membranes on solid supports is the
possibility to use a wide range of surface sensitive characterization
tools, which allows quantification of membrane associated processes
based on membrane-protein and protein-protein interactions.

1.3.1 Formation of solid suported planar polymer membranes

the vesicle fusion method involves a complex sequence of
processes including adsorption of vesicles onto a solid support, fol-
lowed by their rupture and spreading to form a continuous membrane.
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This method is of great interest because it is a spontaneous event
based on vesicle-solid support and vesicle-vesicle interactions, which
does not require any special equipment. However, to date, the vesicle
fusion method has mostly been used to create supported lipid bilayers.
Therefore, the role of a variety of experimental parameters such as the
nature of the substrate, vesicle size, osmotic pressure, freeze-thaw pre-
treatment, and lipid composition, has been studied for the formation of
reproducible supported lipid bilayers [94, 135–139]. The vesicle fusion
method to produce supported polymer membranes is in its infancy
and many parameters still need to be explored. It has been shown
only recently that substrate charge density and hydrophobicity play
a role in deformation and rupture of PBD-PEO polymersomes[140].
However, whether corresponding parameters have similar effects in
the formation of supported block copolymer membranes by vesicle
fusion remains to be elucidated.

testing the membrane properties of liposomes and polymer-
somes by atomic force microscopy[141] revealed that PDMS-b-PMOXA
exhibit about five to seven times higher bending modulus compared
to DPPC liposomes, while the Young’s modulus was even lower. The
higher bending modulus is related to the higher membrane thickness
of PDMS-b-PMOXA polymersomes (16 nm) compared to liposomes
(~5 nm). The balance between mechanical stability on one hand and
bending rigidity is reflected in the different adsorption behavior on
silica and mica. PDMS-b-PMOXA polymersomes appeared stable on
silica but rupture and fuse on mica. First and foremost, the enhanced
stability of polymersomes compared to lipid vesicles prevents them
from rupturing on the solid support under the same conditions. Thus,
rupturing conditions have to be established for each polymer. Conceiv-
ably, structural properties of resulting block copolymer membranes
including electrical sealing and lateral mobility will change depending
on the membrane thickness. Based on work examining polymersomes
with different membrane thickness[13, 43, 90], it can be assumed
that polymer membranes with higher thickness on a solid support
have lower lateral mobility and higher electrical sealing properties.
The first example of polymer membrane formation on solid support
by vesicle fusion method is based on positively-charged poly(2,2-
dimethylaminoethyl methacrylate)-b-poly(n-butyl methacrylate)-b-
poly(2,2-dimethylaminoethylmethacrylate) (PDMAEMA4-PBMA66-PD
MAEMA4) vesicles added to three different substrates, highly ordered
pyrolytic graphite (HOPG), silicon oxide and mica. On mica, strong
electrostatic interactions between the negatively charged mica and the
positively charged polymer vesicles induced vesicle fusion that yielded
a continuous polymer membrane whereas HOPG and silicon oxide
caused the formation of inhomogeneous polymer membranes[142].
Vesicles based on poly (butadiene)-b-poly (ethylene oxide) (PB-b-PEO)
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diblock copolymer spread out on hydrophilic glass and ultra-smooth
gold substrates at high NaCl concentrations (1.5 M) and at elevated
temperature (42–45°C)[143]. A planar polymer membrane on glass
was also formed by spreading hydroxyl containing polymer vesicles.
However, to spread on gold surfaces, functionalization of polymer self-
assemblies with sulfur contained lipoic acid (LA) groups was required.
Overall, we need to improve our understanding of the interactions
between polymer vesicles and different substrates in order to reliably
obtain continuous and defect free polymer membranes.

1.3.1.1 Langmuir Blodgett (LB) and Langmuir Schaefer (LS)

Compared to the vesicle fusion method, monolayer transfers from
LB and LS methods are more commonly employed to prepare solid-
supported polymer membranes. Here, the polymer membrane is trans-
ferred to a solid support after determination of the surface pressure-
area (π-A) isotherm of the monolayer which is known as “Langmuir
isotherm.” The latter is obtained by compression of the polymer
monolayer formed at the air-water interface until it collapses[144]. To
visualize the organization of the monolayer at the air-water interface,
Brewster Angle Microscopy (BAM) was carried out in parallel. With
this technique, the homogeneity of the surface layer is evaluated. After
obtaining the Langmuir isotherm for a particular block copolymer,
the polymer monolayer is transferred to a solid substrate by LB or LS
methods (see figure1.9). In LB, the substrate is vertically immersed in
and removed from the aqueous subphase and the polymer membrane
is transferred to the solid support during uplifting or down dipping.
The LS transfer involves a horizontal and slow approach of the sub-
strate. Both methods have the capability of producing highly ordered
mono- and multi-layers, with a defined architecture and fewer defects
than those obtained with the vesicle fusion method. For example,
the conductive organic polymer poly(5-amino-1-naphthol) (PAN) was
deposited onto hydrophilic silicon substrates by LB and LS transfer
techniques[145].

afm characterization of the resulting monolayers revealed
that monolayers produced by LS transfer were homogeneous and
had fewer defects than those obtained by the LB transfer. Similarly,
a solid-supported polymer membrane consisting of poly(butadiene)-
b-poly(ethylene oxide) (PB-b-PEO) diblock copolymers has been pro-
duced by LB and LS transfer. First, a self-assembled monolayer of
lipoic-acid terminated polybutadiene-polyethylene oxide block copoly-
mers were immobilized on a gold support by LB transfer. Then, the
solid-supported PB-b-PEO membrane was oriented horizontally and
a second monolayer was transferred onto the first monolayer by the
LS technique. This combined approach allows creating asymmetric
membrane structures composed of two chemically different polymer
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monolayers. Surface plasmon resonance (SPR) and AFM measure-
ments confirmed that the mono- as well as the bilayer on gold is
continuous and well stable in air for about 2 h. This air stability has
not been achieved with lipid membranes on solid supports since air
contact immediately destroyed the lipid membranes [146, 147]. In a
recent example, LB and LS transfers have been used for the deposi-
tion of triblock copolymers monolayers which lend themselves to the
insertion and attachment of membrane protein[148]. Although these
methods have successfully yielded a number of polymer membranes
on a variety of substrates, they still have some drawbacks including
the slow deposition of monolayers on the substrates and a limited
resistance of the membranes to high temperatures. Although solid
supported membranes are stable and reproducible, a big disadvantage
is that the membrane is in direct contact with the support, which
restricts mobility. For the insertion of transmembrane proteins, the
creation of space between the membrane and the solid support is of
critical importance. Not only is the membrane mobility increased but
also interactions of the proteins with the support, which could lead
to protein denaturation, are avoided. A space of several nanometres
between the membrane and substrate is usually obtained by using
tethers, cushions or brushes[4, 137, 149–151]. Brushes are polymer
chains that are directly attached to a surface and thus act as spacers.
Brushes are obtained by the so-called “grafting—from” method, which
involves the building of the polymer layer at a surface by covalent
attachment of initiator molecules on the surface, followed by chain
propagation through monomer addition. Another approach, called
“grafting—to,” is based on the covalent attachment of preformed poly-
mer chains on the surface. Overall, the grafting-from method is more
efficient due to less steric hindrance of diffusion of the monomers in
comparison to preformed, larger polymer chains. On the other hand,
the preformed polymer chains used in the grafting-to method can
be more easily characterized[152]. However, supported membranes
combined with tethers, cushions and polymer brushes are reviewed
elsewhere[149, 153, 154].

1.3.2 Combination of Biomolecules and Planar Membranes

biomolecules are combined with model planar membranes

to generate functional biointerfaces. The strategy of combining biomole
cules with polymer membranes changes depending on the nature of
the biomolecules in terms of their hydrophobic or hydrophilic char-
acteristics. To date, the majority of biomolecules have been combined
with polymeric membrane by either attaching them to the hydrophilic
part membrane surface or by inserting them into the hydrophobic part
of the membrane. More specifically, the biomolecules can attach to the
surface of planar membranes via (i) physisorption and (ii) chemisorp-
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Figure 1.9: Methods of formation of solid suported planar polymer mem-
branes, adapted by[1]

tion with modified end-groups of the amphiphilic block copolymers
forming the membranes. These two approaches principally differ with
regard to the binding energy. Specifically, physisorption is based on a
non-specific and reversible interaction of the biomolecules with the
membrane whereas chemisorption is based on irreversible chemical
binding of the biomolecules to the membrane. Upon attachment, the
biomolecules may change conformation which in turn may affect their
function or activity [155, 156].

so far , synthetic membranes were decorated with dis-
tinct enzymes such as laccase, glucose oxidase, and horseradish
peroxide to create functional surfaces [157–159]. For example, PEG-
PMCL-PDMAEMA amphiphilic triblock copolymers were employed
to create solid supported asymmetric membranes[148, 158]. First, Lang-
muir isotherms of PEG-PMCL-PDMAEMA monolayers with different
ratios of hydrophilic (PDMAEMA) and hydrophobic (PMCL) domains
were obtained at the air-water interface. In PEG-PMCL-PDMAEMA
monolayers, PEG was oriented toward the water subphase while
PDMAEMA was facing the air. Then, the monolayer was transferred to
a silica substrate via LB method to obtain a solid-supported membrane.
Due to the different ratios of hydrophilic and hydrophobic domains,
the properties of the resulting membranes differed in terms of mem-
brane thickness, wettability, roughness and topography as assessed
by ellipsometry, AFM, and contact angle measurements. Furthermore,
laccase was incorporated into the polymer membrane through either
immersion of the solid-supported ABC monolayer in the enzyme solu-
tion or by LB transfer of a mixed PEG-PMCL-DMAEMA amphiphilic
block copolymer laccase film to a silica substrate. In both cases, laccase
was stably immobilized through physical adsorption and retained its
activity. More recently, PEG-PMCL-DMAEMA asymmetric monolayer
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and bilayer membranes were created on silica by the LB method [158].
Then, laccase and tyrosinase were adsorbed to the membranes to
generate functional surfaces for phenol sensing. Depending on the
membrane properties, the level of enzymatic activity changed. In ad-
dition, PEG-PMCL-DMAEMA bilayer membranes provided enhanced
stability and enzymatic activity compared to monolayer membranes.

membrane proteins can be inserted into polymer mem-
branes either during the membrane formation process or after the
membrane is formed. For example, alpha hemolysin has been success-
fully inserted into supported polymer membranes made of PB-b-PEO
diblock copolymers[160]. The insertion of αHL into the membrane
was mediated by voltage destabilization. This approach allowed a per-
manent and functional insertion of alpha hemolysin, as confirmed by
a flow of ions across the membrane. However, specific conditions are
required including (i) a homogenous and stable polymer membrane,
(ii) sufficient membrane fluidity to host the proteins, (iii) a spacer
between membrane and solid support to create a reservoir for ion flux
and to inhibit substrate interactions of the protein that might lead to
denaturation. Biobead mediated membrane protein insertion has been
also applied for protein insertion into supported membranes[161](see
figure1.10). More specifically, PDMS-b-PMOXA diblock copolymers
were used to create membranes on silica and gold surfaces using
both LB and LS techniques. To achieve functional insertion of the
membrane protein MloK1, a cyclic nucleotide-modulated potassium
channel from Mesorhizobium loti, both the protein and the polymer
membrane were destabilized by biobeads. In this particular study, the
biobeads provided the driving force for the insertion of the membrane
protein into the polymer membrane.
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Figure 1.10: Schematic representation of the setup used for conductance mea-
surements through polymer membranes (S-M – source-meter,
PDMS – poly(2-methyl-2-oxazoline) stamp). (B) Time course for
conductance of solid-supported polymer bilayer (black line) and
solid-supported polymer bilayer with incorporated MloK1 (red
line). (C) Conductance measured at a constant applied voltage
of 40 mV (Au – gold substrate, BB – Bio-Beads), adapted by[161]

The functionality of inserted proteins was investigated by mea-
suring the electrical conductance. The conductance increased only
when protein incorporation into the membrane was carried out in
the presence of bio-beads. Another method to prepare planar protein-
polymer hybrid membranes is by rupturing polymersomes equipped
with membrane proteins with the aid of covalent bonding of the
polymer to gold substrates[162]. For example, Aquaporin Z (Aqp
Z) transmembrane water channels were first incorporated into disul-
fide functionalized PMOXA-b-PDMS-b-PMOXA polymersomes. Then,
polymersomes with and without aquaporin-Z induced to spread on
gold-coated solid substrates by the covalent bonding of disulfide
groups to the gold, yielding a highly permeable membrane that allows
passive diffusion of small solutes such as ions, nutrients or antibiotics.



28 introduction

1.4 motivation

Figure 1.11: Schematic representation of the aim of the thesis

This PhD work, always using triblock amphiphilic block copolymer-based
membranes as versatile tool, investigates and aproaches their properties in
two ways.

does the use of our polymer vesicles alter or enhance

the therapeutic functionality and biomedical applica-
bility of the specific porphyrin? Porhyrins are molecules
with well known and well-suited properties for phototherapy, can-
cer therapy and cancer imaging purposes. However, their wide and
established applications in therapy and diagnosis are hindered by
some important limitations such as: low bioavailabity, high toxicity
and low efficiency after they enter the human body. A very promising
approach to overcome these limitations is the use of supramolecular
chemistry and the combination of porphyrins with nanocarriers. To
develop an alternative for the impoved use of porphyrins in modern
nanomedicine, we incorporate a novel-water soluble porphyrin in syn-
thetic spherical vesicles based on amphipilic block copolymers. Then
we investigate, carrying out a comparative study between the free
and the encapsulated compound, if the encapsulation enhances and
controls in vitro photophysical ability of the prophyrins to generate
reactive oxygen species. (Chapters 2&3).

can we create solid supported polymer membranes via

polymersome fusion? Apart from 3D assemblies,amphiphilic
molecules ( such as phospholipids or amphiphilic block copolymers)
can under proper conditions and methods form thin planar mem-
branes fixed on a solid substrate, e.g. Solid suported synthetic mem-
branes are very appealing for modern research because a) if they
incorporate biomolecules (enzymes or proteins) can serve as assem-
blies which mimic functions that take place naturally in cells and thus
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give us valuable insight about membrane-biomolecule interactions
and their molecular mechanisms and b) they can serve as materials
for biosensing devices, coatings and bio-analytics. Vesicle fusion is an
established method of creating solid supporting membranes and even
though it’s established for lipids, the examples of solid supported
polymer membranes fablicated via polymersome fusion are very rare.
To bridge this gap, we wanted to propose a straightforward way to cre-
ate solid supported polymer membranes via polymersome fusion and
to do so we had to take into account and evaluate several parameters
such as osmotic shock, polymer block length, surface and elasticity
properties of polymersomes (Chapter 4).





2
P O R P H Y R I N C O N TA I N I N G P O LY M E R S O M E S : 1 O 2

G E N E R AT I O N & A N T I M I C R O B I A L A C T I V I T Y

Within this chapter, we study the encapsulation of a new-water soluble
photocatalyst into polymersomes. First the characterization and the
comparizon of our photocatalyst with a commercial analogue (Rose
Bengal) for the oxidation of L-methionine are presented1. Next the
formation of the polymersomes in the presence of the catalyst is eval-
uated, followed by the photoactivation within polymersomes studies.
The singlet oxygen generated in this way can diffuse and remain active
for the oxidation of L-methionine outside the polymeric compartment.
These results made us consider the usage of these polymersomes for
antimicrobial applications: E. Coli colonies were subjected to oxidative
stress using the photocatalyst-polymersome conjugates and nearly all
the colonies were damaged upon extensive irradiation, while under
the same red LED light irradiation, liquid cultures in the absence of
porphyrin or porphyrin-loaded polymersomes were unharmed.

Figure 2.1: Schematic representation of formation and antimicrobial activity
of porphyrin containing polymersomes

1 This study is published as Lanzilotto, Angelo∗, Kyropoulou, Myrto∗, Constable,
Edwin C., Housecroft, Catherine E., Meier, Wolfgang P., and Palivan, Cornelia G.,
JBIC Journal of Biological Inorganic Chemistry 23, 1 (2018), pp. 109-122. ∗these authors
contributed equally
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2.1 introduction

Oxidative stress is associated with a high flux of free radicals and is
with various pathologic conditions. In contrast, reactive oxygen species
(ROS) are also useful in the treatment oftumours and as antimicrobials.
The benefit of ROS over conventional approaches with drugs is that the
ROS may be generated locally at the target of interest and that the life-
time of the active species is limited, allowing both spatial and temporal
control of delivery of the active agent. A variety of photocatalysts gen-
erate singlet oxygen upon irradiation in the presence of triplet oxygen.
Among them, the most widely used are UV-absorbing compounds
including fullerenes [163, 164] naphthalene and anthracene deriva-
tives [165, 166] and quinones[167], blue-absorbing flavins [168, 169]
and coumarins[170], green-absorbing xanthene derivatives eosin [171,
172], erythrosin[173], fluorescein [174, 175], phloxine[176], Rose Ben-
gal[174] and red-absorbing porphyrins[177–179], phthalocyanines[180]
and methylene blue[181, 182]. The D2O solution absorption spec-
trum of Rose Bengal has an absorption maximum at 559 nm and acts
as a photosensitizer when irradiated with green light. In contrast,
porphyrin-based photosensitizers can be triggered by irradiation in
the red region of the visible spectrum, despite the dominance in the
absorption spectrum of the Soret band at higher energy. In order to
improve the effect of photosensitizers in the specific bio-regions where
they function and to avoid side effects associated with their presence
in other regions, a number of carrier systems have been developed.
The use of carriers based on nano-assemblies is very appealing be-
cause such assemblies (micelles, nanoparticles, polymersomes) can be
chemically designed to possess the necessary sizes and properties to
be taken up by cells, protect the photosensitizers and release them
only under specific conditions related to the bio-region where singlet
oxygen and related ROS production is required[182, 183]. The use of
nanoassemblies to host photosensitizers (PS) based both on natural
and synthetic polymers provides an efficient and safe approach to
photodynamic therapy (PDT)[14, 184] or to generate surfaces with
antimicrobial properties[134]. As long as the functionality of the PS
remains intact within the nanoassemblies during the photo-activation
process, the system can reach its full potential and new opportunities
for biomedical applications become accessible. Among the different
assemblies, polymer vesicles (or polymersomes) are excellent can-
didates for this purpose if appropriately selected. Their properties
can be tuned leading to systems that are mechanically more stable
than lipid-based compartments (liposomes). Furthermore, if appropri-
ately selected with respect to the chemical nature of the amphiphilic
copolymers, polymerosomes are biocompatible and may be stimuli-
responsive. The hollow spherical architecture of polymerosomes per-
mits the encapsulation of hydrophilic compounds and the insertion of
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hydrophobic compounds into their membrane[185, 186]. An elegant
solution to improve the control of the photosensitizers is not to release
them at the desired bio-region[90, 187], but to ensure that they remain
encapsulated in polymersomes allowing one to produce ROS ’on de-
mand’ upon irradiation[188]. Using this approach, we have shown
that encapsulated Rose Bengal conjugated with BSA generates singlet
oxygen inside the cavity of polymersomes upon irradiation, and the
associated ROS is released in the environment of the polymersomes
and is able to induce apoptosis[188, 189]. In this study, we demonstrate
the preparation of efficient photosensitizer-polymersomes by encapsu-
lation of the porphyrin TPyCP, see figure 2.2 . A key aspect is the use
of a water-soluble porphyrin which is efficient under low energy light
conditions even when combined in a robust polymer nano-assembly.
Upon irradiation, the porphyrin remains within the aqueous cavity of
the polymersome while the singlet oxygen generated diffuses through
the polymer membrane. This results in a nano-system that is safer
than direct administration of the porphyrin or a drug delivery system.
Water-solubility of the photosensitizer together with its encapsula-
tion within the cavity of the polymersomes are key advantages for
further medical applications of our system. We have developed a
nano-scale polymersome system, the functions and light responsive-
ness of which have been evaluated and compared to those of the
free porphyrin. Porphyrin-polymersomes have been generated by self-
assembly of PMOXA6-PDMS34-PMOXA6, a symmetric amphiphilic
triblock copolymer which we have previously used for photosensitizer
encapsulation[188, 189]. We also report a biological application of
our system by evaluating the TPyCP-loaded polymersomes for their
antimicrobial activity against E. Coli.

2.2 results and discussion part i : the photosensitizer

2.2.1 Synthesis and characterization

Water-soluble porphyrins may be obtained through functionalization “Results and
discussion part I: the
photosensitizer” is
originally part of the
work of Dr. Angelo
Lanzilotto[190] and
it is incuded here for
the sake of
completeness

of the phenyl groups of tetraphenylporphyrin (TPP) with carboxylic
acid or sulfonate groups or by N-alkylation of the otherwise water-
insoluble 5,10,15,20-tetra(pyridin-4-yl)porphyrin (TPyP). We chose the
latter approach, since N-alkylation of TPyP allows the introduction
of a variety of functionalities at the termini of the alkyl chains. In the
present investigation, an ester functionality was chosen, giving the
potential for further derivatization at a later stage. The compound
TPyCP (see figure2.2 ) was prepared by treatment of TPyP with an
excess ethyl 6-bromohexanoate in boiling DMF according to the previ-
ously reported methodDavies; the crude product was precipitated by
addition of Et2O and then recrystallized twice from ethanol. The NMR
spectrum of the product was consistent with the literature data [191];
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Figure 2.2: Structure of TPyCP
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Figure 2.3: 400 MHz 1H NMR spectra of a D2O solution of L-methionine
(top) and L-methionine sulfoxide (bottom).

NMR spectra are presented see figures 2.3 and 2.4. Figure2.5 shows
the solution absorption spectrum of TPyCP in D2O which shows all
the hallmarks of a free-base porphyrin: an intense Soret band with
max = 424 nm (εmax = 48, 500dm3mol–1cm–1) and four Q bands at
lower energy (εmax = 519, 555, 586 and 640 nm, εmax = 3400, 1400,
1400 and 300 dm3mol–1cm–1, respectively). The absorptions at higher
energy (<400 nm) arise from the alkylpyridinium units. The LED used
to activate the photocatalyst TPyCP operated at three wavelengths:
470, 505 and 660 nm and the overlap of these excitation bands with the
absorption spectrum of TPyCP is highlighted in figure2.5. Fig2.6. sum-
marizes the relevant energy levels of TPyCP compared to the ground
and low-lying excited states of O2 [192]. The energy of the TPyCP
T1 state is taken from the literature data for the model compound
5,10,15,20-tetra(N-methylpyridin-4-yl)-21H,23H-porphyrin tetrachlo-
ride[34]. Irradiation at 470 nm populates the S2 state of TPyCP, whilst
irradiation at 505 or 660 nm populates the S1 state. After population
of the lower energy S1 state by use of the red LED, an intersystem
crossing leads to TPyCP in the T1 state. In fluid solution, T1 is non-
emissive and lives long enough (lifetime = 170 µs) to be quenched by
molecular oxygen[34]. Energy transfer from the T1 state of TPyCP to
molecular O2 can occur to either of the 1σg or 1δg excited states since
both are of appropriate energy (figure 2.6). 1Σg quickly deactivates
to 1∆g and singlet oxygen reactivity derives from this state[184, 193].
Thus, reference to singlet oxygen in the subsequent discussion refers
to 1∆g 1O2.
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Figure 2.4: 100 MHz 13C NMR spectra of a D2O solution of L-methionine
(top) and L-methionine sulfoxide (bottom).

2.2.2 Methionine substrate and a comparison with Rose Bengal sensitiza-
tion

The substrate chosen for the photocatalytic oxidation investigation
was the amino acid L-methionine[191]. Its selective oxidation to the
sulfoxide represents a model for the oxidation of methionine residues
in proteins[194–197]. An aqueous solution of L-methionine containing
0.06 mol% of TPyCP was irradiated with red light (λexc = 660 nm) and
the reaction mixture was monitored by 1H NMR spectroscopy. Com-
plete and selective conversion of L-methionine to sulfoxide (see figure
2.7) was achieved in 61 h. The 1H and 13C NMR spectra of the product
(Fig 2.3and 2.4) were consistent with those of pristine L-methionine
sulfoxide [41]. A comparison of the spectra of L-methionine and L-
methionine sulfoxide confirmed the generation of a second stereogenic
centre (Fig 2.3and 2.4) with 13C NMR resonances for atoms C2 and
C5 (see figure 2.7) each showing the presence of the expected two
diasteroisomers. The ESI-MS of the product showed a peak at m/z
165.94 corresponding to [M+H]+, M being L-methionine sulfoxide.
This preliminary study confirmed that even though light absorption
by TPyCP at 660 nm is low ( < 1000Lcm–1mol–1, figure2.5), a 0.06

mol% catalytic loading is sufficient to realize complete selective oxi-
dation within 61 h. In order to confirm that the rate of reaction was
not enhanced by irradiating the sample with higher energy light, the
reaction was repeated using exc = 470, 505 and 660 nm. For each
reaction, 0.35 mmol of L-methionine in 5 mL D2O containing 0.06

mol% of TPyCP was used, and the reaction was followed by 1H NMR
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Figure 2.5: (a) The absorption spectrum of TPyCP (4 µM in D2O). The
coloured areas show the overlap of the absorption with the emis-
sion bands of the LED used for irradiation. (b) Expansion of the
low energy part of the spectrum
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Figure 2.6: Excited state energy levels for TPyCP compared to the ground
and low-lying excited states of O2

Figure 2.7: Conversion of L-methionine to the diasteromeric pair of L-
methionine sulfoxides. Atom labels are for NMR spectroscopic
assignments
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spectroscopy. Despite the differences in overlap of the absorption spec-
trum of TPyCP with the LED excitation bands shown in figure2.5,
there was no difference in the rate of the reaction (figure 2.8). This
can be rationalized in terms of the energy level diagram shown in
figure 2.6. Recall that irradiation at 470 nm populates the S2 state
of TPyCP, while with exc = 505 or 660 nm, the S1 state is directly
populated. The first process after excitation, regardless of the exci-
tation wavelength, is the fast (according to Kasha’s rule) relaxation
to lower lying excited states and ultimately to T1. From T1, oxygen
sensitization occurs independent of the wavelength of the excitation
light, and so the photocatalysis yields at any given time will be the
same (figure 2.8).We next carried out a comparative investigation of
the kinetics of the selective oxidation of L-methionine using TPyCP or
the commercially available Rose Bengal as photosensitizer. The aim of
this study was to determine whether use of the TPyCP could be advan-
tageous over the commercial and widely used Rose Bengal. The data
in figure 2.8 a confirmed that TPyCP acts with equal efficiency upon
irradiation at 505 or 660 nm. In contrast, Rose Bengal possesses no
absorption at 660 nm and, as expected, no conversion of L-methionine
to its sulfoxides was observed upon irradiating at this wavelength.
For the kinetic experiments, a D2O solution of L-methionine (0.42

mmol) was irradiated in the presence of TPyCP (0.2 mol%) or Rose
Bengal (1 mol%) with exc = 660 or 505 nm, respectively. The reaction
was monitored by 1H NMR spectroscopy and the results are shown
in figure 2.8b. Both photocatalysts lead to complete conversion of
L-methionine to a 1: 1 ratio of both diasteroisomers of L-methionine
sulfoxide, and although figure 2.8b might suggest that the reaction
with Rose Bengal is faster, it is significant that TPyCP is present at
0.2 mol% compared to 1 mol% of Rose Bengal. We next varied the
catalyst loading and depending on the photocatalyst concentration,
either an exponential or linear regime was observed (figure2.9a ).
Keeping the methionine concentration at 270 mM, for a porphyrin
concentration of 150 and 67 µM, a near-linear correlation of conversion
to reaction time is observed. If the photocatalyst concentration is either
of 34 or 17 µM, an exponential decay is observed. The addition of
oxygen to L-methionine and subsequent formation of diasteromeric
L-methionine sulfoxides has been studied in the past[191, 192] and the
mechanism shown in figure2.9(b) has been proposed. The scheme can
be summarized, and made more general, by writing eqns 1-4 in which
P and P* are the porphyrin catalyst in its ground and excited state,
respectively, 3O2 and 1O2 are molecular oxygen in its triplet ground
and singlet excited state, respectively; S, SOO and SO are defined in
figure2.9(b).Experimentally, it is not possible to detect SOO. It does
not accumulate over the course of the reaction and we may therefore
apply the steady state approximation for this intermediate (eqn. 10

and 11).
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P + hv k1−→→ P∗ (1)
P∗ +3 O2

k2−→→ 1O2 (2)
S +1 O2

k3−→→ SOO (3)
SOO + S k4−→→ 2SO (4)
From Eqs. 1-4, we can derive Eqs. 5-9 for species in the catalytic cycle.
d[P∗]

dt = k1− k2[3O2] [P∗](5)
d[1O2]

dt = −k2[3O2] [P∗]− k3[S] [1O2](6)
d[S]
dt = −k3[S] [1O2]−k4[SOO] [S](7)

d[SOO]
dt = −k3 [1O2] [S]− k4[SOO] [S](8)

d[SO]
dt 2k4[SOO] [S](9)

Experimentally, it is not possible to detect SOO. It does not accumu-
late over the course of the reaction and we may therefore, apply the
steady-state approximation for this intermediate (Eqs. 10,11).

d[SOO]
dt = k3 [1O2] [S]− k4[SOO] [S] = 0(10)

[SOO] = k3[1O2]
k4 (11)

Equation 11 requires that SOO does not accumulate if k4 � k3.
Substituting Eq. 11 into Eq. 7 leads to Eq. 12, and hence, Eq. 13.

d[S]
dt = −2k3 [1O2] [S] (12)
[S] = e−2k3[1O2]t(13)
From eqn. 2.2.2, it follows that the consumption of L-methionine

depends exponentially the supply of oxygen (represented by k3) and
the concentration of singlet oxygen. The latter dependency can be
eliminated if we consider the experimental setup. Triplet oxygen, 3O2,
is introduced into the reaction vessel by means of a pump, which
keeps the concentration of 3O2 constant at the saturation level of the
solvent. In addition, the concentration of the catalyst in the excited
state (P*) is also constant. This is due to the fact that the concentration
used is such that the absorbance of the reaction mixture at the LED exc
= 660 nm is 0.09 ([catalyst] = 150 µmol dm–3, pathlength = 2.5cm, ε =

200dm3mol–1cm–1)which converts to to 19% of the excitation light be-
ing absorbed as it travels through the reaction flask. It is true that,
once excited, P is in the lowest singlet excited state, whereas it is the
lowest triplet excited state that is able to transfer energy to molecular
oxygen. Due to inter-system crossing (ISC) which is a unimolecular
process, P* relaxes to this state, which constitutes the active state of
the catalyst. We have no reason to assume any of those processes
(light absorption in non-saturated conditions and ISC) are time depen-
dent. Furthermore, the extent of the energy transfer to ground state
molecular oxygen is a property of a given couple of molecules, and
therefore time independent as well. The latter two considerations al-
low us to simplify eqn. 12 by applying the steady-state approximation
to 1O2(eqn.14 - 15). This species is the product of the reaction between
P* and 3O2, concentrations of which are constant over time.

d[1O2]
dt = k2[3O2] [P∗]− k3[S] [1O2]= 0 (14)
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[1O2] =
=k2[3O2] [P∗]

k3[S] (15)
Substituting eqn.15 into eqn.12 gives eqn.17 in which [S]0 is the ini-

tial concentration on L-methionine. Eqn 17 shows a linear relationship
between [S] and t. All of the other dependencies are eliminated.

d[S]
dt = −2 ∗ k2 [3O2] [P∗] (16)
[S] = [S]0 − 2 ∗ k2 [3O2] [P∗]t (17)

Figure 2.8: a) L-Methionine conversion (given as % on the ordinate) to the
diastereoisomeric L-methionine sulfoxides in the presence of
0.06 mol% TPyCP. 470 nm irradiation (blue), 505 nm irradiation
(green), 660 nm irradiation (red). b) Conversion of a 0.42 mmol
L-methionine solution in D2O in presence of 0.2 mol% TPyCP
(red) or 1 mol% Rose Bengal (green). Irradiation was performed
at 505 nm for Rose Bengal or at 660 nm for TPyCP. Data points
(circles) and linear best fit (straight lines), r 2 = 0.9915 for Rose
Bengal and 0.9872 for TPyCP
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Figure 2.9: a)L-methionine (270 mM in D2O) conversion for a TPyCP con-
centration of 150 µM (0.055 mol%) (circles), 67 µM (0.024 mol%)
(squares), 34 µM (0.013 mol%) (triangles) and 17 µM (0.006 mol%)
(stars) (λexc = 660 nm) b)Proposed mechanism for the photocat-
alytic oxidation of methionine [based on scheme in [191].

2.3 results and discussion part ii : photosensitization

within polymersomes

2.3.1 PMOXA-PDMS-PMOXA assemblies with and without TPyCP

The 3D-assemblies resulting from the self-assembly of PMOXA6-
PDMS34-PMOXA6 copolymers with and without porphyrin were
characterized by a combination of TEM and light scattering. TEM
micrographs indicate that spherical assemblies with radii of around
100 nm form in both the presence and absence of TPyCP, and also
that a second population of spherical assemblies with a significantly
smaller size is formed (figure 7a and 7b). In order to establish the
morphology of the 3D-assemblies, we used static light scattering (SLS)
to determine the radius of gyration (Rg), and dynamic light scattering
(DLS) to give the hydrodynamic radius (Rh) of the self-assembled
objects and calculate the ratio Rg/Rh (-parameter). Copolymers in
both the presence and absence of TPyCP self-assembled in spherical
supramolecular assemblies with Rg ~ 100 nm, and values ranging
from 0.91 up to 1.08. This range is close to 1, the value characteristic of
a hollow morphology (Table 1) [43]. The slight deviation of from 1 can
be explained by the presence of the second population of small spher-
ical nano-objects, with sizes characteristic of micelles, in agreement
with the TEM micrographs. Since the micelles cannot host TPyCP due
to the hydrophilic character of the photosensitizer, we can neglect this
population in our discussion of photosensitizer-loaded compartments.
In addition, an increase of the amount of TPyCP intended to improve
the encapsulation efficiency, affected neither the size nor the morphol-
ogy of the polymersomes, supporting the optimization of the system
(figure S3).
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Figure 2.10: TEM micrographs of polymersomes (a) without TPyCP with
encapsulated (b) 50 µM (c) 100 µM and (d) 200 µM TPyCP. Scale
bars are 200 nm

Rh(nm) Rg(nm) Rg/Rh

Polymersomes empty 97 95 0.97

Polymersomes with TPyCP 50 µM 101 99 0.98

Polymersomes with TPyCP 100 µM 95 103 1.08

Polymersomes with TPyCP 200 µM 108 92 0.91

Table 2.1: Light scattering data for supramolecular assemblies without and
with TPyCP. The stated concentration is the initial value.

2.3.2 Encapsulation of TPyCP into polymersomes

Fluorescence spectroscopy was used to determine whether the water-
soluble TPyCP present in the rehydration buffer of the copolymer film
was encapsulated inside the polymersomes during the self-assembly
process (figure 2.11). We focused on the emission peak at 660 nm
instead of the absorption peak at 424 nm, because fluorescence is a
more sensitive technique than absorption and TPyCP is present at mi-
cromolar concentration. The fluorescence intensity of a 200 µM TPyCP
solution in aqueous Tris buffer was higher than that of the porphyrin-
loaded polymersomes after purification, as expected since a fraction



44 porphyrin containing polymersomes :1o2 generation & antimicrobial activity

of the photosensitizer is not encapsulated during the self-assembly
process. We successfully removed the non-encapsulated TPyCP on
a Sephadex column and verified that the fraction which eluted after
the polymersomes had negligible fluorescence. This is consistent with
the visual observation that during the purification process, the initial
sample solutions were dark yellow (the characteristic colour of TPyCP
at this concentration), while the collected fractions were colourless. As
expected, the lower the initial porphyrin concentration, the lower the
fluorescence signal associated with the encapsulated photosensitizer:
polymersomes with an initial TPyCP concentration of 50 µMwere
barely fluorescent. Empty polymersomes were not fluorescent.

Figure 2.11: (a) Emission spectra of the free TPyCP and TPyCP-loaded poly-
mersomes: free TPyCP 200 µM in Tris buffer (magenta line),
TPyCP in polymersomes with an initial concentration of 200 µM
(blue line), TPyCP in polymersomes with an initial concentration
of 100 µM (green line), TPyCP 50 µM in polymersomes with an
initial concentration of 50 µM (red line), empty polymersomes
(black line), second fraction from the purification of 200 µM
TPyCP in polymersomes (dashed black line). (b) Integral of the
emission spectra for the porphyrin-loaded polymersomes as a
function of the initial concentration of TPyCP

2.3.3 Photo-activation of photosensitizer within polymersomes

We next focused attention on the selective oxidation of L-methionine
using TPyCP-loaded polymersomes to investigate whether the encap-
sulation of the sensitizer affected the kinetics of the reaction (figure
2.8). Once singlet oxygen is photo-generated inside the inner cavity
of a polymersome, it can diffuse through the polymer membrane, as
established for PMOXA-PDMS-PMOXA amphiphilic copolymer based
polymersomes [31]. Therefore, we expect only the L-methionine in the
outer environment (at a concentration of 270 mM in D2O) to be oxi-
dized. To confirm that the purification column removed excess TPyCP,
we tested a suspension which contained empty polymersomes mixed
with 200 µM TPyCP for 48h and then purified under the same condi-
tions as those of the porphyrin-containing polymersomes. In addition,
a 150 µM L-methionine solution in D2O was exposed to molecular
oxygen to confirm that self-oxidation of L-methionine did not occur.
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A system comprising TPyCP-loaded polymersomes with the highest
initial concentration of the porphyrin (blue squares in figure 9) was
the most efficient in terms of singlet oxygen generation and conversion
from L-methionine to both diasteromeric forms of L-methionine sulfox-
ide. Both the free porphyrin and the porphyrin-loaded polymersomes
successfully converted L-methionine to L-methionine sulfoxides in an
exponential manner that reached 100% conversion after 26 hours of
irradiation. As expected, no oxidation of L-methionine was observed
in the presence of empty polymersomes. Similarly, when porphyrins
were added to a D2O solution containing polymersomes and then the
system was purified, i.e. TPyCP present on the outside was removed,
no conversion of L-methionine was observed upon irradiation. The
results are consistent with singlet oxygen induced racemic conver-
sion of L-methionine to L-methionine sulfoxides occurring only with
porphyrins encapsulated inside polymersomes.

Figure 2.12: a) Schematic representation of L-Methionine conversion to
(R)/(S)-sulfoxide by TPyCP-loaded polymersomes and b)L-
Methionine conversion rate with 200 µM TPyCP -loaded poly-
mersomes (purple), 50 µM TPyCP -loaded polymersomes
(green), 100 µM TPyCP -loaded polymersomes (orange), free me-
thionine in solution (red) and empty polymersomes incubated
with 200 µM TPyCP and then purified (blue) (λexc = 660 nm).

2.3.4 Biological evaluation of TPyCP in solution and within polymersomes

In order to test the bio-functionality of the TPyCP-loaded polymer-
somes, we evaluated their ability to inhibit or prevent the growth of
bacteria using a previously established protocol [44]. We determined
the correlation between the colony-forming units (CFU) of E. coli and
free TPyCP (200 µM in D2O) or TPyCP-loaded polymersomes (200 µM
in D2O), respectively, upon irradiation and in dark conditions (figure
2.13). The oxidative stress due to irradiation of the free porphyrin
caused a CFU reduction of 31% after 30 min of irradiation, and up to
94% after 360 min (figure 2.13(a)). Under the same red LED light irradi-
ation, liquid cultures in the absence of porphyrin or porphyrin-loaded
polymersomes were unharmed (figure 10). The bacterial population
remained stable for a period of at least 360 min at room temperature
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Figure 2.13: a) when the bacteria were irradiated with a LED red source
(λmax = 660 nm) and treated with 200 µM free TPyCP (purple),
not treated with TPyCP (black), and without irradiation in pres-
ence of TPyCP (grey) and b) CFU of E. coli treated with: 100 µM
TPyCP-loaded polymersomes irradiated with a LED red source
(λmax = 660 nm) (green), TPyCP-loaded polymersomes without
irradiation (grey) and empty polymersomes irradiated with a
LED red source (λmax = 660 nm) (black)

under red light irradiation. The viability of E. Coli was not affected
either by irradiation or by the substrates and oxidation products re-
lated to the experiments. Similar behaviour was observed for bacteria
cultures treated with porphyrin-loaded polymersomes: they were able
to drastically reduce CFU values only upon irradiation (figure 2.13

(b)). As expected, in the presence of empty polymersomes no influ-
ence on bacterial growth upon irradiation was detected. Furthermore,
porphyrin-loaded polymersomes had no effect on the CFU in the
dark, which supports an “on demand” functionality: only upon ir-
radiation can the porphyrin-loaded poylmersomes produce singlet
oxygen inducing significant bacterial inhibition. The porphyrin-loaded
polymersomes remain “silent” in the dark. Porphyrin-loaded polymer-
somes induced a significant decrease of the CFU in a rapid manner.

2.3.5 Live/Dead® staining

Another qualitative approach to study the bio-functionality of the free
TPyCP and of the porphyrin-loaded polymersomes was to stain E.
Coli cultures and visualize them as described above in materials and
methods section (figure 2.14and 2.15). This allows the quatification of
the living-to-dead cell populations. The liquid cultures were exposed
to the same oxidizing conditions, with the only difference being the
staining step based on a 1:1 mixture of SYTO 9 green-fluorescent
nucleic acid stain and red-fluorescent nucleic acid stain (propidium
iodide). These stains differ both in their spectral characteristics and
in their ability to penetrate healthy bacterial membranes. When used
alone, SYTO 9 stain generally labels all bacteria in a population, i.e.
those with intact membranes and those with damaged membranes.
In contrast, propidium iodide penetrates only bacteria with damaged
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membranes, causing a reduction in SYTO 9 stain fluorescence when
both dyes are present. Therefore, bacteria with intact cell membranes
(considered alive) stain fluorescent green, whereas apoptotic bacteria
stain fluorescent red. The E. coli culture treated with 200 µM TPyCP
initially contained mainly alive bacteria (green). After 30 min of irradi-
ation of the free porphyrin, the number of live bacteria had reduced,
and after 120 min of irradiation (figure 2.14(c) )the difference is clearly
visible, with most of the bacteria staining red. Singlet oxygen killed al-
most all of the E. Coli population within 360 min of irradiation (figure
2.14(d)). Of greater significance is what happens when photoactivation
of TPyCP takes place within polymersomes (figure 2.15). Similar to
the free porphyrin, at the beginning the bacteria are alive (green stain),
while as the irradiation time increases the population shifts towards
a red stain. After 360 min of irradiation (figure 2.15(d)), almost all
bacteria were apoptotic (red). Once more, as indicated from the study
of CFU, only the combination of irradiation and TPyCP is able to
damage E.coli. When treated with TPyCP but kept in dark, and as
well as when irradiated but in absence of TPyCP, the bacteria stay
unharmed for 360 min (figure2.16 and 2.17).

Figure 2.14: E.coli bacteria stained with SYTO 9 (considered alive, green) and
propidium iodide (considered dead, red) incubated in presence
of 200 µM free TPyCP after a) 0 min b) 30 min (c) 120 min and
(d) and 360 min of illumination under red LED light (λmax =
660 nm), scale bars 10µM
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Figure 2.15: E.coli bacteria stained with SYTO 9 (considered alive, green) and
propidium iodide (considered dead, red) incubated in presence
of 200 µM TPyCP-loaded polymersome s after a) 0 min b) 30

min (c) 120 min and (d) and 360 min of illumination under red
LED light (λmax = 660 nm), scale bars 10µM
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Figure 2.16: E.coli bacteria stained with SYTO 9 (considered alive, green) and
propidium iodide (considered dead, red) incubated in presence
of a) free and b) encapsulated 200 µM TPyCP kept in dark,
shielded with aluminium foil after 360 min incubation, scale
bars 10µM

Figure 2.17: E.coli bacteria stained with SYTO 9 (considered alive, green)
and propidium iodide (considered dead, red) incubated a)in the
absence of TPyCP and b) with empty polymersomes and 360

min of illumination under red LED light (λmax = 660nm), scale
bars 10µM

2.4 conclusions

A tetraalkylpyridinium porphyrin TPyCP has been prepared, with the
aim of exploiting its light absorption for photosensitized conversion
of triplet to singlet oxygen. The presence of the set of four Q-bands
allows the compound to operate in the deep red, with an excitation
wavelength as high as 660 nm. The compound is a photocatalyst
for the oxidation of L-methionine and, more importantly, its activity
is not diminished by encapsulation in polymersomes. Although the
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encapsulated TPyCP remains internalized in the polymersome, the
small, long-lived and reactive singlet oxygen can diffuse through the
membrane and react with external substrate. Encapsulation allows in-
cubating the compound with a bacterial culture, without the drawback
of the photosensitizer diffusing in the media. Live bacteria decrease
significantly when the TPyCP-loaded polymersomes are irradiated
with red light. These promising results prove the antimicrobial activity
of TPyCP -polymersome system and make us consider expanding the
biological evaluation towards in vitro studies on human cells.
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P O R P H Y R I N C O N TA I N I N G P O LY M E R S O M E S W I T H
E N H A N C E D R O S G E N E R AT I O N E F F I C I E N C Y: I N
V I T R O E VA L UAT I O N

Porphyrinsare molecules possessing unique photophysical proper-
ties making them suitable for application in photodynamic therapy
(PDT). The incorporation of porphyrins into natural or synthetic nano-
assemblies such as polymersomes is a strategy to improve and prolong
their therapeutic capacities and to overcome their limitations as thera-
peutic and diagnostic agents1 . Here, we inserted 5,10,15,20-tetrakis(1-
(6-ethoxy-6-oxohexyl)-4-pyridin-1-io)-21H,23H-porphyrin tetrabromid
(TPyCP stucture figure) porphyrin into polymersomes in order to
demonstrate that the encapsulation enhances its ability to generate
highly reactive singlet oxygen (1O2) upon irradiation in vitro. The
photoactivation of the free and polymersome-encapsulated porphyrin
was evaluated by electron spin resonance (ESR) and cell viability as-
says on three different mammalian cell lines. Our results indicate that
by encapsulating the porphyrin, a controlled ROS delivery within
the cells is achieved, at the same time avoiding side effects such as
dark toxicity, non-specific porphyrin release and over time decreased
activity in vitro. This work focuses on showing a non-toxic model
system for modern therapeutic nanomedicine, which works under
mild irradiation and dosage conditions.

1 This study is published as Kyropoulou, Myrto, DiLeone, Stefano, Lanzilotto, Angelo,
Constable, Edwin C., Housecroft, Catherine E., Meier, Wolfgang P., and Palivan,
Cornelia G. Macromolecular Bioscience 20, 2 (2020), pp. 1900291.

51



52 porphyrin containing polymersomes with enhanced ros generation

Figure 3.1: ROS generating TPyCP porphyrin incorporated into polymer-
somes causing controlled oxidative stress to mammalian cells

3.1 introduction

Photodynamic therapy (PDT) is an important non-invasive therapeutic
technique which requires three components: a light source, a pho-
tosensitizer (PS) and dioxygen (O2). The mechanism involves the
excitation of the PS, by illumination with an appropriate light source.
The excited state of the PS can react with triplet dioxygen ( 3O2), for
example inside mammalian cells, and convert it into reactive oxygen
species (ROS). These reactive oxygen species, such as singlet dioxygen
( 1O2), are cytotoxic and result in the oxidative stress of the target cells,
with subsequent damage to the cell components and consequent cell
death[198]. PDT can be used to target tumour cells and is typically
utilized in a combination therapy regime, together with other modali-
ties such as radiotherapy, chemotherapy and surgery. To optimize cell
damage in the tumour and prevent significant collateral damage to
healthy cells, the PS should be specifically localized in the pathogenic
region. The life-time and mean diffusion lengths of different ROS
are very variable and localization will ensure that illumination gener-
ates ROS close to, at the surface of, or inside malignant tumour cells.
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PDT can be used to target tumour cells and is typically utilized in a
combination therapy regime, together with other modalities such as
radiotherapy, chemotherapy and surgery. To optimize cell damage in
the tumour and prevent significant collateral damage to healthy cells,
the PS should be specifically localized in the pathogenic region. The
life-time and mean diffusion lengths of different ROS are very variable
and localization will ensure that illumination generates ROS close
to, at the surface of, or inside malignant tumour cells. Of particular
interest for development of efficient PDT systems are porphyrins be-
cause the photochemical and photophysical properties may be tuned
through modification of the central metal ion (if present) or through
peripheral substituents[199–202]. However, despite the great potential
of porphyrins as photosensitizers, these compounds possess crucial
limitations in terms of biomedical application[203, 204] such as a high
dark toxicity, rather low activity under physiological conditions and
typically poor water solubility. Efficient strategies to overcome these
limitations and at the same time harness the beneficial properties
of porphyrins are the (bio)-conjugation of the porphyrin to natural
or synthetic polymers[205–208] or their incorporation in biocompat-
ible nanocarriers. Nanocarriers suitable for PDT materials include
organic and inorganic nanoparticles[209–214], liposomes[215–218] and
block copolymer-based vesicles or micelles[219–221]. Synthetic vesi-
cles with sizes in the nanometer range, so called polymersomes, are
particularly appealing as carriers because they can be prepared with
desired properties[14], such as biocompatibility, possess an inner cav-
ity where water-soluble photosensitizers can be encapsulated[193],
membranes allowing the entrapment of a hydrophobic photosensitizer
and exhibit improved mechanical stability and robustness compared to
liposomes[222]. There are a few examples of porphyrin-incorporating
polymersomes, mostly concerning the non-covalent loading of the
hydrophobic membrane with water insoluble porphyrins[208], [223–
225]. The aim of those studies was to use the photophysical properties
of the porphyrins to improve in vivo imaging. We have previously
reported the synthesis and characterization of a water soluble tetra-N-
alkylpyridinioporphyrin tetrabromide (TPyCP see figure2.2, chapter
3) which efficiently generates singlet oxygen both free in solution and
when encapsulated in polymersomes[226]. TPyCP possesses charged
functional groups which make it water-soluble, a necessary property
for its incorporation into the inner aqueous cavity of the polymer-
somes.Upon irradiation, TPyCP was able to eliminate the E. Coli
bacteria both in solution and when encapsulated into PMOXA-PDMS-
PMOXA polymersomes. For PDT application it is necessary to further
investigate the behaviour of this PS in mammalian cell lines, which
are more complex and sensitive than bacteria. In this study we present
the photoactivation of dioxygen by TPyCP, both free in solution and
encapsulated in polymersomes, and evaluate the efficiency of genera-
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tion of reactive oxygen species in three different epithelial cell lines
(HeLa, HEK 293T and HepG2). We have chosen three cancer cell lines
with different morphologies, sensitivities, originating from different
tissues because we wanted to evaluate if they respond different to
ROS and to get an idea of which cells line or lines responds better to
our system. Porphyrin encapsulated inside the inner aqueous cavity
of polymersomes generates singlet oxygen upon irradiation, and as
the synthetic membrane is permeable to ROS[184, 227], allowing their
external diffusion. In addition, polymersomes formed from PMOXA-
PDMS-PMOXA amphiphilic block copolymer are known to have a
membrane which is thick, robust and stable enough to prevent any
porphyrin leakage[18, 193, 228]. As a result, the toxic porphyrin[203,
205] remains inside the polymersomes without any cytotoxic effect in
the absence of irradiation. Only upon irradiation, are ROS generated
in situ inside the cavity of polymersomes and reach the tested cells
that we upon diffusion through the synthetic membrane. This is a
requisite for a controlled effect in medical applications such as PDT.
Moreover, the encapsulation enhances the ability of the porphyrin to
constantly produce ROS, whereas when it is free in solution this de-
grades over time. The advantage of selecting TPyCP as photosensitizer
is its ability to generate singlet oxygen under irradiation with a red
(660 nm) LED, which is more affordable than a red laser and milder
than the UV-irradiation conditions for typical PDT treatment[229]. To
monitor the ROS generation in solution and in vitro we used spin traps
and electron spin resonance spectroscopy (ESR)[230]. Our interest was
to make this porphyrin suitable for cellular uptake with negligible
cytotoxicity and facilitate a controlled and continuous ROS generation
in accordance with the demands of modern nanomedicine towards
the advancement of PDT treatment.

3.2 results and discussion

3.2.1 Formation and stability of TPyCP containing polymersomes

TPyCP containing polymersomes were formed by self-assembly of
the triblock copolymer PMOXA6-PDMS34-PMOXA6 in the presence
of TPyCP using the film rehydration method[18]. According to DLS
measurements and TEM micrographs (Figure3.2) the obtained poly-
mersomes had the shape of hollow spheres with hydrodynamic radii
(Rh) around 100 nm (Figure3.3). The thickness of the polymersome
membrane is around 9.2 nm[231]. The polymersomes preserved their
structural integrity after constant irradiation with red LED light com-
pared with the non-irradiated polymersomes as observed by TEM
micrographs (Figure 3.4). The integrity of the polymersomes under
constant irradiation is further confirmed by DLS measurements taken
after 2 h of irradiation. Moreover the polymersomes preserve their
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Figure 3.3: DLS graph of PMOXA-PDMS-PMOXA TPyCP-containing poly-
mersomes a) in Tris buffer before irradiation b) in Tris buffer
after 2 h of constant irradiation with LED red light. Scale bars
are 200 nm polymersomes in presence of TPyCP 100µM a)freshly
prepared after extrusion and purification b)after 2h of constant
irradiation with LED red light

architecture in cell media used for the cell viability and ESR stud-
ies (appendix figure ). The loading efficiency of our porphyrin into
polymersomes, the removal of the TPyCP excess has monitored by
fluorescence spectroscopy optimized and reported in our previous
study .The unspecific uptake of the PS containing polymersomes and
PS by mammalian cells is known and has been studied and opti-
mized[82]. We know that the uptake takes place after 24h incubation
of the polymersomes with the cells and the final concentration range
of the polymer is 0.25-0.1 mg/mL. For this study we used the same ex-
perimental and concentration conditions to ensure the internalization
of the compartments into the cells4[82, 88, 232].

Figure 3.2: TEM micrographs of PMOXA-PDMS-PMOXA polymersomes
formed a) in presence b) absence of TPyCP. Scale bars are 200 nm
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Figure 3.4: TEM micrographs of TPyCP containing polymersomes a) in Tris
buffer before irradiation b) in Tris buffer after 2 h of constant
irradiation with LED red light. Scale bars are 200 nm.

3.2.2 ROS generation in solution

In presence of triplet oxygen and upon irradiation, the main ROS
which our porphyrin generates is 1O2. At the same time, TPyCP can
also generate a very small amount of superoxide radical. Because of
the small contribution of superoxide radical, when we discuss about
ROS formed by TPyCP we refer to 1O2. In order to investigate the
1O2 generation from the irradiated TPyCP free dissolved in tris buffer
or encapsulated in polymersomes we used ESR with DMPO as spin
trap[233] . The intensity of the ESR signal resulting from the spin
trapping of hydroxyl radicals with DMPO was used to compare the
level of ROS diffused through the polymersome membrane with that
generated by TPyCP free in solution. Based on the mechanism already
described in literature[172, 234], 1O2 generated by TPyCP is able to
interact with DMPO as well as generate OH radicals from the aqueous
media. The OH radicals are then able to form the typical DMPO/OH
adduct. Both reactions lead to the quartet signal. On that point we
are not evaluating the contribution of these parallel reactions, since
both are based on the 1O2 generation by TPyCP upon irradiation. First,
we tested the free TPyCP (100 µM) after 0, 15, 30, 45 and 60 min of
irradiation in the conditions described in the previous section. The spin
trap we used is “ESR silent” when no specific free radicals are present,
while in their presence it forms ESR active adducts. The ESR spectra
with a pattern of four peaks (g = 2.005) with an intensity of 1:2:2:1 have
been simulated (Figure 3.5a) by considering oxygen (O) as a central
atom, one nitrogen (N) (a hyperfine coupling constant aN = 14.9 G) and
one proton (a hyperfine coupling constant of aH = 14.9 G), typical of
DMPO/OH adducts. The additional small contribution (<5%) detected,
belongs to a combination of characteristic carbon-centered radical
DMPO adduct and the oxidation of DMPO to DMPOX species since
we know that TPyCP is able to produce a small fraction of superoxide
radical. The contribution of this signal does not overlap with the
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quartet signal of DMPO/OH adduct which is of interest in this study.
The possible formation of a DMPO superoxide adduct has not been
detected because of its very short lifetime (<1 min). As expected, in
the case of encapsulated porphyrin, the same DMPO/OH adducts
were formed, but their associated ESR intensity was different over
time. While the free TPyCP was able to rapidly generate ROS (Figure
3.5b), as indicated by the increase of the ESR signal after 15 minutes
of irradiation, when encapsulated at the same concentration (100 µM)
into PMOXA-PDMS-PMOXA polymersomes, a lower intensity ESR
spectrum has been obtained (Figure 3.5c). ROS generated inside the
cavity of the polymersomes need time to diffuse out, interact with
DMPO and form the radical adducts. As expected after 15 min of
irradiation time, the polymer membrane acts as a diffusion barrier
for the ROS generated which causes a delay affecting the intensity
of the ESR signal in the environment of the polymersomes. Later,
roughly after 45 min of irradiation time, the amount of generated
ROS is high enough and the effect of the polymer membrane is not
affecting the intensity of the signal. Both free TPyCP and encapsulated
generate continuously ROS as long as it is irradiated, as observed by
the ESR spectra recorded after 60 min of irradiation (Figure 3.5d). In
addition, the intensity of EPR spectra becomes almost equal for the
free porphyrin and when encapsulated, after 60 min of irradiation
(Figure 3.5d). Neither empty polymersomes nor tris buffer gave an
ESR signal (see appendix ). Also in the absence of irradiation (dark
conditions) no ESR signal associated to the DMPO/OH adduct was
obtained.



58 porphyrin containing polymersomes with enhanced ros generation

Figure 3.5: a) Experimental and simulated ESR spectra of DMPO/OH
adducts formed in the presence of irradiated TPyCP (100 µM) b)
ESR spectra of free and c) encapsulated TPyCP (100µM) in poly-
mersomes in three different time points of irradiation time 0, 15

and 60min c) d)) the double integral of ESR spectra of DMPO/OH
adducts plotted against the irradiation time (min)

3.2.3 ROS generation in vitro

To further investigate the behaviour of both free and encapsulated
TPyCP, the intracellular ROS levels were determined by ESR with acyl-
protected hydroxylamine, 1-acetoxy-3-carbamoyl-2,2,5,5-tetramethylpy
rrolidine, (ACP), commonly used for the detection of intracellular lev-
els of ROS[235]. HeLa, HEK293T and HepG2 cells after internalization
of the free and encapsulated TPyCP in various concentrations, respec-
tively, were rinsed thoroughly with PBS to remove any extracellular
TPyCP and then treated with ACP in its acyl-protected form. Once
inside cells, ACP is deprotected by esterases and oxidized in the pres-
ence of cellular ROS to a stable nitroxide radical ESR active, which can
be directly measured inside cells. The ESR spectra with a pattern of
three peaks (g = 2.035) with an intensity of 1:1:1 have been simulated
by considering oxygen (O) as a central atom and one nitrogen (N) (a
hyperfine coupling constants aN = 16.1 G) (see appendix). We used
the double integral of the recorded ESR spectra to compare the signals
intensity associated with a specific ROS level (Table 3.1). All cell types
(HeLa, HEK 293T and HepG2) incubated without TPyCP species (con-
trol cells) or with empty polymersomes had very low intensity ESR
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spectra (Figure 3.6), characteristic of the nitroxide radical caused by All the original ESR
spectra required this
figure can be found
in appendinx section
figures 6.3-6.8

the natural base-level of ROS in cells[233, 235]. It’s important that low
irradiation dose has been used: 1.32-5.28 J/cm2 with that being crucial
for the in vitro evaluation of our system. For the cells incubated with
increasing amounts of the free porphyrin (ranging from 25 µM up to
100 µM), the level of ROS was TPyCP-concentration dependent before
irradiation (“dark conditions”, t = 0 min). Elevated intracellular ROS
levels are known to induce apoptosis via oxidative stress11. HeLa cells
(Figure 3.6a) when incubated with free TPyCP in the three selected
concentrations 25 µM, 50 µM and 100 µM show in comparison with
the HEK 293T and HepG2 cells the highest ROS level at before irradia-
tion. Moreover, the same cell line shows among all three the lowest
level of ROS when TPyCP 100 µM is encapsulated in polymersomes
after 60min of irradiation. HEK 293T cells (Figure3.6b) on the other
hand appear to have the highest level of ROS, when TPyCP 100 µM is
encapsulated in polymersomes, after 15 min of irradiation compared
to HeLa and HepG2. At the same time, the level of detected ROS
from HepG2 when incubated with TPyCP containing polymersomes
increases stepwise from 0 min to 15min and from 15min to 60 min
of irradiation time (Figure 3.6c). Despite this small differences, all
three tested cell lines have shown fairly similar response. To avoid
repetitions, we summarize the most important observations which
apply for HeLa, HEK 293T and HepG2 cells from ESR characterization
of TPyCP free and encapsulated. In particular, an almost proportional
relationship between the concentration of the free porphyrin and the
amount of ROS generated in dark conditions was obtained compared
with the control cells or cells incubated with empty polymersomes,
characterized by a constant, very low intensity ESR signal. After 15

min of red light irradiation, the level of intracellular 1O2 generated by
the free porphyrin decreased for all three concentrations used and the
decrease continued after 60 min of irradiation (Figure 3.6). A possi-
ble explanation for this observation is the fact that even though our
photosensitizer is stable under constant illumination in solution and
generates 1O2up to 48 h, when internalized in the cell environment,
its effect might be hindered by the cell defense mechanisms. For in-
stance, cells possess proteins able to dismantle aromatic compounds
as porphyrins by electron transfer[236–239]. Additionally, if not the
photosensitizer, the radical adducts formed in high amounts can also
interfere with endogenous cell defence reactions[240–243]. The fact
that only when cells are incubated with free porphyrin we observe
this decrease in the ESR signal indicates that the internalization of
the free porphyrin into the cells and the consequent formation of the
ESR adducts is outcompeted by the mechanisms of the cells. On the
other hand, when cells were incubated with 100 µMTPyCP-loaded
polymersomes, the ROS level was similar to that of control cells at
t = 0 min, indicating that the encapsulation of porphyrins protects
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the cells from their intrinsic cytotoxicity. After 15 min of red light
irradiation a significant increase of 1O2 levels has been obtained for
the TPyCP-loaded polymersomes, which reached a maximum at irra-
diation time 60 min. This is a key observation: TPyCP encapsulated
into polymersomes is able to generate ROS in continuously over time,
i.e. the higher the irradiation dose the higher the ROS production. On
the other side, when the porphyrin is free in solution, the level of
generated ROS is significantly decreasing. Therefore, encapsulation
of the porphyrin into polymersomes not only protects the cells from
its dark cytotoxicity but also facilitates in vitro the oxidative stress
inducing apoptosis.

Figure 3.6: Double integral of the ESR intensity associated with the nitrox-
ide ACP spin trap as obtained by the incubation of: a) HeLa b)
HEK293 and c) HepG2 cells. The cell population is grouped by
type: control cells (cc), cells incubated with empty polymersomes
(cep), cells incubated with: 25 µM TPyCP (cp1), 50 µM TPyCP
µM (cp2), 100 µM TPyCP (cp3), and cells incubated with 100 µM
TPyCP-loaded polymersomes (cpp) for different irradiation times:
0 min (orange bars), 15 min (white bars), and 60 min (grey bars).
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TpyCP (µM) t=0 min t=15 min t=60 min

HeLa cells

25 (µM) 1.00±0.03 0.70±0.03 0.37±0.04

50 (µM) 2.30±0.16 0.95±0.09 0.30±0.04

100 (µM) 4.34±0.06 0.89±0.03 0.43±0.06

100 (µM) encapsulated 0.41±0.05 0.77±0.04 1.8±0.3

HeK 293T cells

25 (µM) 0.79±0.04 0.45±0.08 0.14±0.04

50 (µM) 1.98±0.09 0.87±0.03 0.32±0.02

100 (µM) 2.70±0.11 1.27±0.23 0.39±0.06

100 (µM) encapsulated 0.41±0.03 1.80±0.10 2.98±0.08

HepG2 cells

25 (µM) 0.93±0.04 0.54±0.06 0.31\pm0.09

50 (µM) 1.54±0.06 0.5±0.07 0.23±0.07

100 (µM) 2.70±0.14 1.27±0.09 0.39±0.02

100 (µM) encapsulated 0.41±0.05 1.80±0.12 2.0±0.3

Table 3.1: Values of double integral of the ESR signal for HeLa, HEK and
HepG2 cell lines incubated with 25 µM, 50 µM and 100 µM TpyCP
free in solution and encapsulated in polymersomes
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3.2.4 Cell viability in dark conditions

In order to evaluate the intrinsic cytotoxicity of TPyCP both free and
encapsulated in PMOXA6-PDMS34-PMOXA6 polymersomes, we used
the MTS assay in three cell lines (HEK293T, HeLa and HepG2). We firstThe dose response

curves for the tested
mammalian cell lines

can be found in
appendix section,

figures 6.9-6.11

tested the so called “dark cytotoxicity”, which represents the impact
of the free and encapsulated porphyrin, respectively, on cell viability
under dark conditions. The cells were incubated in the presence of
increasing concentrations of TPyCP (free and encapsulated, ranging
from 25-100 µM) dissolved in a 50:50 mixture of tris buffer and cell
media. To address the possible interference of the polymersome mem-
brane with the cells, we also added empty polymersomes rehydrated
in tris buffer. After 24 h incubation, the viability of HEK293T, HeLa
and HepG2 cells without and with TPyCP (free or encapsulated in-
side polymersomes) was evaluated (Figure 3.7). Free TPyCP (all used
concentrations) reduced significantly the viability of HeLa, HEK 293T
and HepG2 cells. More specifically, the cell viability of HeLa cells was
reduced up to 26% for the highest concentration of free porphyrin (100

µM TPyCP) (Figure 3.7a) and in comparison to HEK 293T and HepG2

the dark toxicity of the porphyrin seems to be stronger. The decrease of
cell viability of HEK 293 T (Figure 3.7b) was even higher, reaching 56%
for 100 µM free TPyCP. In the case of HepG2 cells (Figure 3.7c), the
cytotoxicity of free TPyCP was significantly higher: even at the lowest
concentration used ( µM), the viability was reduced by 49% and for
the highest porphyrin concentration (100 µM), the reduction of cell vi-
ability reached 71%. As already observed in the previous section from
the ESR in vitro data (Figure 3.6), the cell viability assay shows that
all the three cell lines used for our study have analogous results when
incubated with free encapsulated TPyCP in dark conditions. While the
cytotoxic effect of the free TPyCP was observed for all cell lines, with
different degrees of toxicity, when TPyCP was encapsulated inside
polymersomes (with similar concentration as the free porphyrin) there
was no significant change in cell viability. Note that we observed only
for HepG2 cells a slight decrease in viability upon incubation for 24

h with TPyCP containing polymersomes (7.1-9.8%) (Figure 3.7c), but
this was significantly lower than the one related to the free porphyrin
(where almost 71% of cells were apoptotic).The viability assays indi-
cate that polymersomes efficiently shield the porphyrin and reduce
its intrinsic dark cytotoxicity, whilst allowing ROS generated in situ
to diffuse through the synthetic membrane in a controlled manner. In
addition, a great advantage of our system is that the irradiation dose
ranges from 1.3 up to 5.8 J/cm2 (Table3.2 ), which is significantly low
in comparison to the dose conditions related to a laser light source[230,
244] and within the normal range used with LED irradiation[221, 244,
245].
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Figure 3.7: Cell viability in dark conditions of : a) HeLa b) HEK 293T and c)
HepG2 cells. The cell population is grouped by type: control cells
(cc, black bar), cells incubated with empty polymersomes (cep,
grey bars) 25µM TPyCP (cp1) 50µM TPyCP (cp2) 100 µM TPyCP
(cp3) (orange bars) and cells incubated with TPyCP encapsulated
into polymersomes 25 µM TPyCP (cpp1) 50 µM TPyCP (cpp2)
100 µM TPyCP (cpp3) (blue bars)

3.2.5 Cell viability upon irradiation

To evaluate the bio-functionality of the TPyCP-loaded polymersomes
as an efficient ROS source in mammalian cells, we determined the
cells viability as a function of the irradiation time. The cells were
co-cultured with free- and polymersome-encapsulated TPyCP at the
same concentrations as above and exposed to LED irradiation (red
light λ = 660 nm). The cell viability was determined by MTS assay
and then plotted against irradiation time. HeLa cells viability upon
incubation with increasing concentrations of free TPyCP without
irradiation significantly reduced the cell viability (t = 0 min, Figure
3.8). Upon irradiation the population of alive HeLa cells reduces up to
99%. On the contrary, HeLa cells incubated with TPyCP encapsulated
into PMOXA6-PDMS34-PMOXA6 polymersomes (in concentrations
ranging from 25 µM up to 100 µM) without irradiation showed no
cytotoxicity (Figure 3.7a) similar to the cells which did not contain any
TPyCP. After 15 min of irradiation, the singlet oxygen produced in the
cavity of polymersomes diffuses out and induces a reduction of the
cell viability of 69% (45 min irradiation) rising to 98%. The advantage
of encapsulating TPyCP inside polymersomes is that the released
singlet oxygen and apoptosis takes place in a controlled manner: only
upon irradiation can the porphyrin-loaded polymersomes produce
ROS, while without irradiation the system has no cytotoxicity. Control
experiments with HeLa cells incubated with empty polymersomes or
cultured in the absence of any TPyCP (free or encapsulated) indicated
that the cell viability was not affected after 2 h of irradiation (λ= 660

nm).
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Figure 3.8: HeLa cell viability plotted as a function of irradiation time (min):
control cells (cc, black points), cells incubated with empty poly-
mersomes (cep, grey points), cells incubated with: 25 µM TPyCP
(cp, yellow points), 50 µM TPyCP (cp2, red points), 100 µM
TPyCP (cp3, dark red points) and cells incubated with : 25 µM
TPyCP (cpp, light blue points), 50 µM TPyCP µM (cpp2, bleu
points), 100 µM TPyCP (cpp3, dark blue)-loaded polymersomes
a) the subset of the cell population incubated with free porphyrin
and b) the subset of the population incubated with the encapsu-
lated porphyrin.

Similar behaviour was observed for HEK 293T and HepG2 (Fig-
ure3.9 and Figure3.10) cells. More specifically, for HEK 293T cells
co-cultured with free TPyCP the cell viability was reduced to 52%
before exposure to red LED light and to 3% after 15 min of irradiation
(Figure3.9 ). In the case of TPyCP-loaded polymersomes, which were
no cytotoxic without irradiation, as the irradiation time increases,
the viability drops after 15 min to 59% and continues reducing to
1.5% after 60 min irradiation (Figure3.913c). HepG2 cells show a re-
sponse close to HEK293T (Figure3.10): without irradiation, the free
porphyrin is very cytotoxic (Figure3.9 b) while the encapsulated one
has no cytotoxicity (Figure3.9 c), the cell viability reaching 93% in
comparison to the control cells (untreated with porphyrin). After irra-
diation, the population of living cells incubated with TPyCP-loaded
polymersomes reduces by 56% (15 min irradiation) and ends up at
1-2% after 60 mins of irradiation. These viability assays indicate that
our porphyrin loaded polymersomes reduce in vitro the cell viability
in higher efficacy compared to similar results obtained by other stud-
ies with similar systems of porphyrin containing polymersome[219,
220]. These results are in a very good agreement with the behaviour
of the free and encapsulated porphyrin obtained by spin trap ESR.
Combining an assay for cell viability with a very sensitive technique
for 1O2 detection, such as ESR, gave us the opportunity to successfully
correlate the photoactivation caused by irradiated TPyCP and the cell
death by oxidative stress. While in our previous study we reported the
photoactivation of dioxygen by TPyCP against E.coli bacteria, which
do not have a complex defence mechanisms against drugs or aromatic
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compounds, by now we successfully induced apoptosis of mammalian
cells in a controlled fashion and under low dosage of irradiation.

Figure 3.9: HEK293 T cell viability plotted as a function of irradiation
time(min): control cells (cc, black points), cells incubated with
empty polymersomes (cep, grey points), cells incubated with: 25

µM TPyCP (cp, yellow points), 50 µM TPyCP (cp2, red points),
100 µM TPyCP (cp3, dark red points) and cells incubated with :
25 µM TPyCP (cpp, light blue points), 50 µM TPyCP µM (cpp2,
bleu points), 100 µM TPyCP (cpp3, dark blue)-loaded polymer-
somes a) the subset of the cell population incubated with free
porphyrin and b) the subset of the population incubated with the
encapsulated porphyrin.

Figure 3.10: HepG2 cell viability plotted as a function of irradiation
time(min): control cells (cc, black points), cells incubated with
empty polymersomes (cep, grey points), cells incubated with: 25

µM TPyCP (cp, yellow points), 50 µM TPyCP (cp2, red points),
100 µM TPyCP (cp3, dark red points) and cells incubated with :
25 µM TPyCP (cpp, light blue points), 50 µM TPyCP µM (cpp2,
bleu points), 100 µM TPyCP (cpp3, dark blue)-loaded polymer-
somes a) the subset of the cell population incubated with free
porphyrin and b) the subset of the population incubated with
the encapsulated porphyrin.
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Irradiation time (min) Dosage (J/cm2)

0 0

15 1.32

30 2.64

45 3.96

60 5.28

Table 3.2: Values irradiation dose for HeLa, HEK and HepG2 cell lines incu-
bated with 25 µM, 50 µM and 100 µM TpyCP free in solution or
encapsulated in polymersomes.

3.3 conclusions

We have demonstrated that the encapsulation of TPyCP porphyrin into
polymersomes based on amphiphilic triblock copolymers is crucial to
decrease the intrinsic toxicity of porphyrins, and influence the pho-
todynamic therapy efficacy. Once up taken by cells, the encapsulated
porphyrin was able to produce ROS “on demand” upon irradiation
with red LED light. After diffusion through the synthetic membrane
in the polymersomes environment, ROS induced a significantly re-
duction of the viability of HeLa, HEK 293T and HepG2 cells. TPyCP
porphyrin-loaded polymersomes showed no or very low dark cyto-
toxicity, while the free porphyrin had a significant dark cytotoxicity
leading to cell death in an uncontrolled way. The results obtained
by ESR and MTS cell viability assay are in good agreement, strongly
indicating that our system is not-toxic and facilitates the long term
ROS generation in vitro. We can further improve our system in order
to make it more specific and applicable not only in vitro but also in
vivo.
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F R O M 3 D P O LY M E R S O M E S T O 2 D P O LY M E R F I L M S :
A N E W T E M P L AT E F O R S O L I D S U P P O RT E D T H I N
P O LY M E R M E M B R A N E S

Formation of solid supported polymer membranes is an efficient
midium to mimic natural membranes, by functional insertion of
biomolecules, understand biomolecule-membrane interactions and
engineer stable platforms for biosensing1. Here, we introduce a sim-
ple and efficient way to obtain solid supported membranes based on
poly(dimethylsiloxane)-poly(2-methyl-2-oxazoline) (PMOXA-b-PDMS-
b-PMOXA) amphiphilic triblock copolymers, using vesicle fusion
method which is not common for polymer based planar memranes.
We first create thiol-modified polymersomes which can attach on a
gold substrate and then we investigate the impact of Ca2+ ion based
osmotic shock in correlation with the length of the hydrophobic PDMS
block of our polymersomes, on the formation of a solid supported
polymer membrane. We used quarz quartz crystal microbalance with
dissipation monitoring (QCM-D), atomic force microscopy (AFM) and
spectroscopic ellipsometry to characterize our membranes. The exper-
imental results indicate that when triggered by osmotic shock and
when the PDMS block is short enough, our polymersomes adsorb
on the solid substrate and then restructure to form a planar mem-
brane. Our findings help to develop a procedure for the formation
or 2D polymer planar membranes and demonstrate their utility for
commercial biotechnological applications.

1 Manuscript in preparation

67
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Figure 4.1: Schematic overview of the thiol assisted formation of solid sup-
ported polymers membrane

4.1 introduction

Solid supported synthetic membranes play an important role in sev-
eral current scientific and technological processes[3, 4, 246–249]. They
are composed of an ultra thin-2D synthetic membrane, made by the
self assembly of amphiphilic molecules such as phospholipids or block
copolymers, which is attached on a solid substrate e.g. coated or bare
silica, glass, mica. They are attractive for research and engineering
mainly for two distinct reasons. First, they can serve as platforms
which mimic natural membranes offering a valuable understanding
of the molecular mechanisms which underline the structure, func-
tionality and properties of the natural membranes[135–137, 250–252].
Second, the fact that they are solid supported, makes them stable and
facilitates their further engineering into biosensors, optoelectronics,
coatings, and tools for bio-analysis and microfluidic devices[248, 253–
259]. The method called vesicle fusion is a common way to fabricate
of solid supported membranes[1, 94, 135, 136]. If the membrane is
made from lipids we obtain a solid supported lipid bilayer (SLB). In
this case, obtaining a SLB via vesicle fusion is a spontaneous event.
It triggers once vesicles adsorb on a solid support, reach a point of
critical surface coverage and then rupture and rearrange themselves
into a lipid bilayer. While the solid supported lipid bilayer formation
is extensively studied and developed, we have limited information
about the polymersome bilayer formation by (polymer) vesicle fusion.
In the case of surface adsorbed polymer vesicles or polymersomes
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the rupture is not observed to happen spontaneously. One reason
for that is that even though they have similar morphology and share
common principles of self assembly, polymersomes show different
physical and chemical properties and behaviour[1, 48, 228, 260]. So
far, Langmuir-Blodgett method is mainly used for the fabrication of
polymer membranes on solid supports[148, 158, 161], however this
method has some important limitations: i) requires a special equip-
ment, ii) it is time consuming, iii) the creation of polymer bilayers is
not necessarily straightforward and iv) often residuals of organic sol-
vents remain in the membrane. Yet creating a solid supported polymer
bilayer via polymersome fusion, even though it can help us overcome
the just mentioned limitations, remains a challenge[10, 143, 260]. The
properties of compounds such as amphiphilic molecules, including
amphiphilic block copolymers, vary remarkably when transferred on
a solid substrate or form ultrathin membranes when compared with
their free in solution spherical counterparts. Therefore, we wanted
to investigate the formation and characterization of solid supported
polymer membrane from block copolymers, using a straightforward
method such as polymersome fusion.

we formed polymersomes based on a small library of triblock
copolymers composed of poly(2-methyl-2-oxazoline) (PMOXA, further
referred to as A block) and PDMS ( further referred to as B block) as
the hydrophilic and hydrophobic blocks, respectively. We compare
five triblock copolymers with the similar hydrophilic to hydrophobic
block ratio different length of the hydrophobic block, ranging from
22 to 65 units. Specifically we used : A3B22A3, A6B34A6, A7B42A7,
A6B44A6 and A6B65A6 and the thiol-terminated A18B47A18 Our poly-
mersomes contain a thiol functional group on their outer membrane
and their inner aqueous cavity contains high concentration of Ca2+

ions, which is known to play an important role in SLB[36, 135, 138,
261, 262]. We then attach the polymersomes on a gold coated sub-
strate via gold-thiol[119, 121, 263] chemistry and we induce osmotic
shock, as a trigger for the formation of our solid supported polymer
membrane (scheme 4.1). Apart from the gold-thiol chemistry,we have
chosen gold to be our substrate because it is a material which has
applications[264–271] in material science, biosensing, electrochemi-
cal sensors and platforms for catalysis. To properly characterize our
system we first analyze the surface properties of our polymers, then
the self assembly of our thiol-modified polymersomes and finally the
solid supported membrane formation induced by osmotic shock. To
monitor the membrane formation and explore the impact of Ca2+ we
use a combination of quartz crystal microbalance with dissipation
(QCM-D)monitoring and atomic force microscopy (AFM). Particular
emphasis was put on studying and characterizing the direct formation
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of solid supported polymer membrane which can be a versatile tool
and a basis for various bioanalytical applications.

4.2 results and discussion

4.2.1 Thiol-modified polymersome formation

Nano-assemblies with outer membranes exposing thiol functional
groups were formed by thin-film rehydration method [18, 272, 273]
using as rehydration solution HEPES buffer containing 200 mM Ca2+.
To evaluate the influence of the thiol modified polymer, we have chosen
to evaluate the thiol-modification and optimize the polymersome
formation based one thin and one thick polymer and then we applied
our optimized formation conditions to all five ABA polymers. We
mixed our block copolymers (A6B34A6 and A6B65A6 ) with various
concentrations of the thiol-terminated A18B47A18copolymer (0, 5, 10,
15 and 20 mol %).

Figure 4.2: A) DLS graph and B) TEM micrographs of A6B34A6containing :
a) 0 b) 5% c) 10% d) 15% and 20% SH modified polymer

The obtained nano-assemblies were then extruded via 200 nm pore
size filters, to narrow their size distribution. Then we performed a
combination of DLS and TEM analysis to characterize the assemblies
with increasing concentration of thiol-terminated block copolymer. In
fact, the different ratios of thiol-containing assemblies influence the
size, the average diameter and the polydispersity index (PDI). When
the thiol modification is used at percentages 0-10 mol %, the size and
morphology are barely influenced (figures 4.2 and 4.3). Using the
intensity % distribution the average diameter was 110 for A6B34A6 and
120 for A6B65A6 . The PDIs for A6B34A6 based polymersomes ranges
from 0.09-0.17 and for A6B65A6 based polymersomes 0.13-0.214.1. In
addition, TEM micrographs show hollow spherical structures, con-
firming the formation of polymersomes for all assemblies obtained
with thiol modification up to 10 mol % (figures 4.2 and 4.3). On the
other hand, increasing the thiol modification percentage higher than
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10 mol %, and specifically 10 - 20 mol % seems to shift and broaden
the size peak to 200 for the first polymer and 290 for the second one.
At the same time, in both cases we can observe at the DLS graphs
peaks that correspond to either smaller objects of average diameter of
30-40 nm (probably micelles) and larger objects of average diameter of
1 µm. When we move to the TEM micrographs of the nano-assemblies
formed with 10-20 mol % thiol modified block copolymers (figures 4.2
and 4.3) we clearly observe that we have an increased population of
spherical micelles and at the same time formation of large aggregates
connected with worm like micelles. The evaluation of the influence
of the thiol-terminated A18B47A18 copolymer allows us to optimize
the conditions of formation of thiol modified polymersomes. This is
very important for the further steps of this study because forming
polymersomes with sufficient thiol modification is necessary for the
attachment of our polymersomes on gold surfaces facilitated by gold-
thiol chemistry. Therefore, we choose to form our polymersomes in
presence of 10 mol % thiol-terminated copolymer. Under this condi-
tions, both the polymersome formation is not hindered and the thiol
functionalization of our polymersomes is high enough to ensure the
immobilization on gold coated surfaces.

Figure 4.3: A) DLS graphs and B) TEM micrographs of A6B65A6containing :
a) 0 b) 5% c) 10% d) 15% and 20% SH modified polymer

SH % PDI A6B34A6 PDI A6B65A6

0 0.14 ± 0.03 0.21±0.08

5 0.09±0.07 0.19±0.01

10 0.17±0.09 0.13±0.03

15 0.64±0.34 0.75±0.12

20 1.2±0.41 1.5±0.31

Table 4.1: Polydispersity indices of A6B34A6 and A6B65A6 polymersomes
with SH modification ranging from 0 – 20%
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4.2.2 Polymersomes on gold coated surfaces: attachment and polymer mem-
brane formation

4.2.2.1 Combined QCM and spectroscopic ellipsometry study

We used quartz crystal microbalance with dissipation monittoring
(QCM-D) to investigate the following: i) the attachment of polymer-QCM-D figures of

all tested ABA based
polymersomes can be

found in Appendix
section, figure 7.14

somes on gold coated sensors, ii) if polymersomes without thiol group
can still adsorb on the sensor, iii) the impact of osmotic shock induced
by using a flow of a plain HEPES buffer without extra Ca2+ ions (the
polymersomes were formed in HEPES buffer which contains 200 mM
Ca2+) and if it’s strong enough to rupture the polymersomes and initi-
ate the polymer membrane formation and finally iv) if the difference
of the PDMS length in our tested polymers plays a role in the forma-
tion of solid supported polymer membrane. QCM very sensitive and
commonly used for the study of solid supported membrane[136, 148,
158, 260, 274], especially lipid[249, 275, 276], formation and adsorption
of compounds on a surface. It monitors the frequency changes (∆F)
on the special QCM sensors which then correspond to changes of the
adsorbed mass. It gives also, via the dissipation changes(∆D), infor-
mation about the conformation and the structural changes which our
tested assemblies undergo. Upon the polymer membrane formation,
our polymersomes will release their aqueous cargo, specifically Ca2+

enriched HEPES buffer and this should be accompanied by big struc-
tural rearrangements and changes in morphology thus a dissipation
change should be observed[274, 277, 278]. We performed QCM-D mea-
surements for thiol-modified polymersomes based on all tested ABA
block copolymers (figure S2), but we selected to show here the two
extremes: i)one example of polymer membrane formation triggered by
osmotic shock and ii)a second example where the osmotic shock was
not strong enough to trigger the polymersome fusion and membrane
formation.
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Figure 4.4: QCM-D frequency and dissipation shifts for
A6B34A6polymersomes (left) containing thiol-modification
and subjected to osmotic shock, (middle) containing thiol-
modification without osmotic shock and (right) without
thiol-modification

Figure 4.4 shows the frequency and dissipation response of the 5th
overtone (the 3rd and later than the 5th overtones are overlapping)
during a) the addition and attachment of A6B34A6 thiol modified
polymersomes (step number 1), and the effect of the wash with buffer
without Ca2+ (step 2) which then is able to induce rupture of our
polymersomes. The ∆F during step 1 reaches a maximum of -120 Hz
and after step 2 we have a final difference of monitored frequency of
-80 Hz. We also monitor a maximum of +18 ppm in the ∆D, getting
after step 2 to the final value of +13 ppm, associated with changes
in our assembly. These values are quite different of the ones usually
obtain from solid supported lipid bilayer formation, where the value
of ∆F is usually -40 Hz[251, 279].This can be related to the fact that
polymersomes possess thicker, so of higher mass, membranes[1, 14]. In
figure 4.4 (middle) we observe the case of thiol-modified polymersome
attachment on the sensor (step 1) but when we do not induce osmotic
shock, i.e. we do not insert a flow of a buffer without Ca2+ salt, we
again observe a ∆F of -115 and a plateau in that value. Similarly, ∆D
reaches +19 and remains stable there with a fluctuation of ±1. This
indicates on one hand the thiol-gold chemistry works as exptected
so the thiol-modified polymersomes are attached on the gold sensors
and on the other hand that without osmotic shock the membrane
formation is not initiated either. Next in figure 4.4(right) we analysed
the adsorption of polymersomes without the thiol modification, on
gold surfaces. Interestingly, we observe that while ∆F reaches a max
of -119 Hz and ∆D of a +41 ppm due to the continuous polymersome
injection, they both go back to 0 ± 2, showing that without the thiol
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functional group our polymersomes do not attach on the surface.
Continuing with the QCM-D analysis of the other polymer and we
test A6B65A6 thiol modified polymersomes (figure4.5) we see that after
the polymersome injection (step 1- ∆F – 121 Hz, ∆D 22 ppm)and after
we induce osmotic shock (step2) we have some fluctuations of ∆F (max
– 150 Hz) and ∆D (max +36 ppm) they but then they stabilize back to
the previous values of polymersome attachment. So, we manage to
immobilize them on the gold surfaces but the difference of pressure
did not initiate rupture or membrane formation. This demonstrates
that the much longer PDMS block of the second polymer (65 PDMS
units in comparison with 34 PDMS units) plays a very important role
making the polymersomes very robust and hinders their rupture. As
observed for the other polymer, without the thiol functional group
there is no attachment on the gold surface(figure4.5 b) .

Figure 4.5: QCM-D frequency and dissipation shifts for A6B65A6 polymer-
somes (left) containing thiol-modification and subjected to osmotic
shock, (right) without thiol-modification

next, we wanted to obtain more information about our findings
and we looked at the thicknesses (extracted from QCM-D, rehydrated
conditions) for our polymersomes based on thiol-modified ABA block
copolymers before and after osmotic shock (4.6 a). What we found, is
that we can separate our tested polymers in three different groups: i)
the polymersomes with thin hydrophobic block (22-35 PDMS units)
that are forming planar membranes after osmotic shock, ii) the poly-
mersomes with intermediate hydrophobic block ( 42-44 PDMS units)
which appear to partial form membranes whereas some of the poly-
mersomes stay intact and iii) the polymersomes based on long hy-



4.2 results and discussion 75

drophobic block (65 PDMS units) which fail to rupture and stay intact
after osmotic shock. For all tested polymersomes before osmotic shock,
we obtain narrowly distributed thicknesses around 100nm, which
nicely correspond to the diameter of our rehydrated polymersomes.
After osmotic shock for the first group (membrane formation) we
see that there is a big decrease in the thickness. We obtain narrowly
distributed thicknesses ranging from 18 nm to 25 nm which is a value
for a planar conformation. For the second group (semi-fusion or par-
tial membrane formation) we observe widely distributed thicknesses,
ranging from 17 nm up to 101 nm. From these values we can assume
that there are some polymersomes that rupture and form polymer
membrane ‘patches’ and some that are not influenced by the osmotic
shock and stay keep their initial spherical shape. More specifically, for
A7B42A7 based polymersomes: 44% seem to form membrane ‘patches’,
21% correspond to intermediate values between planar and spherical
conformations and 35% stay intact. For A6B44A6 based polymersomes:
32% seem to form membrane ‘patches’, 49% correspond to intermedi-
ate values between planar and spherical conformations and 19% of the
polymersomes maintain their hollow spherical structure. Moving to
the third and last group (intact polymersomes) we observe a narrow
distribution of thicknesses, slightly lower that the ones before osmotic
shock, in the range of 83-90 nm. This is correlated with the fact that
the osmotic shock was able to slightly deform but not rupture the
tested polymersomes.
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Figure 4.6: for polymersomes based on all tested ABA block copolymers a)
Thickness of the upper layer (nm) determined by QCM-D before
and after osmotic shock, b) shear elastic modulus after osmotic
shock as a function of PDMS lentgth, c) thickness of the upper
layer (nm) determined by SE before and after osmotic shock and d)
(left, “dry”) and (right, “wet”) difference of thickness (∆thickness)
after the osmotic shock as a function of PDMS length

to further analyze our findings we calculated the shear
elastic modulus of the solid supported assemblies we obtained after
osmotic shock (figure4.6 b) as a function of the hydrophobic block
length. The higher the shear elastic modulus is, the stiffer the assembly
and according to the literature planar assemblies are less flexible than
the spherical ones[280, 281]. The thinner polymers after osmotic shock
have roughly 5 times higher elastic moduli than than the thickest one
and again there is a wide distribution of values for the intermediate
ones. The same trend is observed for the viscosity of our assembliesViscosity of all tested

ABA based
polymersomes after

osmotic shock can be
found in Appendix
section, figure 7.15

(table4.2). To better understand our system we determined the thick-
nesses in dry conditions via spectroscopic ellipsometry (SE). This is
an established method that takes advantage of the correlation between
the refractive index of a material (η) and its thickness and allows us
to determine ultra thin film thickness in nm range[120, 282]. We per-
formed the measurement of the gold coated solid support’s thickness
before and after the polymersomes attachment, followed by osmotic
shock (figure 3c). For the polymersomes based on intermediate PDMS
length we have a big variation of thicknesses, which is even more
pronounced than in rehydrated conditions figure4.6 c). This is related
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with both the sensitivity of the two methods (QCM-D and SE) and
the fact that in dry state the scale of thicknesses is more compact.
Moreover, the obtained membrane thicknesses are in good agreement
with the ones obtained (for this polymers) by cryo-TEM microscopy
and reported in literature[89, 283]. We then compared the membrane
thicknesses obtained by ellipsometry (dry) with the ones obtained real
time from the QCM-D measurements (wet) (figure4.6 d) and evaluated
them by plotting the difference of thickness (∆thickness) for each poly-
mer before and after osmotic shock as a function of the PDMS length.
From this comparison and if we take into account the big influence
of water, we can conclude that the longer the PDMS the smaller the
∆thickness after osmotic shock. This shows the important influence of
the hydrophobic block length. In case we can say that increased PDMS
length produces polymersomes with thicker and thus more robust
surrounding membranes. Also with PDMS being a flexible material
this is another reason why the polymersome rupture becomes harder;
the polymersomes subjected to osmotic shock are stable and robust
enough to overcome the difference in osmotic pressure.
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4.2.2.2 Topography of the membranes determined by AFM

Immobilization of thiol-modified polymersomes on gold surfaces via
thiol-gold chemistry and the impact of Ca2+ induced osmotic shock
was futher investigated via AFM in liquid (HEPES buffer). After the
immobilization reaction, AFM micrographs of the solid substrates
show immobilized polymersomes in height (90 – 110 nm) and channel
(figure4.7).

Figure 4.7: AFM micrographs (height channel) of immobilized thiol-modified
A3B22A3

Following the results that we observed from QCM-D and spec-
troscopic ellipsometry (figures 4.4 and 4.6), after osmotic shock for
A3B22A3 and A6B34A6 thiol-modified polymersomes we obtain a sur-
face which looks flat, smooth and homogeneous in height (19.9-21

nm) channel (figure 4.8 left). The values obtained for immobilized and
ruptured polymersomes are within the range found in literature[8, 89,
119, 129, 132, 141, 255, 260]. Compared to liposomes adsorbed on a
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surface and liposome-based membranes the measured heights are in
the range ~20-40 nm for the immobilized liposomes and ~4-5 nm for
the lipid membranes[277, 284–288]. This is expected due to the higher
membrane thickness of the polymersomes compared to liposomes.
For the intermediate polymers (figure 4.8 middle) we indeed observe
the assembly of polymer ‘patches’ and a unhomogeneous membrane
(height ~ 70 nm, figure 4.9). As expected from our findings so far,
surfaces with A6B65A6 thiol-modified polymersomes after osmotic
shock are deformed but yet remain intact with height being around
177 nm (figure 4.8 right).
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Figure 4.9: AFM micrographs of thiol-modified ABA polymersomes immobi-
lized on Au solid support (left) and after osmotic shock (right)



4.3 conclusions 83

we wanted to also examine via AFM what happens if we
use polymersomes made from both of the pure block-copolymers
without the thiol-modification. We looked at the surfaces incubated
with non-modified polymersomes, after a wash step to remove of the
polymersomes that did not adsorb on the substrate (figure 4.10). So
the polymersomes without the thiol-modification did not adsorb on
the solid substrate but left only some polymer residuals that belong to
the height range of 2.5 – 3.2 nm which is way smaller than the height
measured for both the immobilized polymersomes (90 – 110 nm) and
for the obtained membrane (19 - 20 nm). Also the bare substrate,
without any deposition of polymersomes or any treatment gives us a
height in picometer range (figure 4.10).

Figure 4.10: AFM of the gold coated sumbrate showing the removal of
A6B34A6 polymersomes without thiol modification (left) and
AFM micrograph of the bare Au solid support

4.3 conclusions

We investigated the formation of solid supported polymer membranes
on gold coated surfaces governed by the following main steps: i)
thiol-modified polymersome by self-assembly ii) polymersome im-
mobilization on the surface via thiol-gold chemistry and finally iii)
polymersome rupture induced by osmotic shock followed by polymer
assembly rearrangement and polymer membrane formation. We have
shown that the chain length of the block-copolymers from which our
polymersomes are formed is crucial for their later rupture. More specif-
ically, the longer the polymer blocks, the thicker is their membranes
and therefore the assemblies are robust enough to remain unrup-
tured after exposure to osmotic shock. Moreover, we found out that
the attachment the polymersomes on the surface not only facilitates
their adsorption on the solid substrate but also changes drastically
their surface properties and promotes the polymer membrane forma-
tion (referring to A3B22A3 and A6B34A6thiol-modified polymersomes).
However, we cannot fully explain the mechanism underlying this
process. This study, with the use of various surface-based characteri-
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zation techniques, demonstrates that polymersomes under the correct
conditions can form solid supported polymer membranes. This is of
high importance because block copolymer membranes can be valuable
platforms for bio-sensing, electrochemistry and screaning applications.



5
C O N C L U S I O N S & O U T L O O K

the gained results for the formation, characterization and in
vitro evaluation of porphyrin loaded polymersomes led us to the fol-
lowing conclusions. By encapsulating the water soluble porhyrin into
PMOXA6 -PDMS34 -PDMS6 polymersomes we ensure that the intrinsic
toxicity of the porphyrin is hindered, the cellular uptake is facilitated
and the light activated ROS generation in vitro is controlled. Our
porphyrin-loaded polymersomes show antimicrobial activity against
E.coli bacteria and are able to significantly reduce the viability of HeLa,
HEK293T and HepG2 mammalian cells upon red-light irradiation. All
the aforementioned findings are crucial if we consider the require-
ments of modern nanomedicine and photodynamic therapy. To further
improve our system we can consider chemically functionalizing the
polymersome membrane with groups that are able to bind specific
cells (e.g. malignant cancer cells). That would ensure a targeted ROS
delivery. Furthermore, we can move from in vitro to in vivo testing to
gain more information about the behavior and mechanisms according
to which our polymersomes can be light triggered and deliver ROS.
For example, the transparency of the zebra fish embryo model system
would allow us to follow our system in real time.

using thiol-functionalized PMOXA3-PDMS22-PDMS3 and
PMOXA6-PDMS34-PDMS6 polymersomes, loaded with high concen-
tration of Ca2+ ions, we managed to show one of the rare examples of
the formation of a polymer bilayer on a solid support, mediated via
vesicle fusion. Gold-thiol interactions immobilized the polymersomes
on a gold coated solid substrate and osmotic shock as a second step
ruptured the polymersomes which then transitioned from 3D to 2D
form. The analysis of the obtained results has shown that parameters
such as the chemical attachment of polymersomes on the solid sub-
strate, the thickness of the polymersome membrane and the impact of
Ca2+ ions were very important for the membrane formation. It is worth
mentioning that vast majority of work and thorough characterization
on fuctional insertion of biomolecules into synthetic mambranes has
been done in spherical vesicles. Now, we can capitalize this knowledge
by simply adsorbing functional polymer vesicles on solid surfaces for
the creation of fuctional planar polymer membranes. In the near future,
we will continue by creating a library of block copolymers (symmetric
and asymmetric) which can form planar membranes via vesicle fusion.
Another possibility would be the fusion of lipid and polymer vesicles
towards the creation of solid supported hybrid membranes via vesicle
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fusion. This work can also be expanded by attempting the functional
insertion of biomolecules such as pore forming peptides, membrane
proteins and enzymes to the planar polymer bilayer. Apart from giv-
ing us a deeper understanding of vesicle fusion on a fundamental
level it will also help with the development of novel electrochemistry,
biosensors and sequencing platforms.
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M AT E R I A L S A N D M E T H O D S

6.1 materials

PMOXA6-PDMS65-PMOXA6was purchased by Polymer Source Inc.;
gold coated silica wafers from Sigma Adlrich, gold coated QCM-
D sensors from Q-sense; Calcium chloride (CaCl

2) from Merk and
and tris(2- carboxyethyl)phosphine (TCEP) from Sigma-Aldrich. All
chemicals were purchased in highest purity and used as received.

6.1.1 Polymer synthesis and charactherization

The block copolymers PMOXA6-PDMS34-PMOXA6, the thiol-terminated
PMOXA18-PDMS47-PMOXA18 were synthesized, fractioned with co-
solvent fractione and characterized as reported before[186].

6.1.2 Polymersome preparation

For the formation of the polymersomes, the amphiphilic triblock
copolymer PMOXA34-PDMS6-PMOXA34and prepared as previously
described was used[18, 272]. The film rehydration method was fol-
lowed. Polymer (5 mg) was dissolved in MeOH (1 mL) and dried
under vacuum to form a polymer film on the inner bottom surface of
a 5 mL glass flask. The polymer film was rehydrated with Tris-buffer
(50 mM, pH 7.6) at room temperature for 48 h in the dark in the
presence or absence of a 50, 100 and 200 µM TPyCP solution, respec-
tively. The suspension was then sequentially extruded through 0.2 µm
and 0.1 µm Nucleopore Track-Etch membranes from Whatman using
an Avanti Extruder (Avanti Polar Lipids, USA). Any TPyCP left in
solution was separated from the polymersomes containing TPyCP by
passage through a HiTrap desalting column (Sephadex G-25 Superfine,
GE Healthcare, UK).

6.1.3 Synthesis of TPyCP

The compound2.2 was prepared according to literature[185]. The TPyCP was kindly
provided by Prof.
C.Housecroft & Prof.
E.Constable group

compounds TPyP, ethyl 6-bromohexanoate and L-methionine were
purchased from Sigma-Aldrich and used without further purification.
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6.2 methods

6.2.1 Transmission Electron Microscopy

or visualization, 10 µL of a polymersome solution was negatively
stained with 2% aqueous uranyl acetate solution, deposited on a
carbon-coated copper grid, and then examined with a transmission
electron microscope (Philips Morgani 268 D) operating at 80 kV

6.2.2 Light scattering

Dynamic (DLS) and static (SLS) light-scattering experiments were per-
formed on an ALV (Langen, Germany) goniometer equipped with an
ALV He–Ne laser (JDS Uniphase, wavelength λ= 632.8 nm). Polymer-
some emulsions were serially diluted to polymer concentrations rang-
ing from 5 to 0.325 mg/mL, and measured in 10 mm cylindrical quartz
cells at angles of 30–150° and a temperature of 293 K ± 0.5 K. The pho-
ton intensity autocorrelation function g2(t) was determined with an
ALV-5000E correlator (scattering angles between 30° and 150°). A non-
linear decay-time analysis supported by regularized inverse Laplace
transform of g2(t) (CONTIN algorithm) was used to analyse DLS data.
The angle-dependent apparent diffusion coefficient was extrapolated
to zero momentum transfer (q2) using the ALV/Static and dynamic
FIT and PLOT 4.31 software. Angle and concentration-dependent SLS
data were analysed using Guinier plots. Errors were calculated from
the deviation of the fit parameters using the ALV/Static&Dynamic
FIT and PLOT software. Alternatively, the polymersomes obtained
were characterized by dynamic light scattering measurements (DLS)
and measured in a Zetaziser Nano (Malvern) at 25 °C equipped with a
HeNe laser (λ = 633 nm). The samples were diluted ten times and left
to equilibrate for 120 s. The same samples were then recovered and
subjected to transmission electron microscopy (TEM).

6.2.3 Fluorescence spectroscopy

The fluorescence measurements were carried out on an LS 55 fluo-
rescence spectrometer from Perkin Elmer with a FL Winlab software.
Polymersomes loaded with TPyCP were measured in a 1 cm path
length quartz cuvette. A wavelength of 424 nm was used to excite in
the Soret band and the emission was monitored at 580 nm. Excitation
and emission slits were set at 7.5 nm.

6.2.4 Confocal laser-scanning microscopy (CLSM)

CLSM experiments were performed on a confocal laser-scanning mi-
croscope (Zeiss LSM 880, Carl Zeiss, Jena, Germany) with an Argon/2
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laser (λ = 488 nm, 30 mW, 10% power output, 0.5% transmission)
as the excitation source. A main dichromatic beam splitter (HFT
488/543), and a band pass filter (BP 505-530) were used in all experi-
ments. The images were recorded with a water immersion objective
(C-Apochromat 40x/1.2W).

6.2.5 Bacterial assays

Aliquots of 5 µL taken from a stock E.Coli colony were dispersed into
15 mL of lysogeny broth (LB) in a 50 mL falcon tube. The suspension
was shaken at 180 rpm in an incubator overnight at 37

o C, with the
cup not entirely closed to allow molecular oxygen to diffuse and reach
the bacteria. The culture was then concentrated by centrifugation at
10 000 g for 10–15 min. The supernatant was removed and the culture
was resuspended in 15 mL of phosphate buffered saline solution (PBS),
centrifuged again to remove the remaining media and resuspended
for the last time in 15 mL of PBS containing 1% tryptic soy broth
(TSB). The bacterial culture was serially diluted (10–1 to 10–5 CFU/10

µL, CFU being colony forming units) in a 24-well plate. In the last
liquid culture, which corresponds to the desired dilution, 200 µL
of an aqueous TPyCP solution or polymesomes-containing TPyCP
solution were added. The 24-well plate was kept in the dark until
the exposure to LED irradiation started. Liquid cultures were taken
and placed into LB-Agar plates after 0, 30, 120, 240 and 360 min of
irradiation. The plated cultures were incubated overnight at 37

o C
and the colonies formed counted. As a control, the same series of
experiment were performed in the absence of TPyCP. Furthermore,
a so-called dark control was performed simultaneously: an E. Coli
culture in the presence of TPyCP was kept in the dark by means of
aluminum foil wrapping. Three independent experiments were run,
and for each three replicates were plated. Both controls were carried
out during each experiment. All the E. Coli essays were carried out in
a sterile environment.

6.2.6 Live/Dead® staining for microscopy

For this assay, the Live/Dead® BacLight [https://assets.thermofisher.
com/TFS-Assets/LSG/manuals/mp07007.pdf]. Bacterial Viability Kit
for microscopy has been used. Briefly, the E. Coli becteria liquid cul-
tures were grown as described previously, with the difference that
instead of PBS, aqueous 0.85% NaCl (0.85 g per 100 mL) was used
as the suspension buffer. After illumination with a red LED light
at 660 nm, the cultures were stained with a 1:1 mixture of SYTO 9

[https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp07572

.pdf], which belongs to the family of SYTO dyes and is a cell-permeant
nucleic acid stain, and propidium iodide dyes using 3 µL of 72 nM
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stain per 1 ml of sample, and then incubated for 10 min at room
temperature. Bacteria with intact cell membranes (considered alive)
stained fluorescent green, whereas bacteria with damaged membranes
(considered dead) stained fluorescent red. The excitation/emission
maxima for these dyes are in the range 480-500 nm for SYTO 9 and
490-635 nm for propidium iodide. The background remains virtually
non-fluorescent. The results were analyzed by CLSM.

6.2.7 Cell culturing

HeLa, Hek 293T and HepG2 were cultured for both MTS viability
assay and ESR measurements. The cells were cultured in Dulbecco’s
Modified Eagle Medium with GlutaMAX™-I and supplemented with
10% Fetal calf serum (FCS) and 1% penicillin/Streptomycin (100 unit-
s/mL penicillin and 100 µg/mL Streptomycin). Cells were kept the
incubator with temperature and humidity control: 5% CO2 at 37°C.

6.2.8 MTS cell viability assay

HeLa, Hek 293T and HepG2 cells were cultured at a density of 5×10
3

cells per well in a clear 96-well plate for 24 h. Cells then were incubated
for another 24 h in the presence of 25, 50 and 100 µM TPyCP dissolved
in cell media (Cp1, Cp2, Cp3 are the respective short names of each
case) 100 µMTPyCP loaded polymersomes (Cpp) and empty polymer-
somes (Cep). Afterwards, the medium was removed and the cells were
washed with PBS and fresh medium was given to the cells. The cells
were irradiated under the LED lamp set at 660 nm wavelength from
the top at a fixed distance so all wells are irradiated equally for 0, 15 ,30

and 60 min. Afterward, the MTS assay (https://www.promega.com/-
/media/files/resources/protocols/technical-bulletins/0/celltiter-96

-aqueous-one-solution-cell-proliferation-assay-system-protocol.pdf) was
performed to determine the cell viability. After 2 h of MTS reagent
incubation, absorbance was measured at 490nm, as indicated in the
Promega protocol, using a Spectramax plate reader (Molecular De-
vices LLC, USA). Background absorbance, measured in control wells
containing all assay components except cells, and was subtracted from
each well. Control cells (CC) which were incubated with nothing but
cell media were set as 100% viability and all the other recorded values
were normalized according to this. For the data analysis and the sta-
tistical t-test we used Rstudio using the two-tailed Student’s t-test and
the (P≤0.001 is significant with 3 stars, P≤0.01 is significant with 2

stars, P≤0.05 is significant with one star and P> 0.05 is not significant
(ns), n=4). We use control cells as a reference population and compare
each other population with it.
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6.2.9 ESR for the TPyCP free in solution and encapsulated (DMPO)

DMPO spin trap was purchased from Sigma-Aldrich in highest purity
and was used for the ESR measurements. More specifically, 0.5 mL
of TPyCP 100µM dissolved in Tris-buffer, polymersomes containing
100µM TPyCP, empty polymersome solution in Tris buffer as well
as Tris buffer alone was mixed with 10µL of DMPO solution 1M
also dissolved in Tris-buffer. Each sample was irradiated for 0, 15, 60

and 120min with the LED lamp and then ESR spectra were recorded.
ESR measurements were performed on a Bruker CW ESR Elexsys-500

spectrometer equipped with a variable temperature unit. The spectra
were recorded at 298 K with the following parameters: scans 10, sweep
width 100.0 G, center field 3480.00 G, the microwave power 0.002 Watt
and frequency of 9.77 GHz. The modulation amplitude was 1.0 G. ESR
simulations were performed with XSophe (v 1.1.4.1, Bruker)

6.2.10 ESR of cells incubated with TPyCP free in solution and encapsulated
inside polymersomes

ACP spin trap was purchased from Noxygen in highest purity and
then used for in vitro detection of intracellular ROS. HeLa, HEK 293T
and HepG2 cells were cultured the same way as described for the
MTS viability assay. After 24 h incubation with 25, 50 and 100 µM
TPyCP dissolved in cell media (Cp1, Cp2, Cp3 are the respective short
names of each case) 100 µM TPyCP loaded polymersomes (Cpp) and
empty polymersomes (Cep), cells were washed twice with Phosphate
buffer saline (PBS) (from Gibco™ pH 7.4) re-suspended in fresh cell
media and then incubated for 90 min with 10 mM ACP. Afterwards,
cells have been washed PBS, trypsinized, centrifuged for 5 min in 500

rpm and re-suspended in 1mL fresh media. Then they were irradiated
under the LED lamp for 0, 15 and 60 min and 0.5 mL was transferred
into a Suprasil tube for ESR measurement. The ESR spectra were
recorded at 298 K with the following parameters: scans 6, sweep width
100.0 G, center field 3480.00 G, the microwave power 0.002 Watt and
frequency of 9.87 GHz. The, modulation amplitude was 1.0 G. ESR
simulations were performed with XSophe (v 1.1.4.1, Bruker).

6.2.11 LED irradiation conditions

The LED light source used to initiate the ROS production from the also kindly provided
by Prof.
C.Housecroft & Prof.
E.Constable group

TPyCP was a THORLABS 4-Wavelength High-Power LED Source
LED4D067 (https://www.thorlabs.com/newgrouppage9.cfm?objectgr
oup_id=3836). Irradiation at 660 nm and 990 mW was set. The irra-
diation intensity was determined with a LED light intensity detector
(LT45 Extech) in lux and then converted to J/ cm2.
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6.2.12 Quarz crystal microbalance with dissipation monitoring

The membrane formation was studied by quarz crystal microbalance
with dissipation(QCM-D) on a Q-Sense E1 (Biolin Scientific, Sweden)
instrument. All QCM-D measurements were performed in 10 mM
HEPES with 100 mM CaCl2 at pH 7.4 (HEPES buffer) The Au QCM-
D sensor was stabilized under buffer flow (flow rate 100 µL min-
1)until the frequency signal fluctuation was below ±1 Hz and then
the baseline was recorded. After system stabilization, polymersome
solutions were 5 µg mL-1 were injected into the QCM-D chamber
(flow rate 50 µL min-1). The formation of supported membranes was
followed by a rinse with the HEPES/CaCl2 for the removal of any non
absorbed polymersomes. In all the measurements the response of the
quartz crystal resonance frequency and energy dissipation in shear
oscillation mode as a function of time using odd overtones (3−13) was
recorded. The data presented in the figures was the 5th overtone.

6.2.13 Brewster angle microscopy

Polymer films were formed at the air−water interface by closing the
Langmuin-Blodgett(LB) barriers, which was monitored, as previously
described [148, 158, 161], by an EP3 SW instrument (Nanofilm Tech-
nologie GmbH, Göttingen, Germany) equipped with a Nd-AG laser
(λ= 532 nm), long-distance objective (Nikon, 20×), and monochrome
CCD camera. The size of the Brewster angle microscopy (BAM) image
is 220 × 250 µm2 , with a resolution of 1 µm.

6.2.14 Atomic Force Microscopy

An atomic force microscope (AFM) (JPK Nanowizard 3, Version 6.0.63)
was used to characterize the polymersome attachment and rupture on
the gold coated silica surfaces. Measurements were in liquid (Hepes
buffer) and a Tap75 Al-G (Budget Sensor, resonance frequency 75

kHz, force constant 3 N m−1 ). The phase was always set to 0 deg.
All images were recorded at a pixel resolution below the tip radius
(<10 nm). Images were further processed and analyzed with JPK data
processing software (Version spm_6.0.63)

6.2.15 Spectroscopic ellipsometry

Spectroscopic ellipsometry (Accurion, Cauchy model) was used to
determine the thickness of the gold coated surfaces before the poly-
mersome attachment and after the polymersome rupture (in any). The
measurement took place in dry state and five separate measurements
on each surface were averaged as previously reported[121, 282].
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A P P E N D I X

7.1 ros generation in solution

Figure 7.1: ESR spectra of DMPO/OH adducts formed in the presence of
irradiated a) Tris buffer and b) of control polymersomes
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7.2 ros generation in vitro

7.2.1 ACP simulation

Figure 7.2: Experimental and simulated ESR spectra of ACP adducts formed
in the presence of irradiated TPyCP (100 µM)
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7.2.2 ESR spectra: HeLa cells

Figure 7.3: ESR spectra of typical nitroxide signal formed by incubating
ACP with control cells (left) cells incubated with 25 µM TPyCP
(middle) and cells incubated with 50 µM TPyCP (right)
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Figure 7.4: ESR spectra of typical nitroxide signal formed by incubating ACP
with PMOXA-PDMS-PMOXA polymersomes (left) cells incubated
with 100 µM TPyCP (middle) and cells incubated with 100 µM
encapsulated TPyCP (right)
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7.2.3 ESR spectra: HEK 293T cells

Figure 7.5: ESR spectra of typical nitroxide signal formed by incubating
ACP with control cells (left) cells incubated with 25 µM TPyCP
(middle) and cells incubated with 50 µM TPyCP (right)
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Figure 7.6: ESR spectra of typical nitroxide signal formed by incubating ACP
with PMOXA-PDMS-PMOXA polymersomes (left) cells incubated
with 100 µM TPyCP (middle) and cells incubated with 100 µM
encapsulated TPyCP (right)
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7.2.4 ESR spectra: HepG2 cells

Figure 7.7: ESR spectra of typical nitroxide signal formed by incubating
ACP with control cells (left) cells incubated with 25 µM TPyCP
(middle) and cells incubated with 50 µM TPyCP (right)
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Figure 7.8: ESR spectra of typical nitroxide signal formed by incubating ACP
with PMOXA-PDMS-PMOXA polymersomes (left) cells incubated
with 100 µM TPyCP (middle) and cells incubated with 100 µM
encapsulated TPyCP (right)
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7.3 dose response curves of tested cell lines

7.3.1 HeLa

Figure 7.9: Dose response curves to compare IC50 of TPyCP a) free and b)
encapsulated in polymersomes in HeLa cells. Cells were treated
with 0, 25, 50, 75, 100 and 150 µM of TPyCP.

7.3.2 HEK 293T

Figure 7.10: Dose response curves to compare IC50 of TPyCP a) free and b)
encapsulated in polymersomes in HEK 293T cells. Cells were
treated with 0, 25, 50, 75, 100 and 150 µM of TPyCP.
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7.3.3 HepG2

Figure 7.11: Dose response curves to compare IC50 of TPyCP a) free and b)
encapsulated in polymersomes in HEK 293T cells. Cells were
treated with 0, 25, 50, 75, 100 and 150 µM of TPyCP.
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7.4 from 3d polymersomes to 2d polymer films : a new

template for solid supported thin polymer membranes

7.4.1 Polymer Characterization

First, before the self-assembly, we wanted to take a look at he morphol-
ogy and interfacial properties of our ABA block co-polymers in terms
of their ability to create a thin polymer film at the air-water interface
at room temperature. For this reason, we dissolved the polymers in
chloroform, spread them then dropwise in the water interface and
allowed the solvent to evaporate. Next we moved the trough barriers
in order to compressed the polymer at a required surface pressure
range (0 - 45 mM/m ). This way, we recorded surface pressure(Π) per
mean molecular area isotherms on a Langmuir trough and simultane-
ously we observed the polymer morphology during the compression
process by a Brewster angle microscope (BAM). More specifically, at
0 mN/M the polymer chains are in relaxed or so called “pancake”
phase, occupying a large molecular area with the PMOXA hydrophilic
blocks in water and the hydrophobic PDMS directed to the air. Upon
compression, which corresponds to an increase of Π and decrease of
mean molecular area, the polymer chains are having less space and
adopt coil conformation (Π = 25 mN/m ) which is accompanied by a
change of the slope of the isotherm. In the last part of the isotherm
at Π = 44 mN/m for the first polymer and Π = 48 mN/m where the
braking or collapse point, i.e. the point where the thin polymer film
is formed at air-water interface. BAM images in the Π regions 40-48

mN/m for both polymers show also the planar membrane formation.
Overall, the shape of the isotherms is typical for tiblock copolymers
and the two tested polymers have similar interfacial conformations.
The difference in PDMS block length (the second polymer has more
than double PDMS length) part seemed not to influence the isotherm
as both polymers show breaking points at very similar Π. The mean
molecular area which the polymer chains cover differs though. For
the first polymer the mean molecular area is max 600 Angstroms with
transition face between 400 and 200 Å , whereas for the second poly-
mer the mean molecular area is max at 1300 Å with transition phase
in 900 down to 500 Å , again typical for those polymer structures.
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Figure 7.12: Surface pressure−area isotherms of for a) A6B34A6 and b)
A6B65A6

Figure 7.13: BAM images of a) A6B34A6at Π= 0,24,40 and 44 mN/m(breaking
point) b)A6B65A6at Π= 0,24,40 and 48 mN/m(breaking point)
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7.4.2 QCM-D charracterization

Figure 7.14: QCM-D measurements (5th overtone) of ABA polymersomes
deposition on Au sensor: thiol modified polymersomes exposed
on osmotic shock (blue solid line), thiol modified polymersomes
without osmotic shock (red dashed line) and polymersomes
without thiol modification (gray dotted line)
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7.4.3 Viscosity

Figure 7.15: Viscosity of the thiol modified ABA polymersomes deposited on
a Au QCM-D sensor after osmotic shock plotted as a function of
PDMS length.
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