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Summary 
 

Polymersomes, vesicles enclosing an aqueous cavity and self-assembled by block copolymers 

are a powerful platform for creating various nano- and micro-devices, finding applications in 

therapeutic delivery and diagnostic systems, local and on-demand consumption or production 

of molecules by encapsulated enzymes and mimics of natural compartments. Highlighting the 

versatility of the block copolymers, this work presents how we can combine amphiphilic block 

copolymers with molecules and biomolecules to create advanced polymer nanocompartments 

for: 1. controlled drug delivery, 2. local inversion of a drug metabolite to its active form, 3. 

simultaneous generation of therapeutically relevant compounds for promoting drug 

synergism and 4. emulating naturally-occurring organelles in a bottom-up, photoreceptor 

mimic. 

First, we engineered polymersomes for delivering drugs in a highly spatiotemporally 

controlled manner. A hydrophobic synthetic molecular rotary motor, activated by irradiation 

with low-power visible light was incorporated in the membrane of polymersomes. We then 

evaluated the rotation of the motor and its impact on the morphology and concentration of the 

nanocompartments. As a result of the architectural changes, we investigated the cargo release 

profile from the inner cavities. Release was achieved even with low quantities of the 

photoresponsive unit, while we observed an on/off release behavior over sequential irradiation 

cycles. The photoresponsive system was tested in a lung carcinoma cell line for its ability to 

efficiently deliver the drug pemetrexed intracellularly. With the cell viability decreasing ‘on 

demand’ upon light irradiation, our nanosystem is an important stepping stone in the next 

generation of smart delivery systems. 

We continued with the formation of polymersome-based catalytic nanocompartments 

designed for counteracting metabolism. The nanocompartments were equipped with the pore 

forming peptide, melittin to allow for diffusion of substrates and products to and from the 

enzyme-filled cavities. The enzyme kinetics of β-glucuronidase, the enzyme selected for 

cleaving the glucuronide moiety from metabolites were investigated in simple and complex 

mediums, revealing the influence of encapsulation and the protection from environmental 

impact. Our nanocompartments were readily internalized by hepatocellular carcinoma cells 

producing hymecromone, a rapidly metabolized drug in the body. These catalytic 

nanocompartments proved to be a promising strategy in the efforts of increasing the half-lives 

and residence time of therapeutic molecules. 

Enriching the characteristics and expanding their potential applications in the field of drug 

synergism, we developed glycooligomer-decorated catalytic nanocompartments co-loaded 
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with two distinct enzymes. The design is based on the fine-tuning of their co-encapsulation in 

a single compartment in order for parallel enzymatic reactions to occur, while the 

glycooligomer tethers on their outer membrane served the purpose of targeting mannose-

binding receptors. As a proof of concept, we showed that our nanosystem was preferentially 

internalized and escaped the endosomes in hepatocellular carcinoma cells with a high 

expression profile of such receptors, in comparison to adenocarcinoma cells expressing lower 

levels. Meanwhile, the encapsulated enzymes β-glucuronidase and glucose oxidase catalyzed 

in parallel the production of the therapeutically relevant compounds hymecromone and H2O2, 

respectively. Their simultaneous, intracellular generation by specifically uptaken catalytic 

nanocompartments led to an increased death of liver cancer cells, in contrast to epithelial 

carcinoma derived ones, where such behavior was not observed. This nanomedicinal system 

proposes a novel approach in the field of combinatorial, targeted cancer therapy, supporting 

and broadening the recent clinical trends. 

Finally, we shifted our endeavors towards bottom-up synthetic biology, where polymersome-

based artificial organelles were used to compartmentalize and create artificial photoreceptors 

for studying intra- and intercellular communication and signal transduction regulation. The 

artificial organelles presented a variety of functionalities (chemo- & photoresponsiveness, 

catalysis) emerging from the optimized combination of the selected molecules (i.e. calcium 

sensitive dye, melittin, synthetic molecular motor, β-galactosidase, β-galactosidase substrate) 

with the amphiphilic block copolymers. The artificial organelles were an integral part of 

generating artificial cells able to respond to chemical (calcium, substrate) and light signals, 

leading to an intracellular communication pathway. By strategic segregation of the artificial 

organelles in separate synthetic cells, we developed an intercellular communication model 

among different cell populations and mimicked the signal transduction regulation seen in 

natural photoreceptive synapses. This work represents a breakthrough in synthetic close-to-

nature protocells and aims to provide a deeper understanding of processes governing cell 

communication and signal transduction. 
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1. Introduction 
 

This chapter introduces the principles underlying the formation of polymersomes, self-

assembled vesicles from block copolymers in aqueous solution. The parameters governing 

the self-assembly of amphiphilic block copolymers and the methods used are presented. Next, 

the preparation of advanced, functional polymersomes is highlighted: how synthetic and 

biological molecules can be combined with polymersomes for obtaining systems with 

improved properties and functionality. Then, recent advances of nanometer-sized 

polymersomes developed for biomedical applications are presented with focus on 

therapeutics delivery systems and catalytic nanocompartments. Finally, the reader is 

introduced to mimics of natural nanometer- and micrometer-sized compartments, i.e. 

artificial organelles and cells which are engineered for studying and understanding complex 

cellular processes. 
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Korpidou, M., Eggenberger, O.M., Kyropoulou, M., Palivan, C.G., 2022. Current Perspectives on 

Synthetic Compartments for Biomedical Applications. International Journal of Molecular Sciences, 

23(10), 5718 
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1.1 Compartmentalization: nature’s way of regulating cellular processes 

 

1.1.1  Compartmentalization in nature 

 

In nature, compartmentalization is a governing characteristic that affects many aspects of the 

cellular life. Cells are the most prominent example of compartments where a thin phospholipid 

membrane form the individual cells and serve as the interface with their external environment 

and neighboring cells (Figure 1.1).1 Further sub-compartmentalization, i.e. organelles 

provide a higher level of complexity and support distinct biological processes, such as molecule 

transportation, signal transduction and inter- and intracellular communication. Although the 

phospholipid membranes are the structural basis, their enrichment with biomolecules, e.g. 

proteins provide them with distinct functionalities and the ability to support a hierarchical 

way of responses. Therefore, compartmentalization as a fundamental, biological principle is 

important for the spatiotemporal separation of molecules and reactions and results in 

numerous studies concerning the exploration, mimicking or exploitation of biological 

functions. 

 

 

Figure 1.1. Schematic representation of a eukaryotic cell and its compartmentalization. 
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1.1.2  Mimicking naturally-occurring compartments 

 

The generation of synthetic compartments has been established in the past decades as a way 

of mimicking biological compartments for purposes ranging from study models to biomedical 

applications.2 In these biomimetic approaches, lipids, synthetic lipids and block copolymers 

have been utilized in the creation of the compartments.3,4 Micrometer-sized vesicles have been 

the backbone of engineering artificial cells, while the nanometer-sized counterparts have been 

explored in bottom-up synthetic biology as artificial organelles, as well as in nanomedicine for 

the development of smart drug delivery systems or diagnostics.5,6 Compartments, such as 

liposomes, lipid-derived spheres, or polymersomes offer the advantages of cargo loading in 

the vesicles’ lumen and/or membrane and membrane decoration highlighting their potential 

for multifunctionality. 

Although liposomes have the benefits of intrinsic biocompatibility and biodegradability, they 

often lack in mechanical properties and amenability for chemical modifications, limiting their 

applications.7 In this regard, the polymer-based synthetic analogues have several advantages 

and represent a promising alternative. They are characterized by higher stability and 

robustness, as well as chemical versatility. Despite the thicker membranes of polymersomes, 

when appropriately selected, their flexibility allows for the incorporation of functional 

molecules and biomolecules, providing them with advanced functionalities including stimuli 

responsiveness and permeability.8,9 Owed to their chemical versatility, biomolecules, such as 

proteins, peptides, sugars and nucleic acids can be conjugated on the synthetic membranes, 

expanding their applications and functions.10 Additionally, the advancements in polymer 

chemistry have yielded a variety of copolymers that possess biocompatibility and/or 

biodegradability comparable to the natural counterparts. These characteristics place synthetic 

copolymers in a great position of choice for building advanced compartments for biomedical 

applications. 

 

1.2 Amphiphilic block copolymers: formation of vesicles 

 

1.2.1  Structure and synthesis of amphiphilic block copolymers 

 

Amphiphilic block copolymers are renowned for their hydrophilic and hydrophobic 

characteristics. They can consist of two (AB) or more (ABA/ABC/ABABAB…) distinct blocks, 

where one is hydrophilic (A, C) and the other hydrophobic (B).11,12 To date, there are many 
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different strategies for synthesizing amphiphilic block copolymers with the desired numbers 

and types of monomers. These include controlled radical polymerization [e.g. atom transfer 

radical polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT)], 

anionic living polymerization, ring-opening polymerizations (ROPs) and their combinations. 

In particular, living polymerizations are preferred for acquiring distinct block copolymers, 

owed to the precision and control over the molar-mass and end-groups they offer. By carefully 

selecting the hydrophobic and hydrophilic blocks, a library of copolymers is generated that 

can provide desired properties to the formed structures. 

 

1.2.2  Block copolymers and membrane formation 

 

The types of membranes formed by block copolymers are defined by the different types of 

block copolymers used. In principle, the block copolymers are arranged in forms where the 

hydrophilic blocks are oriented to the aqueous environments, while the hydrophobic are 

hidden in the core of the membrane (Figure 1.2A). An example of polymer membranes 

closely resembling the lipid bilayers found in nature are the membranes formed by diblock 

copolymers (AB), where A is directed to the aqueous solutions, while B blocks face each other 

to create the hydrophobic part. Monolayer or bilayer structures are also formed by ABA 

copolymers, where a U turn configuration is required for forming the latter structure (Figure 

1.2A).13 When the hydrophilic blocks are different to each other (e.g. A, C) and carefully 

designed, this can result in asymmetric membranes or domains within the vesicles’ 

membranes.14 Domains can be created when the hydrophilic blocks are immiscible, while 

asymmetric membranes are driven by the different lengths of the two blocks: the shorter block 

is oriented towards the interior of the vesicle and the longer block towards the exterior.15 

Especially when aiming for bio-hybrid compartments, the lengths of the blocks, as well as the 

glass-transition temperature Tg need to be taken into great account.16 The block lengths mainly 

dictate the thickness of the vesicles’ membrane, which varies between 5 nm and 30 nm.17 When 

the thickness is comparable to biological ones, the insertion of biomolecules, e.g. membrane 

proteins is favored and a specific orientation of insertion can be achieved in the case of 

asymmetry. Tg is equally important when engineering bio-hybrid vesicles as it determines the 

flexibility of the membrane in a range of temperatures and therefore, affects the insertion of 

biomolecules. Taking these into consideration, the characteristics of the building blocks 

directly influence the properties (mechanical stability, permeability, biomolecule insertion 

ability) of the resulting vesicles, the platforms of the bio-hybrid compartments. For example, 

vesicles formed by PEG-PHPMA block copolymers have been reported to possess intrinsic 

permeability, while vesicles made from PDMS-PMOXA are typically impermeable.18  
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Figure 1.2. Membrane architectures and self-assembled structures formed by amphiphilic block 
copolymers. (A) Schematic representation of the membrane architectures, which is a direct result of 
the copolymer’s structure. (B) Self-assembled structures formed by amphiphilic block copolymers. The 
resulting structures is influenced by the copolymer’s f-ratio. Adapted with permission from reference19 
under CC BY 3.0. 

 

1.2.3  Parameters of block copolymers self-assembly 

 

The self-assembly of amphiphilic block copolymers in aqueous solutions results in 

supramolecular architectures (micelles, polymersomes, worms) and is driven by noncovalent 

interactions.20 The packing parameter p, defined as p=v/αOlc, where v the volume and lc the 

length of the hydrophobic block and αO the contact area of the head group, describes the 

influence of the design of the copolymers on the resulting assemblies (Figure 1.2B).19,21 

Prediction of the supramolecular assemblies can be performed depending on the p value. For 

example, for 1/2 ≤ p ≤ 1, vesicles are formed. However, spherical and cylindrical micelles are 

created when p ≤ 1/3 and 1/3 ≤ p ≤ 1/2, respectively. The curvature of the structures’ 

membrane is greatly determined by the f-ratio, i.e. the ratio of the hydrophilic block’s 

molecular weight (Mw) to the total block copolymer Mw and characterizes the tendency for a 

particular structure.22 For example, when the f-ratio is in the range of 35 ± 10%, vesicles are 

the favored supramolecular assembly, even if the copolymers have a rather high polydispersity 

index (PDI).23 The formation of spherical micelles is defined by a higher membrane curvature, 

meaning higher f-ratios. It is important to note that the greater stability of the block copolymer 

https://creativecommons.org/licenses/by/3.0/
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assemblies compared to the lipidic analogues is illustrated by critical aggregation 

concentration (CAC). CAC is the required concentration of amphiphiles to start forming 

colloidal systems and is 10’000-fold lower for block copolymers in comparison to lipids.24 

Although the composition, Mw and dispersity of the block copolymers influence the self-

assembly, secondary factors, such as temperature, ionic strength, pH and formation technique 

also have a large impact.25 

 

1.2.4  Vesicle formation techniques 

 

The self-assembly of block copolymers in nanometer- and micrometer-sized vesicles is 

supported by various techniques (Figure 1.3)26 and extended information and comparison 

are provided in other sources.6,20,27 In the solvent switch method, the block copolymer is 

dissolved in a water-miscible organic solvent, followed by the dropwise addition of an aqueous 

buffer to slowly replace the organic phase.28 On the contrary, the cosolvent method is based 

on the dropwise addition of a copolymer solution to an aqueous buffer phase, which induces 

the self-assembly process of copolymers. The main drawback of these approaches is the 

residual presence of organic solvent in the final solution, which is undesirable for biologically 

relevant applications. The film rehydration method (Figure 1.3A) follows a more 

biocompatible manner, as the organic solution of the copolymer is completely dried, forming 

a film. The thin copolymer film is subsequently rehydrated with an aqueous solution, inducing 

the self-assembly process. This is a well-suited technique for loading the vesicles’ cavities with 

sensitive molecules, such as enzymes and inserting membrane proteins, during the 

rehydration step. However, as the resulting vesicle populations are heterogeneous in size, they 

can be extruded through a membrane with defined size of pores in order to obtain nanometer-

sized polymersomes with narrower size distribution. 

 

 

Figure 1.3. Schematic representation of selected production methods of synthetic compartments. (A) 
film rehydration and subsequent extrusion of block copolymers. (B) electroformation. (C) double 
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emulsion formation with a microfluidic setup. Adapted with permission from reference26 under CC BY 
4.0. 

 

Micrometer-sized (or giant) unilamellar vesicles (GUVs) can be generated by the above-

mentioned methods, including electroformation (Figure 1.3B).26 The electroformation 

technique is based on the spontaneous swelling of a dried block copolymer film that has been 

deposited on two electrodes of indium tin oxide (ITO)-coated glass or platinum and the 

consequent formation of GUVs in the presence of an aqueous solution is stimulated by an 

electric field.29 Microfluidic technology (Figure 1.3C), based on microdevice channel sizes 

and junction design represents a step forward and has been used for high-throughput GUV 

formation with a narrow size distribution.30,31 Polymer-stabilized water–oil–water (w/o/w) 

double emulsions are used to form GUVs with the support of different microfluidic designs. 

Subsequent evaporation of the volatile organic solvent leads to the formation of highly 

monodisperse GUVs with a polymer membrane. This technique has been utilized in the 

encapsulation of biomolecules within the cavities with high encapsulation efficiencies (99%), 

as well as membrane insertion of biopores and membrane proteins.32 

 

1.2.5  Preparation of advanced polymersomes 

 

1.2.5.1 Surface functionalization 

 

Under the scope of utilizing polymersomes for biomedical applications, their external surfaces 

can be functionalized to attach different molecules with the aims of targeting specific cells, 

biolocations or organs.33–35 The desired molecules can be attached covalently (e.g. azide-

alkyne cycloaddition, maleimide and thiol-ene, amine coupling)35–39 or by molecular 

recognition.40 For example, the functionalization of PMOXA-b-PDMS polymersomes with 4-

formylbenzoate facilitated the attachment of hydrazone(HyNic)-functionalized antibodies for 

biotin.39 Proteins can also be covalently attached on the surface of polymersomes. Prominent 

examples include horseradish peroxidase (HRP) on the surface of PS-b-PIAT-based vesicles41 

and transferrin on PEG-b-P(TMC-DCT)-based ones (Figure 1.4A).42 As antibodies and 

proteins are large in size, they can be replaced by targeting and cell penetrating peptides to 

target polymersomes to specific cells or organelles, and increase their tumor penetration.33,43–

46 Nucleic acids, such as DNA or RNA single strands can also be used to decorate the surface 

of polymersomes and can be exploited in targeting applications.47,48 Sugars, e.g. galactose can 

also functionalize the surface of nanomedicinal systems for targeting purposes, as well as 

https://creativecommons.org/licenses/by/4.0/
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increasing the uptake.49 In this case, receptors recognizing a specific type of sugar can be 

targeted, leading to cell-specific internalization of the vesicles. 

 

 

Figure 1.4. Tailoring polymeromes for acquiring different functionalities. (A) Polymersomes loaded 
with doxorubicin and surface decorated with transferrin for targeted drug delivery. Adapted with 
permission from reference.42 (B) Pore formation by melittin inserted in self-assembled PMOXA-b-
PDMS-b-PMOXA copolymers. The insertion is influenced by the route of insertion, the copolymer 
characteristics and membrane properties. Adapted with permission from reference.50 (C) Catalytic 
nanocompartments encapsulating HRP developed for consumption of cytotoxic H2O2. Adapted with 
permission from reference51 under CC BY 4.0. 

 

A second option for attaching the desired molecules at the surface of compartments is to use 

molecular recognition as the driving force. Among the most effective pairs of molecules 

involved in molecular recognition are biotin–streptavidin proteins and nucleic acid 

hybridization.40,52 A highly specific conjugation method was mediated by oligonucleotide 

sequences such as single-stranded DNA (ssDNA).40,53 In detail, azide-exposing PMOXA-b-

PDMS polymersomes enabled coupling of dibenzocyclooctyne (DBCO)-derivatized ssDNA or 

its complementary oligonucleotide.54 Because of the specificity of complementary base 

pairing, DNA can be used as a means to direct the self-organization of polymersomes into more 

complex structures. 

 

1.2.5.2 Membrane functionalization 

 

Biomolecules with a hydrophobic domain have the potential of being inserted into the polymer 

membrane, enriching the compartments with new functionalities, like stimuli-responsiveness. 

The insertion can take place either during the self-assembly, or in preformed vesicles, although 

the latter appears to be governed by the concentration of the biomolecule and the hydrophobic 

forces.55,56 Although ionophores have been entrapped into the membrane of polymersomes to 

achieve ion-selective membrane permeability,55 larger entities, like proteins and membrane 

https://creativecommons.org/licenses/by/4.0/
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proteins have also been inserted, possessing a critical role in the functionality of the resulted 

bio-hybrids.57,58 

Reconstitution of membrane proteins in polymer membranes have offered the advantage of 

permeabilizing otherwise impermeable polymersomes.18,57,59 Remarkably, such proteins have 

been successfully reconstituted, even though the thickness of the polymer membranes is 

bigger than this of a cellular, suggesting a conformational adaptation between the polymer and 

the protein.8 However, there are specific parameters that govern the successful insertion: high 

flexibility of the block copolymers to achieve membrane fluidity, higher PDIs that allow the 

polymer chains to adapt to the protein dimensions and a hydrophobic mismatch between the 

membrane thickness and the size of the protein in a 3.5 - 5 times range. Outer membrane 

protein F (OmpF) is a typical example.55 Owed to its Mw cut-off (≤ 600 Da), this porin enables 

the flow-through of small molecules, while restricting larger, encapsulated biomolecules to 

escape the cavities. The list of other reconstituted proteins includes α-hemolysin,60 

bacteriorhodopsin61 and aquaporinZ,62 each providing unparalleled properties to the 

respective polymersomes. 

Amphiphilic peptides have also been investigated for their spontaneous insertion in polymer 

membranes with subsequent organization into pores, leading to membrane 

permeabilization.50 Melittin, the main component of bee venom is a 26-amino acid peptide 

that changes its conformation to an α-helical bent rod when entrapped in membranes.63,64 

Inserted peptides can then accumulate together to form pores and each pore can consist of 3 

to 19 melittin monomers, resulting in an inner pore diameter in the range 1-6 nm.65 Because 

of its antimicrobial properties,66 its insertion in lipids membranes has been extensively 

investigated,67,68 inspiring the evaluation of its insertion into polymer membranes. It was 

recently reported that the insertion of melittin in PMOXA-b-PDMS-b-PMOXA vesicles is 

strongly depended on: the route of insertion, the inherent copolymer characteristics and the 

membrane properties and curvature (Figure 1.4B).50 Melittin was also successfully utilized 

for its membrane permeabilization abilities in PDMS-b-PMOXA enzyme-bearing 

polymersomes to accommodate a molecular through-flow of substrates and products, greatly 

expanding its use in biomedical applications.69 

 

1.2.5.3 Encapsulation within the cavity 

 

When the objective is the encapsulation of hydrophilic molecules, polymersomes are an 

appealing platform compared to liposomes for reasons rooting in their higher stability and 

reduced leakage. A widely investigated and developed field for their application is the delivery 
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of drugs or imaging agents.26 For their loading in the lumen of the vesicles, the hydrophilic 

molecules are added to the aqueous solution during the polymersome formation. Prominent 

examples of imaging agents that have been encapsulated include quantum dots,70 triplet–

triplet annihilation-based molecular photon upconversion (TTA-UC) chromophores71 and 

fluorescent dyes.72 Meanwhile, hydrophilic drugs, e.g. doxorubicin and pemetrexed have been 

efficiently loaded in the aqueous cavities of polymersomes.73,74 In these cases, apart from the 

above-mentioned advantages, carefully engineered polymersomes can provide the means of 

the hydrophilic molecules to cross the cell membranes and be efficiently delivered to the target 

site, while reducing any molecule-associated side effects. These nanomedicinal systems are 

often built by stimuli-responsive polymers (e.g. PNIPAM which is temperature-responsive) in 

order to release the drugs at the desired biolocation.75 

Particularly in the case of sensitive and catalytic molecules, such as nucleic acids and enzymes, 

their encapsulation in the aqueous cavity of polymersomes offers the extra advantage of 

protection from external factors and thus prolongation of their activity. For example, nucleic 

acids (e.g. plasmids, DNA, RNA) loaded in polymer vesicles were protected from nuclease 

degradation, making the system a great candidate for gene delivery applications.76,77 On the 

other hand, enzymes can be loaded in polymer vesicles for two main purposes in biomedical 

applications. In the first approach, the biomolecules are delivered at the desired biolocation 

and are subsequently released from the cavities.78,79 The rationale of this approach is mostly 

inspired by the enzyme replacement therapy, where the delivery of the enzyme aims to replace 

its missing or defective natural analogue.80 

The second strategy includes the generation of catalytic nanocompartments (CNCs) with the 

aim being the retention of the enzymes in the confined space for producing or degrading 

compounds of interest (Figure 1.4C).81 When CNCs are internalized by cells, they can act as 

artificial organelles performing enzyme-specific reactions.51 Importantly, the efficiency of 

these nanocompartments is governed by the permeability of the polymer membrane for 

establishing a molecular through-flow to and from the enzyme-rich cavities. Polymersomes 

with inherent permeability, e.g. assembled from PS-PIAT41 or PGG82 allow for the diffusion of 

small molecules, in contrast to impermeable polymersomes (e.g. made from PDMS-PMOXA) 

for which membrane pores or channels are crucial.51 Having established a molecular through-

flow, the segregation of the enzymes in the confined space of polymersomes has shown to have 

an impact on the enzyme kinetics.57,83 In the confined space, the collision frequency between 

the reagents is higher, leading to a lower Michaelis-Menten constant (Km) compared to non-

encapsulated enzymes. Moreover, the maximal enzyme velocity (Vmax) and the turnover rate 

(kcat) are also decreased, attributed to the slower influx and efflux of substrates and products 

inside the nanocompartments. Expanding the complexity and functionalities of these bio-
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hybrid nanocompartments, more than one enzymes can be utilized to work in tandem for 

therapeutic applications.83–85 The enzymes can be either confined in separate compartments 

or in the same, participating in a cascade reaction. While segregation of enzymes in different 

vesicles for parallel reactions has been investigated,83,85 their encapsulation in the same 

compartment has yet to be explored. A list of biomolecules that have been encapsulated or 

incorporated in polymersomes for biomedical applications can be found in Table 1.1. 
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Table 1.1. Biomolecules for the development of advanced nanocompartments for biomedical 
applications. Adapted with permission from reference26 under CC BY 4.0. 

Biomolecule Polymer Location in Assembly 

Catalase PEG-b-PPG-b-PEG86 Encapsulated within the cavity 

Cytochrome bo3 

ubiquinol oxidase 

PBD–PEO:POPC hybrid,87 

PDMS-g-PEO and PDMS-g-

PEO/PC hybrid88 

Incorporated within the 

membrane 

Dopa decarboxylase PDMS-b-PMOXA89 Encapsulated within the cavity 

Glucose oxidase (GOx) PDMS-b-PMOXA,69 PEG-b-

P(CPTKMA-co-PEMA)90 

Encapsulated within the cavity 

Horseradish peroxidase 

(HRP) 

PMOXA-b-PDMS-b-PMOXA,51 

carbohydrate-b-PPG82 

Encapsulated within the cavity 

Inducible nitric oxide 

synthase 

PMOXA-b-PDMS-b-PMOXA85 Encapsulated within the cavity 

Laccase PDMS-b-PMOXA91 Encapsulated within the cavity 

Lactoperoxidase PDMS-b-PMOXA69 Encapsulated within the cavity 

L-asparaginase PMPC-b-PDPA and PEO-b-

PBO,92 PEG-b-PHPMA93 

Encapsulated within the cavity 

Lipase PMOXA-b-PDMS-b-PMOXA94 

 

Encapsulated within the cavity 

Luciferase PDMS-b-PMOXA95 Encapsulated within the cavity 

Melittin PDMS-b-PMOXA69 Incorporated within the 

membrane 

Outer membrane 

protein F from E. coli 

(OmpF) 

PMOXA-b-PDMS-b-

PMOXA51,96 

Incorporated within the 

membrane 

Penicillin acylase PMOXA-b-PDMS-b-PMOXA96 Encapsulated within the cavity 

β-galactosidase carbohydrate-b-PPG82 Encapsulated within the cavity 

Soluble guanylyl cyclase PMOXA-b-PDMS-b-PMOXA85 Encapsulated within the cavity 

Trypsin PMPC-b-PDPA97 Encapsulated within the cavity 

Tyrosinase PDMS-b-PMOXA98 Encapsulated within the cavity 

Urate oxidase PMOXA-b-PDMS-b-PMOXA83 Encapsulated within the cavity 
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1.3 Polymersomes designed for biomedical applications 

 

Ever since their conception in 1994,5 polymersomes with diverse physicochemical properties 

and cargo have been developed for a plethora of biomedical applications. This section aims to 

provide the reader with an overview of such applications, including some noteworthy 

examples that intent to highlight their diverseness. 

 

1.3.1 Delivery systems 

 

Polymersomes are appealing candidates when it comes to designing therapeutic delivery 

systems for reasons elaborated above. Polymer nanosystems have been developed to date for 

imaging, theranostic and therapeutic purposes.26 For example, prepared for cellular imaging, 

quantum dots were encapsulated in PDMS-b-PMOXA polymersomes.70 Compared to the 

respective liposome counterparts, they exhibited higher stability, as they did not release the 

cargo in the cytoplasm. Taking advantage of both the hydrophobic membrane and the 

hydrophilic lumen, PiB-b-PEG polymersomes were equipped with a fluorescent probe in their 

membranes and a second in the aqueous cavities (Figure 1.5A).72 These polymersomes, 

prepared for dual fluorescent imaging remained intact and active 96 h postinjection in 

zebrafish embryos and were not excreted, degraded or cause any animal death. Going a step 

further, a theranostic system can be established, offering diagnosis and treatment 

simultaneously.37 A prominent example includes PEI-b-PDLLA polymersomes developed for 

neuronal restoration treatment trackable by magnetic resonance imaging (MRI).99 

Superparamagnetic iron oxide nanoparticles (SPIONs) and the siRNA targeting the Nogo-66 

receptor (NgR) gene were encapsulated in these nanocompartments and when tested on an 

acute ischemic stroke rat model, they promoted a better recovery than the control group. 
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Figure 1.5. Representative examples of polymersome-based delivery systems. (A) Dual fluorescence 
of polymersomes for optical imaging. Adapted with permission from reference.72 (B) Galactose-
decorated reduction-sensitive polymersomes for active loading and intracellular delivery of proteins. 
Adapted with permission from reference.49 

 

In regards to therapeutic delivery systems, there are numerous examples of nanosystems 

developed either for small molecule delivery or biologics (e.g. enzymes).5,78,79,100 Profiting from 

the different segments of polymersomes, drug nanocarriers made of a mixture of PEG-b-PLA 

or PEG-b-PCL with PEG-b-PBD were able to simultaneously carry the anticancer drugs 

paclitaxel (in the hydrophobic membrane) and doxorubicin (in the aqueous lumen), leading 

to growth arrest and shrinkage of rapidly growing tumors in nude mice.101 On the other hand, 

polymer vesicles can be engineered for delivery of larger biologic molecules, such as proteins. 

Chimeric polymersomes made of precisely mixing the block copolymers PEG-b-PCL-b-PDEA, 

Gal-PEG-b-PCL and PEG-SS-PCL were loaded with either bovine serum albumin, ovalbumin, 

or cytochrome c (Figure 1.5B).49 Attributed to their response in a reductive environment, 

proteins were released from the polymersomes in the presence of dithiothreitol. Particularly 

in the case of cytochrome c, its targeted intracellular delivery and release in HepG2 

hepatocellular carcinoma cells resulted in a cell viability of about 31.5%, indicating the 

therapeutic potential of this nanosystem. It is noteworthy that when it comes to efficient 

intracellular and targeted drug delivery, numerous stimuli-responsive polymersomes have 

been presented.102 Among the stimuli, pH,103 redox,104 enzymes,105 glucose,106 CO2,107 

temperature,108 light,109 ultrasound110 and electromagnetic field111 triggers are the predominant 

choices.  
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1.3.2  Catalytic nanocompartments 

 

Catalytic nanocompartments have been investigated for their application in nanomedicine in 

areas including detoxification, enzyme replacement therapy or enzyme prodrug 

therapy.26,112,113 For example, HRP-loaded PMOXA-b-PDMS-b-PMOXA CNCs were developed 

as antioxidants, consuming cytotoxic H2O2 in vitro and in vivo (Figure 1.6A).51 The use of 

HRP was expanded in a cascade reaction system for the treatment of gout and oxidative 

stress.83 CNCs were prepared encapsulating either HRP or uricase and tested on kidney-

derived HEK293T cells for their ability to detoxify uric acid, while preventing accumulation of 

H2O2. Similarly, a cascade reaction in situ inside epithelial cells of adenocarcinoma and 

myoblasts served for the production of cyclic guanosine monophosphate (cGMP), a second 

messenger molecule involved in a number of pathologies.85 Inducible nitric oxide synthase and 

soluble guanylyl cyclase were encapsulated in separate nanocompartments, and the 

production of cGMP was monitored by measuring the cytoplasmic calcium levels. The highest 

response was recorded when both of the nanocompartments were present, highlighting their 

potential to influence cell physiology. 

 

 

Figure 1.6. Representative examples of polymersome-based catalytic nanocompartments. (A) 
Detoxifying HRP-encapsulating catalytic nanocompartments, acting as artificial organelles in a 
zebrafish embryo. Adapted with permission from reference51 under CC BY 4.0. (B) Catalytic 
nanocompartments developed for enhanced enzyme prodrug chemo-immunotherapy. Adapted with 
permission from reference.114 

 

When the objective is the specific and local production of drugs, catalytic nanocompartments 

with a number of encapsulated enzymes have been designed.112 For example, carbohydrate-b-

PPG nanocompartments with intrinsically permeable membranes and encapsulated β-

galactosidase (βGal) were able to produce doxorubicin from 5-N-(β-D-

https://creativecommons.org/licenses/by/4.0/
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galactopyranosiylbenzyloxy-carbonyl)-doxorubicin in the selected cell lines and in tumor-

bearing mice.82 Adjusting to the recent trends of combinatorial therapeutic strategies, βGal-

loaded PEG-b-P(PEMA-co-BMA) polymersomes were able to activate DoxGal and 1-cyclo- 

hexyl-2-(5H-imidazo[5,1-a]isoindol-5-yl)ethanol, highlighting the improved therapeutic 

outcome from the simultaneous production of doxorubicin and NLG919 (Figure 1.6B).114 

Although cancer therapy possesses a predominant place in the applications of CNCs, others, 

such as production of antibiotics have also benefited from their development.26 An exemplary 

case is the generation of PMOXA-b-PDMS-b-PMOXA polymersomes equipped with penicillin 

acylase and permeabilized with OmpF.96 These CNCs locally produced and released antibiotics 

and effectively inhibited bacterial growth, expanding the areas of CNCs application. 

 

1.4 Mimics of natural compartments: artificial cells and organelles 

 

Apart from their use in nanomedicinal systems, synthetic compartments have been an integral 

part of bottom-up synthetic biology, offering simplified views on cellular processes.26,32,115,116 

Synthetic cells and organelles have reduced complexity relative to native cells and support our 

better understanding of complex metabolic processes. Insights into the fundamental elements 

that control cellular behavior and function can be developed and greater knowledge of diseases 

and treatment approaches can be acquired. The bottom-up strategy also offers the unique 

opportunity to combine artificial and biological components to create hybrid biological 

systems augmenting certain aspects of living systems. GUVs serve as excellent models for cells 

because of their size similarity and unilamellar membrane structure. Specifically, in the case 

of polymer GUVs, the complexity of natural cell membranes in composition and architecture 

can be achieved.117 For example, for the generation of membrane domains, DPPC was mixed 

with mPEG-b-PCL (Figure 1.7A).118 The generated hybrid GUVs were characterized by 

DPPC-rich and block copolymer-rich phase-separated domains, indirectly influencing the 

mechanical and permeability properties of the membrane. Moreover, natural membranes are 

constantly being remodeled in a dynamic process, enabling the adaptation of cells to their 

current environment.119 Such a procedure was demonstrated in asymmetric PBD-b-

PEO/POPC membranes, where the trans-bilayer migration of amphiphilic molecules lasted 

around 7.5 h, comparable to lipid vesicles.30 
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Figure 1.7. Representative examples of cell mimics to study cellular aspects. (A) Hybrid GUVs with 
phase-separated domains stained via fluorescein isothiocyanate (FITC, green) and Liss Rhod PE 
(red). Adapted with permission from reference118 under CC BY 4.0. (B) Schematic representation of a 
subcompartmentalized artificial cell containing reduction sensitive artificial organelles for triggered 
enzymatic activity and ion channel recruitment. Adapted with permission from reference.120 

 

Most cellular systems are compartmentalized across several length scales and sub-

compartments, i.e., organelles are essential to spatially separate processes within cells.121 

Using multicompartmental vesicles, supramolecular assemblies with hierarchical 

organization, increased complexity, and subcompartments can be created. For example, PS-

b-PIAT catalytic nanocompartments were loaded in PBD-b-PEO artificial cells performing a 

three-enzyme cascade reaction.122 Such an artificial system aimed to investigate how cellular 

reactions or interactions take place and understand how the complexity of eukaryotic cells is 

established. Multicompartmental GUVs formed by the encapsulation of responsive 

nanoparticles loaded with biomolecules inside GUVs is another exemplary study (Figure 

1.7B).120 The nanoparticles were loaded with either enzyme substrates or biopores and 

disassembled in the presence of dithiothreitol, thus releasing the nanoparticles’ cargo. The 

release of the substrates triggered their catalysis by coencapsulated enzymes, while the release 

of the ion channels (gramicidin) allowed them to integrate into the vesicle membrane, 

inducing controlled permeabilization. Using this approach, a multicompartment cellular 

system was created that was able to change membrane permeability upon external signals, a 

process naturally occurring in neurons. It is therefore highlighted that synthetic vesicles, 

accompanied by their characteristics, advantages and functionalities are strong candidates not 

only for direct biomedical applications, but also for the development of natural mimics 

investigating the fundamentals of life, cellular processes and diseases. 

  

https://creativecommons.org/licenses/by/4.0/
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2. Aim of the Thesis 
 

The aim of this thesis is the development of polymersome-based nanocompartments as the 

means towards advanced drug delivery and production systems, as well as integrated organelle 

mimics by implementing the above-mentioned strategies. The below-presented nanosystems 

are composed of PDMS-PMOXA diblock copolymers, while the encapsulated, inserted and 

functionalized synthetic and biological molecules are carefully selected depending on the 

target application. In their larger conception, these nanocompartments compose a versatile 

platform envisioned to be utilized and modified for novel biomedical applications. 

To engineer a novel, stimuli-responsive, drug delivery nanosystem, we generated 

polymersome-based, drug-loaded nanocarriers bearing a synthetic, light-activated molecular 

motor (Chapter 3). To overcome one of the major drawbacks of photoresponsive systems, we 

employed synthetic molecular motors entrapped in the hydrophobic membrane, able to be 

activated by low-power visible light. We investigated the morphological changes of the 

polymersomes as a function of the inserted, activated molecular motor and evaluated the cargo 

release profile over sequential cycles of light irradiation. We further monitored the cytotoxicity 

and efficiency of our photoresponsive nanosystem to deliver the FDA-approved drug 

pemetrexed in a lung carcinoma cell line, highlighting the advantages, novelty and potential it 

represents in the field of smart drug delivery. 

Aiming to propose an innovative way to counteract drug metabolism, we developed enzyme-

loaded catalytic nanocompartments able to invert a glucuronidated drug metabolite towards 

its active form (Chapter 4). Motivated by the adverse effects of rapid glucuronidation of drugs, 

we proposed an unparalleled platform of local reactivation of drug glucuronides. Catalytic 

nanocompartments encapsulating β-glucuronidase, the enzyme responsible for cleaving the 

glucuronide moiety were permeabilized with the pore-forming peptide melittin and evaluated 

for their activity. Michaelis-Menten kinetic analysis was performed to provide a deeper 

understanding of the mechanism of action of the encapsulated enzyme in solution and in cell 

culture medium. Our catalytic nanocompartments were further tested for their uptake, 

cytotoxicity and activity in a hepatocellular carcinoma cell line owing to the relevance and 

applicability for their envisioned biomedical application. 

To offer a novel approach in the field of drug synergism and related areas, we engineered 

advanced glycooligomer-decorated, dual enzyme-loaded catalytic nanocompartments for 

targeted, parallel enzymatic reactions (Chapter 5). To achieve synergism, the encapsulated 

enzymes, β-glucuronidase and glucose oxidase were carefully selected for the design of parallel 

reactions aiming to: 1. produce an active drug from a prodrug form, while 2. inducing cell 
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starvation and generating cytotoxic H2O2 by glucose consumption. The catalytic activity of the 

nanocompartments was enabled by melittin induced pores allowing for molecular through-

flow. Aiming for targeting the mannose-binding receptors, glycooligomer tethers consisting of 

eight pendant mannose units were used for decorating their outer membranes. Their enzymatic 

activity was investigated in cell culture medium, rich in glucose and the glucuronide form of 

hymecromone. As a proof of concept, we co-cultured of two cell lines with different mannose-

binding receptor expression profiles and evaluated our nanosystem for their cell-specific 

targeting potential and enhanced internalization. To provide evidence of its applicability and 

activity, we assessed the levels of cell viability when both hymecromone and H2O2 were 

produced by our catalytic nanocompartments, paving the way for new strategies not only in 

combinatorial cancer therapy, but also in enzyme-based therapies. 

To expand and enrich the field of bottom-up synthetic biology, polymersome-based artificial 

organelles with varying functionalities were integrated in artificial cells towards the formation 

of photoreceptor mimics (Chapter 6). Chemo-, photoresponsive and catalytic artificial 

organelles were encapsulated in micrometer-sized artificial cells, creating advanced 

compartmentalized systems. Their fine-tuned response to calcium input was evaluated by 

encapsulating a calcium sensitive dye, while their response to visible light irradiation by the 

release of cargo regulated by the activation of a synthetic molecular motor. Catalytic artificial 

organelles were based on melittin-permeabilized polymersomes loaded with β-galactosidase, 

able to catalyze the conversion of fluorescein-di-β-D-galactopyranoside to fluorescein. 

Increasing the level of complexity towards establishing intra- and intercellular communication 

in photoreceptor mimics, photoresponsive and catalytic artificial organelles were 

encapsulated in the same or different artificial cells. Similar to nature, we investigated the 

effect of calcium on modulating the signaling propagation in our artificial synapse, 

contributing to our knowledge of cellular communication, broadening the spectrum of 

potential applications and inspiring the development of a wider range of organelle and cell 

mimics. 
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3. Synthetic Molecular Motor-bearing Polymersomes 

for Intracellular Drug Delivery 

 

This chapter describes the design of a polymer-based delivery system for intracellular drug 

release on demand. A PDMS-b-PMOXA diblock copolymer combined with a hydrophobic 

synthetic molecular rotary motor create a responsive self-assembled system with high 

spatiotemporal control and tunable release profiles. The delivery of a fluorescent dye with 

high efficiencies (up to 75%) and with an on demand on/ off responsive behavior over 

sequential cycles was triggered by the selective activation with low-power visible light (λ = 

430 nm, 6.9 mW) of the successfully incorporated motor. Our stimuli-responsive system was 

further tested under relevant physiological conditions using the lung cancer cell line A549 

and the encapsulation of pemetrexed, a Food and Drug Administration (FDA)-approved 

drug. As shown by the similar levels of cell viability compared to the free given drug, our 

platform successfully delivered pemetrexed, highlighting its potential to deliver functional 

drugs on request with high efficiency. Our system is an important step for the application of 

synthetic molecular machines in the next generation of smart delivery systems, aiming to 

enrich and broaden the field, as well as provide solutions to current hurdles of nanomedicine. 
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3.1 Introduction 
 

Drug delivery systems are one of the most established fields of nanomedicine.123–128 These 

engineered at a molecular level nanocarriers allow the transportation of toxic compounds, 

change the uptake route of drugs and maximize their efficiencies by decreasing their dosages 

and increasing their bioavailability.129–131 Since the FDA approval of the first 

nanotherapeutic,132,133 the field of drug delivery rapidly has evolved and is now recognized as 

a prominent field of science.134–136 Originated from their biocompatibility and cost-

effectiveness, lipid-based nanosystems were the first developed drug nanocarriers.137–139 

However, hurdles associated with low stability, high polydispersity and limited potential for 

surface modification have been overcome by polymer-based nanosystems.137–139 Such systems 

show higher stability, tunability, robustness and modular chemistry, allowing the field to 

address unmet medical needs.6,135,140–142 

Stimuli-responsive delivery systems have emerged in recent years as a promising approach to 

better control the administration of drugs.124,143–145 Upon the receiving of external stimulus 

(e.g. pH,146 temperature,147 magnetic148 or electrical149 field, ultrasound150), a physical or 

chemical transformation of the system triggers the precise delivery of the medicine.151  In 

relation to these stimuli, light can be better focused and regulated, allowing for higher 

temporal and spatial control together with a deep penetration and a low toxicity in the human 

body (provided that visible or infrared wavelengths are used).152 Photoswitches are molecules 

that undergo conformational changes upon irradiation and therefore, have been widely 

utilized in light-actuated drug delivery.153 However, light-responsive delivery systems have yet 

to make it into clinical trials due to several limitations.154 These include poor control over drug 

release,155 need of high concentrations of potentially toxic photoresponsive units156–158 and use 

of ultraviolet light.159 Most of the photoswitches are activated by UV light, which suffers from 

limited penetration and high ionizing toxicity within the body.160 

Light-driven synthetic molecular motors have emerged from chiroptical molecular switches 

and offer a more controlled motion.161 These molecules fulfill three basic requirements of a 

motorized machine: a complete 360° unidirectional rotation, repetitive motion, and energy 

consumption.161,162 The first molecules reported to undergo photochemically powered 

unidirectional rotation across a double bond were overcrowded alkene motors.163 In recent 

years, the field has rapidly evolved, making it possible to adapt the molecular design to a broad 

range of applications, including actuators, mechanically dynamic responsive materials, 

surfaces, and artificial muscles.164–167 
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In this study, our exemplary approach is to incorporate a light-driven molecular motor into a 

PDMS25-b-PMOXA10 diblock copolymer delivery system and showcase the potential 

therapeutic use of this first-of-its-kind system (Figure 3.1). Owing to the continuous rotation 

of molecular motors, we envision to obtain a higher degree of control and enhanced delivery 

efficiencies. As opposed to switches, we expect that by generating effective mechanical work 

to progressively drive the multicomponent system out of equilibrium. A more efficient system 

with lower quantities of the responsive unit is anticipated to reduce the cost and toxicity of the 

delivery system without compromising its responsive behavior. Its practice in medical setups 

(e.g. by clinical lasers) is hence facilitated by the use of a single wavelength of visible light. 

Here, visible-light responsive polymersomes were designed based on a rotary molecular 

motor. We report their physicochemical characterization, along with the cargo release under 

irradiation when loaded with a fluorescent dye. Furthermore, we explore the potential of our 

approach for therapeutic applications. Specifically, we evaluate the delivery and cellular effects 

of our system in a lung carcinoma-derived model when encapsulating the hydrophilic drug 

pemetrexed (PEM) in our polymersomes. Although PEM was used as a proof of concept, 

potential encapsulation and subsequent release of other therapeutically relevant molecules 

will highlight not only its applicability and importance, but also novelty. 

 

 

Figure 3.1. Chemical structure of the PDMS25-b-PMOXA10 diblock copolymer and molecular motor 
MM2 (Top). Schematic representation of the vesicular system and magnification region of the 
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multicomponent motor-block copolymer assembly in the bilayer of the delivery system (Bottom). 
(MM2 not to scale). 

 

3.2 Results and Discussion 

 

3.2.1 Formation and Characterization of Synthetic Molecular Motor-bearing 

Polymersomes – Morphological Changes Under Light Irradiation 

 

For the formation of synthetic molecular motor-bearing polymersomes, we chose the 

amphiphilic diblock copolymer poly(dimethylsiloxane)25-block-poly(2-methyl-2-oxazoline)10 

(PDMS25-b-PMOXA10). This polymer has already shown to be promising for several biological 

applications due to its low toxicity, stability, and protective effect on enzymes against protease 

degradation.168,169 For achieving precise control of the opening of the polymersomes, we 

envisioned to incorporate a synthetic, light-responsive, dibromomolecular motor (MM2) into 

the hydrophobic domain of the block copolymer membrane (Figure 3.1). A self-assembly of 

the motor-bearing polymersomes was achieved by the film hydration method to obtain 

vesicles of ~150 nm diameter and a ~9 nm bilayer membrane thickness, as indicated by 

cryogenic transmission electron microscopy (cryo-TEM, Figure 3.2A, B, see Figure 10.1, 

Table 10.1 in Appendix). 

 

 

Figure 3.2. Morphological characterization of polymersomes. (A) cryoTEM image of empty PDMS25-
b-PMOXA10 polymersome. (B) cryoTEM image of PDMS25-b-PMOXA10 polymersome containing 25 
mol% MM2 (Ps_MM2). (C) Size distribution of Ps_MM2 measured by DLS. 

 

Dynamic light scattering (DLS) was used to verify the presence of vesicles and to obtain 

information about their hydrodynamic diameter (Dh, Figure 3.2C). Static light scattering 

(SLS) revealed the radius of gyration (Rg) and the DLS profile the hydrodynamic radius (Rh). 
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The Rg/Rh or shape parameter ρ was around 1, which corresponds to spheres (see Figure 10.2 

in Appendix).170 By measuring their z-potential, a slight increase in their net charge was 

observed with increasing molecular ratios of MM2, indicating its incorporation (see Table 

10.2 in Appendix).171 Their colloidal stability was also confirmed, as no aggregation was 

observed during the characterization process. The insertion of MM2 did not affect the size of 

the polymersomes significantly, and was successful in all molecular ratios studied (0.5 to 50 

mol%, see Figure 10.3A-H in Appendix) with a mean encapsulation efficiency (%) of 74.57 

± 18, assessed by UV spectroscopy after purification of the samples by size exclusion 

chromatography (SEC) (see Table 10.3 in Appendix). The saturation content of MM2 was 

found to be 25 mol% (see Figure 10.3I in Appendix). As the maximum absorbance of MM2 

is located at 400 nm and is directly proportional to MM2 content, the plateau phase can be 

detected, if the absorbance is followed at this value.172 The structural and functional stability 

of PDMS25-b-PMOXA10 polymersome systems has been deeply studied in physiological 

conditions for up to 6 months.98 As combination of the system with MM2 had not been done 

before, and we carried out stability studies accordingly. Samples were found to be structurally 

stable for over a week (see Figure 10.4A in Appendix) and up to 6 months when stored at 4 

°C in the dark (see Figure 10.4B in Appendix). 

Small-angle X-ray diffraction (SAXS) was used to further evaluate the incorporation of MM2 

inside the polymer bilayer (Figure 3.3A, B). Intensity oscillations in the q-range 0.2 to 2 nm−1 

are related to the thickness and the electron density profile of the polymersome membrane 

(Figure 3.3A). The position of the oscillations does not shift upon motor incorporation, 

suggesting that the membrane thickness does not change between the empty (EPs) and the 

MM2-bearing polymersome (Ps_MM2). Remarkably, the amplitude of the oscillation 

changes, indicating change of the difference between the electron density of the inner and the 

outer part of the bilayer membrane (Figure 3.3A). The SAXS profiles were fitted using a 

model for a spherical polymersome with a bilayer membrane with Gaussian electron density 

profiles.173 Since the size of the polymersome is outside of the measured q-range, it was kept 

fixed to 200 nm in agreement with the transmission electron microscopy (TEM) observations. 

In agreement with the molecular structure, the PDMS layer shows a lower scattering length 

density with respect to water, while the PMOXA layers have higher scattering length density 

(Figure 3.3B).174 As expected, the PMOXA layers are substantially swollen by water, showing 

a scattering length density sensibly lower than the expected bulk value. The distance between 

the centres of the PMOXA outer layers is calculated to be 9 nm, in close agreement with the 

wall thickness observed by TEM. The system with MM2 shows a clear increase of the electron 

density of the inner membrane layer, confirming the successful incorporation of the motor in 

the hydrophobic PDMS layer. 
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Figure 3.3. SAXS measurements and insertion of MM2. (A) SAXS intensity profiles for EPs and 
Ps_MM2 systems, along with the fitted curves. (A) Extracted X-ray scattering density profiles. The 
dashed line represents the expected values for the bulk PMOXA and PDMS layers. The 0 value is placed 
in the center of the inner polymersome layer. 

 

The absorption spectra of the MM2-bearing polymersomes change under irradiation with 

visible light (Figure 3.4A). A characteristic exponential decay (200 to 250 nm) indicates the 

presence of polymersomes and the spectral change of the MM2 absorption peak (λmax = 405 

nm) corresponds to the successful photochemical E-Z isomerization and thus the rotation of 

the molecular motor inside the polymersomes. In short, overcrowded alkene molecular motors 

are able to undergo unidirectional rotation across the central double bond when irradiated 

with light. The 360° rotation cycle is possible as the molecule undergoes four sequential steps 

in an overall unidirectional manner.162 The process is characterized by two photochemical E-

Z isomerizations each followed by a thermal helix inversion step that brings the system back 

to the initial state, resulting in continuous motion as long as there is a photon supply. 
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Figure 3.4. Morphological changes of polymersomes upon MM2 insertion and activation. (A) Visible 
light (30 s, λ = 420 nm, 6.9 mW) irradiation of aqueous solution of polymersome with 10 mol% MM2. 
Inset showing the MM2 absorption peak changes due to light irradiation and the isosbestic point, as 
indication of selective E-Z isomerization across the double bond. (B) NTA concentration size 
distribution of non/irradiated vesicles. (C) Change in the concentration of EPs and Ps_MM2 after 
irradiation distribution analyzed by NTA. (D) NTA volume size distribution of non/irradiated vesicles. 
(E) cryoTEM image before irradiation. (F) cryoTEM image after irradiation. (G) TEM image after 
irradiation showing two bursted (Top) and two entire polymersomes (Bottom). B-G samples 
containing MM2 at a concentration of 25 mol%. All irradiations were performed under the same 
irradiation conditions (1 min, λ = 420 nm, 6.9 mW). ***indicates statistically significant data (P ≤ 
0.001). 

 

The influence of visible light irradiation on the morphology of polymersomes was also 

evaluated. DLS measurements on control or MM2-bearing vesicles irradiated for 1 min with 
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420 nm light did not show a significant change in their Dh (Figure 3.2A). However, in the 

case of polymersomes containing 25 mol% of MM2, measurements on the sample 

concentration using nanoparticle tracking analysis (NTA) did show a significant decrease in 

the amount of vesicles present, indicating a disruption of particles (Figure 3.4B, C). We also 

observed a change in the homogeneity of size distribution by means of volume denoting a 

population alteration after sample irradiation (Figure 3.4D). Changes in the PDI and 

correlation function intercept of irradiated vesicles were not significant (see Table 10.3 in 

Appendix). To further study the effect of irradiation on the shape and structure of the vesicles 

we analyzed them using TEM and cryo-TEM. Micrographs before irradiation showed the usual 

shape of spherical polymersomes (Figure 3.4E). After irradiating for 1 min with visible light 

(λ = 420 nm, 6.9 mW), an obvious change was observed in all samples containing MM2, where 

a clear bursting of the vesicles can be noticed loss of the three-dimensional structure (Figure 

3.4F). The wrinkled oval-shaped appearance is representative of a three-dimensional nature 

after negative staining, indicating a hollow sphere structure which disappears after irradiation 

(Figure 3.4G). These results are a visible indication of the ability of MM2 to open polymer 

vesicles using exclusively light energy as fuel. 

 

3.2.2 On/Off Release Profile of Calcein 

 

Following the confirmation of morphological changes of our polymersomes under irradiation, 

we next investigated the release profile and how it could be controlled on-demand using light. 

For this reason, calcein was employed as a fluorescent probe as its release is often used in 

vesicular systems due to its self-quenching fluorescence behavior.175 Polymersomes loaded 

with a calcein concentration above the self-quenching value exhibit nonfluorescent values. 

Only when release occurs from the vesicles, the concentration drops, mixing with the calcein-

free environment, and fluorescence starts to increase (Figure 3.5A). By measuring the 

fluorescence intensity before and after sequential irradiations and comparing it to complete 

release (by disrupting the systems by adding 1% EtOH under sonication for 15 min), the release 

percentage can be determined over time. All polymersomes (with/without MM2) were loaded 

with 20 mM calcein solution in phosphate buffered saline (PBS) with an average encapsulation 

efficiency of 67 ± 2%, still in the self-quenched regime (see Figure 10.5 in Appendix). 

Samples were subjected to the same irradiation setup; an initial fluorescence measurement 

was taken before any light exposure. All polymersome solutions were then irradiated for 1 min 

with visible light (λ = 420 nm, 6.9 mW) and another measurement was performed. 

Subsequently, polymersome solutions were kept in the dark for 30 min to evaluate release 
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kinetics and a final measurement was taken before irradiating again. This process was 

repeated during three irradiation cycles (Figure 3.5B). 

 

 

Figure 3.5. Calcein release studies upon light irradiation. (A) Self-quenching behavior of calcein dye 
and induced light-release from polymersome vesicles. (B) Percentage of calcein release during 
sequential irradiations over different concentrations of MM2. Yellow bars indicate the period when 
samples are under irradiation conditions. Data points show the mean ± SD of three independent 
experiments. (C) Percentage of calcein release after the first irradiation (light) and the third (dark) 
for each of the different conditions. **** indicates statistical significance with P <0.0001. 

 

Calcein-loaded polymersomes without MM2, the light-responsive unit, did not show a 

significant release at any time point during the sequential irradiations, as expected (Figure 

3.5B). For calcein-loaded polymersomes containing 1, 5 and 25 mol% of MM2 the first 

irradiation event triggered the largest release content, up to 21, 24, and 52%, respectively. 

Subsequent irradiations were able to increase the release by ~18% each. Most interestingly, 

release was completely suppressed when stopping the light input, showing that no vesicles 

were bursting without irradiation. A small decrease in the release can be attributed to 

bleaching of the released dye when keeping the samples in the dark for 30 min after 
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irradiation. Release was increased by 37%, 29%, and 42% with 1, 5, and 25 mol% of MM2, 

respectively, between the first and third cycle (Figure 3.5C). Total release after three 

irradiations was found to be highly effective for 25 mol% MM2 samples (around 75%). 

Notably, even with low concentration of the molecular motor, such as 1 mol% MM2, a 

significant release of around 30% was observed. A sustained release over time was also 

achieved by constant irradiation of polymersomes with 25 mol% of MM2 (see Figure10.6 in 

Appendix) demonstrating a control on the release behavior by manipulating the irradiation 

conditions. These results establish not only a competent release for small guest molecules 

encapsulated in the vesicles with very small amounts of light-responsive motor, but also a 

precise temporal control on the release behavior being able to switch the system on and off on 

demand. 

 

3.2.3 Pemetrexed Delivery in Cells 

 

The potential of MM2-bearing polymersomes to function as a drug delivery system was 

investigated in cells. PEM is a drug approved for the treatment of pleural mesothelioma and 

nonsmall cell lung cancer.176 However, due to its high hydrophilicity and polarity, strategies to 

increase its permeability and bioavailability have been developed.177–179 In our model approach 

for a light-controlled delivery system, PEM was encapsulated in the aqueous cavity of 

polymersomes equipped with the synthetic molecular motor (Ps_MM2_PEM). The drug 

encapsulation efficiency was calculated at 43 ± 7% based on SEC (see Figure 10.7 in 

Appendix). Subsequently, we explored the effects of irradiation on cells with or without drug 

treatment. Adenocarcinomic human alveolar basal epithelial cells (A549) were incubated with 

PEM (5 µM) or the respective amount of PBS and were irradiated at 430 nm for 1 min. In the 

conducted experiment it was shown that the irradiation by itself had no effect on cell viability 

(Figure 3.6A) As expected, exposure of nonirradiated A459 cells to PEM reduced cell 

viability to about 60% (P < 0.00001). 
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Figure 3.6. Cell viability studies upon light irradiation and drug delivery. (A) Cell viability as 
percentage of irradiated (λ = 430 nm, 1 min) and nonirradiated A549 cells incubated with only PBS 
(control), 5 μM PEM and supernatant of irradiated Ps_MM2_PEM (5 μM PEM). (B) Cell viability as 
percentage of irradiated (λ = 430 nm, 1 min) and nonirradiated A549 cells incubated with only PBS 
(control), EPs, Ps_MM2, Ps_PEM and Ps_MM2_PEM. Graph shows mean ± SD of three independent 
experiments. Statistically significant data (****, ***, ** equivalent to a P ≤ 0.0001, ≤ 0.001 and ≤ 0.01, 
respectively). 

 

However, no further reduction was observed when PEM-treated cells were irradiated, even 

after 24 h of incubation (P = 0.00042) (Figure 3.6A). To evaluate the drug release from 

Ps_MM2_PEMs and its efficacy, Ps_MM2_PEMs that were irradiated at 430 nm for 1 min 

were centrifuged to remove ruptured membranes, and the supernatant was used for the 

incubation with cells. Based on the encapsulation efficiency and the calcein release studies, we 

calculated the final PEM concentration to match the free-drug-treated cells at 5 µM. 
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Consistent with this observation, the viability of cells treated with Ps_MM2_PEM supernatant 

was also reduced to 60% (P < 0.000001) (Figure 3.6A). 

After establishing the effects of irradiation and PEM on cell viability, we incubated A549 cells 

with intact polymersomes for 24 h. Polymersomes with PDMS and PMOXA domains have 

been previously shown to be internalized by cells and preserve their integrity for up to 48 

h.169,180 The following day, extracellular polymersomes were removed by washing and cells 

irradiated at 430 nm for at least 1 min. After a subsequent 24 h incubation, the cell viability 

was assessed (Figure 3.6B). Compared to irradiated cells lacking polymersomes, cells 

containing Ps_MM2_PEM showed a decrease in cell viability to 60% in response to 

irradiation, as was observed for cells treated with free PEM (P = 0.00029). In the case of cells 

incubated with EPs, Ps_MM2, and Ps_PEM, cell viability was not significantly decreased, 

irrespective of irradiation. Taken together, these findings indicate that neither the polymer 

(EPs) nor the synthetic molecular motor entrapped in the hydrophobic domain of the polymer 

membrane (Ps_MM2) are cytotoxic at the concentrations used for polymersome assembly.169 

The structural integrity of polymersomes within cells is evidenced by the lack of decrease in 

cell viability in the case of PSs_PEM and PSs_MM2_PEM nonirradiated. More importantly, 

cytotoxicity of Ps_MM2_PEM is dependent on irradiation, inducing a conformational change 

of membrane-embedded synthetic molecular motors, which in turn causes the membrane to 

disrupt and release PEM. Based on previous studies and the mechanism of action of PEM, we 

consider that the polymersomes internalized by cells preserve their integrity in the cytoplasm 

where they release their hydrophilic cargo upon irradiation.180,181 These experiments with 

A549 carcinoma cell line and the molecular motor-based vesicles Ps_MM2_PEM show that 

the presence of molecular motor and light irradiation are necessary to promote drug release 

and raise the potential of such systems to be investigated in larger context . 

 

3.3 Conclusions 

 

For the first time, we demonstrate the use of synthetic molecular motors in a stimuli-

responsive polymer-based drug delivery system. In our model, the unidirectionality and 

continuous rotation of the molecular motor provides a high spatiotemporal resolution and 

control on the release profile. The release of calcein was precisely turned on and off by our 

system during sequential irradiations using light as the only stimulus. An efficient release from 

the polymeric vesicles was observed after the irradiation cycles (>75% with 25 mol% of MM2) 

using low-power visible light (λ = 420 nm, 6.9 mW). Remarkably, the fluorescent probe was 

also released when using minimal concentrations of photo-responsive units (30% release with 
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1 mol% of MM2). Furthermore, our system was tested under relevant physiological conditions 

and successfully functioned as a drug delivery system of the chemotherapeutic agent 

pemetrexed in a A549 lung carcinoma cell line. Similar levels of cell viability were observed 

compared to free-given drugs showing the potential of our system to deliver functional drugs 

on demand with the same efficiency and lower toxicity. We also proved that neither the 

polymer vesicles, the irradiation setup or the molecular motor content used in our experiments 

induced any kind of cytotoxicity to the living cells. Summarizing, molecular motors- 

containing polymersomes were able to release drugs on-demand using low-power visible light 

together with the low toxicity. We envision that our exemplary system will facilitate in 

broadening the next applications of stimuli-responsive compartments in the development of 

smart delivery systems. Given the modularity of our nanocompartments, various fields of 

nanomedicine could benefit from such a design. Our responsive, pemetrexed-loaded 

nanocompartments could be employed in a more efficient treatment of mesothelioma and 

non-small-cell lung cancer. In addition, by strategically choosing the encapsulated therapeutic 

molecules, the respective cancer types could be targeted or expand the potential of our 

nanosystem to an on-demand release of antimicrobial agents. Finally, with the use of synthetic 

molecular motors responding to different wavelengths, greater selectivity and tissue 

penetration could be achieved.  
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4. Catalytic Nanocompartments for in situ Inversion 

of Glucuronidated Drugs 

 

In this chapter, we study the formation of a nanocompartment-based system for inverting 

drug glucuronidation using hymecromone as a model therapeutic. Glucuronidation is the 

main metabolic process responsible for the rapid elimination of drugs from the body and 

short half-life circulation times. Herein, we propose synthetic catalytic nanocompartments 

(CNCs) cleaving the glucuronide moiety from the metabolized form of the drug 

hymecromone and converting it to the active drug. The catalytic nanocompartments shield 

β-glucuronidase in their inner cavity, where it catalyzes the conversion of the hydrophilic 

hymecromone–glucuronide conjugate to hymecromone. The diffusion of the substrates and 

products is facilitated by the pore-forming peptide, melittin in the synthetic membrane of 

CNCs. Our CNCs are readily taken up by HepG2 cells, where they produce the drug in situ 

over 24 hours. Our nanosystem, which locally reverts a drug metabolite into its active form 

is expected to introduce a new perspective in the field of metabolism and a new approach in 

the design of therapeutics that aim at prolonging the residence time of a drug. 
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4.1 Introduction 

 

Living organisms use metabolism for the biotransformation of endogenous and exogenous 

substances, such as drugs. The hydrophilic derivatives that are created during the metabolic 

processes are rapidly excreted and eliminated from the body.182 Drugs with shorter half-life 

often tend to act quickly with their effects wearing off rapidly. As a result, more frequent 

administrations or higher doses are needed which can lead to abuse of these compounds and 

even addiction.183,184 Therefore, altering the pharmacodynamic and pharmacokinetic 

parameters of rapidly metabolized drugs is the focus of intense research. One state-of-the-art 

approach involves drug delivery systems that offer a more controlled and/or targeted drug 

delivery.185–187 Although these systems were shown to enhance the biodistribution, 

pharmacokinetics, stability and solubility of the active compounds, limitations concerning low 

drug loading capacity, toxicity and environmental concerns remain.188,189 

These limitations can be overcome by developing enzyme-loaded nanocompartments able to 

convert prodrugs into drugs, in order to achieve a spatiotemporally controlled drug 

production.82,90,96,112 These biosynthetic nanocompartments protect the encapsulated enzymes 

from their surroundings, leading to prolonged activity and less immunogenicity.81,113,190 

Polymer-based compartments offer several advantages over liposomes,6,168 such as enhanced 

mechanical and colloidal stability,191 tuneable permeability192 and stimuli responsiveness, 

when appropriately selected.193,194 In order to improve their properties, e.g. toxicity or stability 

against degradation, enzyme biopharmaceuticals have been encapsulated in different types of 

nanocompartments.195 Encapsulation of L-asparaginase (ASNase) in polyion complex vesicles 

(PICsomes)196 or in permeable, asymmetric polymersomes92 are indicative examples. When 

systemically injected into mice, ASNase PICsomes exhibited sustained conversion of L-

asparagine in the blood stream due to their prolonged blood circulation compared with free 

ASNase.196 In contrast to this study, in which the enzyme itself was the therapeutic, 

encapsulation of β-galactosidase in carbohydrate-b-poly(propylene glycol) derived vesicles 

(CAPsomes) afforded the conversion of a co-administered prodrug into an active compound, 

while protecting the enzyme from degradation.82 Advances in nanocompartments designed for 

enzyme replacement therapy,196–198 cancer treatment82,90 and other in vitro and/or in vivo 

applications89,96,199 have increased the interest and research in the field. Inverting metabolic 

inactivation of a drug in situ is a novel concept that has yet to be explored. 

Hymecromone or 4-methylumbelliferone (4-MU) is an inhibitor of hyaluronan synthesis and 

primarily used as a drug in bile therapy.200 Recently, its effectiveness in treating cancer,201 type 

1 diabetes202 and COVID-19203 is being explored. Glucuronidation of hymecromone to 4-

methylumbelliferyl glucuronide (4-MUG) rapidly takes place in the liver.204 As a result, its 
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poor pharmacokinetics and quick elimination from the body (oral bioavailability < 3%, t½ = 

28 min) may rise the daily administered hymecromone dose up to 2400 mg and was thus 

selected as our model drug.201,205,206 

In this study, we developed catalytic nanocompartments (CNCs) based on polymersomes 

rendered permeable by melittin biopores that confine β-glucuronidase (GUS) in their cavity. 

The design of these catalytic nanocompartments is based on the catalysis of a pro-drug or 

metabolite from its glucuronide form to the active compound in vitro and in cells (Figure 

4.1). Our choice of encapsulating bacterial GUS was endorsed by its ability to cleave the 

glucuronide moiety from a variety of molecules under a broad range of conditions (pH 5.5-7.8 

and temperatures up to 60 °C).207–209, while exploring the production of model, active 4-MU 

from the glucuronide conjugate 4-MUG which is the main 4-MU metabolite found in the 

body.210 

Known for their stealth properties, non-toxicity, and biocompatibility, 

poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) (PDMS-b-PMOXA) amphiphilic 

block copolymers were used for the self-assembly of our polymersomes.168,211 Meanwhile, a 

porous membrane was critical to our CNC design, facilitating the diffusion of substrates and 

products to and from the nanocompartments’ GUS-containing cavities.69,83,95 Hence, we 

generated polymersomes by self-assembly of PDMS25-b-PMOXA10, a diblock copolymer where 

its short block lengths aid the insertion of melittin, leading to membrane 

permeabilization.69,95,212 Here, we report the physicochemical characterization of CNCs and 

their enzymatic efficiency in phosphate buffered solution (PBS) and cell culture medium. 

Exploring their potential for therapeutic applications, we examined cellular toxicity, uptake 

into cells and their intracellular activity in HepG2 cells, considering the glucuronidation of 

hymecromone mainly occurs in the liver.204 Our CNCs are unique in representing a prototype 

for the locally confined transformation of a prodrug/metabolite to an active compound, 
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providing the example for building such systems for a variety of purposes and making them a 

stepping stone toward a whole new field of biomedical applications. 

 

 

Figure 4.1. Schematic representation of the catalytic nanocompartment containing GUS and its 
enzymatic activity. Melittin pores in the PDMS25-b-PMOXA10 membrane provide a pathway to from 
the compartment interior where β-glucuronidase (GUS) catalyses the production of hymecromone (4-
MU) from its glucuronide conjugate (4-MUG) within cells that have taken up CNCs. 
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4.2 Results and Discussion  

 

4.2.1 Formation and Characterization of CNCs 

 

The choice of the diblock copolymer PDMS25-b-PMOXA10 to generate CNCs was endorsed by 

its short block lengths, resulting in the self-assembly of polymersomes whose thin membrane 

is conducive to the insertion of pore-forming membrane proteins.50,89 In addition, 

polymersomes assembled from block copolymers based on PDMS and PMOXA are 

predisposed for biomedical applications as they have been shown to be non-toxic and 

biocompatible.95,168 In the body, these block copolymers are non-degradable and excreted 

mainly via feces.213 The film rehydration method was selected to form our nanocompartments 

as organic solvents that can adversely affect enzymes and peptides were avoided.57,95 To obtain 

membrane-permeabilized CNCs encapsulating bacterial β-glucuronidase (GUS-melCNCs), a 

thin PDMS25-b-PMOXA10 film was rehydrated with a mixture of enzyme and pore-forming 

melittin in phosphate buffered saline (PBS). Polymersomes containing GUS but lacking 

melittin pores (GUS-CNCs) and polymersomes permeabilized with melittin but lacking 

enzymes (melPSs) were prepared as controls. All CNCs were incubated with proteinase K prior 

to their SEC purification in order to remove non-encapsulated enzyme and melittin where 

applicable.96 

The morphology of our polymersomes was characterized by a combination of light scattering 

(LS), transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA).95 

Dynamic light scattering (DLS) measurements indicated an average diameter of 136 ± 37 nm 

for GUS-melCNCs and 137 ± 37 nm for GUS-CNCs (Figure 4.2A, D). Revealed by the DLS 

profile, the hydrodynamic radius (Rh) and obtained by static light scattering (SLS), the radius 

of gyration (Rg) (see Figure 10.8 in Appendix) are presented in Table 4.1. Typical for the 

morphology of hollow spheres, the Rg/Rh ratio or shape parameter ρ was around 1 (Table 

4.1).95,214 The vesicular nature of the polymersomes was further corroborated by TEM (Figure 

4.2B, E). Polymersome concentration was assessed by NTA measurements which also 

confirmed the narrow size distribution of CNCs (Figure 4.2C, F). Comparison of GUS-

melCNCs with non-permeabilized GUS-CNCs by light scattering techniques, NTA and TEM 

indicated that melittin-induced membrane permeability had no effect on morphology or 

dispersity of the nanocompartments. Similarly, as shown by us and others, the morphology of 

polymersomes harbouring other enzymes was barely affected by enzyme encapsulation.89,95,215 
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Figure 4.2. Characterization of CNCs. Size distribution of (A) GUS-melCNCs and (D) GUS-CNCs 
measured by DLS (black: intensity, yellow: volume, blue: number; curves represent mean ± s.d. of 3 
replications). TEM micrograph of (B) GUS-melCNCs and (E) GUS-CNCs showing the deflated 
structure typical for hollow spheres and the variation in their size. Scale bar: 500 nm. Determination 
of size and respective concentration of (C) GUS-melCNCs and (F) GUS-CNCs by NTA (curves represent 
mean ± s.d. of 3 replications). 

 

Table 4.1 Characterization of GUS-melCNCs and GUS-CNCs. 

 Radius of 

gyration (Rg) 

(nm) 

Hydrodynamic 

radius (Rh) (nm) 

ρ (Rg/ Rh) Concentration 

(polymersomes 

mL-1) 

GUS-

melCNCs 

69 ± 6 68 ± 7 1.01 ± 0.3 

 

(3.5 ± 0.3) × 1012 

GUS-CNCs 62 ± 6 66 ± 2 0.95 ± 0.1 (3.3 ± 0.1) × 1012 

 

The autocorrelation curves of standalone Atto488-labeled GUS and CNCs encapsulating 

Atto488-enzyme were compared to free dye (Figure 4.3A, B). A shift of the diffusion time 

(τD) calculated from the FCS autocorrelation curve of Atto488-GUS to increased values 

indicated the successful labelling of the enzyme (τD of free dye compared to τD of Atto488-

GUS, see Table 10.4 in Appendix), τD of Atto488-GUS being directly correlated to its size. A 

further increase of the diffusion time was observed for Atto488-GUS-melCNCs, indicating the 

successful encapsulation of the enzyme (τD of Atto488-GUS-CNCs compared to τD of Atto488-

GUS, see Table 10.4 in Appendix). By using Stockes-Einstein equation, the respective sizes 

of the nanocompartments were calculated derived from the FCS diffusion times. Their values 
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agreed with the sizes obtained by LS and NTA, indicating that there was no tendency of CNCs 

aggregation (see Table 10.4 in Appendix). 

 

 

Figure 4.3. Encapsulation of GUS in CNCs. Normalized FCS autocorrelation curves (solid lines) of 
(A) GUS-melCNCs and (B) GUS-CNCs for free Atto488 dye (black), Atto488-GUS (blue) and Atto488-
GUS-melCNCs (cyan). Symbols represent raw data and solid lines represent fitted curves. (C) GUS 
calibration curve for the BCA protein assay (R2 = 0.99). 

 

The overall catalytic activity of CNCs largely depends on the amount of enzyme 

encapsulated.83,89,95,96 Therefore, we evaluated the encapsulation of GUS by FCS. Based on the 

molecular brightness of the free fluorophore, Atto488-GUS and Atto488-GUS-melCNCs, we 

calculated that the enzyme was labelled on average with 1 dye molecule, and 2 molecules of 

GUS were encapsulated per CNC. To estimate the number of melittin pores per GUS-melCNC, 

corresponding polymersomes were prepared that lack GUS but are melittin-permeabilized 

(melPSs). The total GUS-melCNC concentration (Figure 4.3C) and the total amount of 

melittin present in the melPSs solution was calculated and correlated with the average number 

of melittin monomers constituting each pore (12), resulting in approximately 200 pores per 

GUS-melCNC.65 According to our previous study on melittin pores in PMOXA-b-PDMS-b-

PMOXA membranes, we expect a pore diameter of at least 1 nm.50 Our data regarding size and 

distribution of GUS containing CNCs, enzyme encapsulation and melittin pore formation are 

in good agreement with other studies addressing nanocompartments self-assembled by film 

rehydration of PDMS-PMOXA block copolymers.50,69,95,216,217 

 

4.2.2 Catalytic Conversion of 4-MUG to Hymecromone 

 

The enzymatic activity of free and encapsulated GUS in solution was evaluated by monitoring 

the conversion of 4-MUG (5 μM) to hymecromone (4-MU) at 445 nm under different 

conditions (Figure 4.4).218 First, we compared GUS activity of free versus encapsulated 
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enzyme in PBS (Figure 4.4A). Upon addition of 4-MUG to free enzyme (Figure 4.4A, blue 

squares), fluorescence associated with the catalytic conversion to hymecromone rapidly 

increased and reached a plateau after about 10 min. In contrast, hymecromone production by 

GUS-melCNCs (Figure 4.4A, cyan circles) constantly increased up to 80 min, and then 

appeared to plateau. A corresponding behavior was reported for other CNCs and is attributable 

to the diffusion time of substrate and product through the (melittin) pores of CNCs.83 

Consistent with this notion, when GUS-CNCs without pores were incubated with 4-MUG, 

fluorescence at 445 nm remained minimal over time (Figure 4.4A, yellow rhombi). This 

highlights the importance of melittin pores as in their absence, the polymer membrane does 

not allow for the passive diffusion of 4-MUG towards the confined enzymes. 

 

 

Figure 4.4. Enzymatic efficiency of CNCs at 37 °C. (A) 4-MUG (5 μM) conversion to 4-MU in PBS, 
(B) in cell culture medium supplemented with 10% fetal bovine serum (FBS), and (C) in PBS (filled 
symbols) and cell culture medium (empty symbols), each supplemented with 10% FBS. Squares 
represent free GUS (24 U mL-1), circles: GUS-melCNCs, rhombi: GUS-CNCs triangles: corresponding 
reaction mix without enzyme. Measurements represent triplicates, symbols might overlap. 

 

Furthermore, the absence of fluorescence confirms that the incubation of GUS-CNCs with 

proteinase K prior to their purification successfully eliminated unencapsulated enzymes. 

Similarly, 4-MUG by itself showed no increase in fluorescence in PBS (Figure 4.4A, black 

triangles) or cell culture medium with 10% fetal bovine serum (FBS; Figure 4.4B, white 

triangles) which suggests that in the absence of the enzyme, the hydrolysis of the ether bond 

and therefore production of 4-MU, does not occur. This is in accordance with clinical data 

showing that only a small percentage of hymecromone glucuronidation is reversible by the β-

glucuronidase present in the bacteria of the small intestine.219 The stability of the CNCs and 

their enzymatic activity were assessed with samples stored in PBS at 4 °C for 2 months 

(Figure 4.5). All our GUS-melCNCs retained their size and virtually full enzymatic activity. 
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Figure 4.5. Stability of CNCs stored at 4 °C for 2 months. Size distribution of (A) GUS-melCNCs and 
(B) GUS-CNCs, measured by DLS, after storage for 2 months at 4 °C. (black: intensity, yellow: volume, 
and blue: number). (C) Remaining percentages of activity of free (blue) and encapsulated (cyan) GUS 
upon storage at 4 °C for 2 months. Measurements represent the mean ± s.d. 

 

We chose to assess the activity of free and encapsulated GUS in culture medium containing 

10% FB, in order to more closely mimic the environmental conditions of living systems 

(Figure 4.4B).220 Upon addition of 4-MUG to free GUS (Figure 4.4B, white squares), 

fluorescence slowly increased over the first 30 min and then reached a plateau. This suggests 

that molecular crowding related to the presence of 10% FBS decreased the efficiency of 

hymecromone production. In the case of GUS-melCNCs (Figure 4.4B, white circles), the 

time course of hymecromone production was similar to that in PBS (Figure 4.4A, cyan 

circles), suggesting that the confined enzyme was barely affected by protein-rich serum. The 

amount of hymecromone produced was estimated based on a 4-MU reference curve (see 

Figure 10.9 in Appendix). In PBS, approximately 4.5 μM hymecromone were produced by 

the free enzyme and 3 μM by GUS-melCNCs. In complete cell culture medium, free enzyme 

was able to produce approximately 4.3 μM of hymecromone, while GUS-melCNCs produced 

2.2 μM. The lower levels of hymecromone production by confined GUS are likely to be caused 

by the restriction of diffusion by the compartment membrane. Furthermore, we investigated 

the possibility that the drug was entrapped within the polymer membrane (Figure 4.6). 

Based on a calibration curve using different concentrations of hymecromone, we calculated 

that only 4% of the drug produced remains associated with the nanocompartment. 
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Figure 4.6. Hymecromone production and release. (A) Calibration curve using 4-MU standards in 
PBS (R2 = 0.99), (B) Concentration of 4-MU found in GUS-melCNCs (blue) and in the supernatant 
(cyan) after incubation of GUS-melCNCs with 5 μM 4-MU for 1 h. 

 

To explore whether the FBS in the cell culture medium accounted for the difference in 

hymecromone production between free and encapsulated GUS (Figure 4.4B), we compared 

its production in PBS containing 10% FBS (Figure 4.4C, filled symbols) to culture medium 

with 10% FBS (Figure 4.4C, empty symbols). Indeed, the difference in hymecromone 

production between free and encapsulated enzyme was similar for PBS and culture medium. 

In fact, the FBS interfered with the kinetics of hymecromone production for the free enzyme 

but not for GUS-melCNCs. Because the GUS inside CNCs is protected by the membrane and 

only small molecules can diffuse through the pores, molecular crowding brought about by FBS 

mainly affected the activity of the free enzyme. Notably, in the highly complex environment of 

living cells, we expect other small molecules to affect the intracellular production of 

hymecromone by GUS-melCNCs. 

 

4.2.3 Kinetic Analysis of Catalytic Nanocompartments 

 

The kinetic analysis of both free and encapsulated GUS (GUS-melCNCs) was assessed first in 

PBS, and then in complete cell culture medium (Table 4.2).220 The kinetic analysis of the 

reaction was modelled in a first approximation with the Michaelis-Menten kinetics since the 

substrate (4-MUG) was added in excess (from 100 to 4000-fold molar excess of [4-MUG] over 

[GUS]) (Figure 4.7).221 CNCs without melittin pores (GUS-CNCs) were not amenable to 

kinetic analysis since they did not exhibit any drug producing activity (Figure 4.4, yellow 

rhombi). 
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Table 4.2. Comparison of Kinetic Parameters for free and encapsulated GUS. 

 Free GUS 

(PBS) 

GUS-melCNCs 

(PBS) 

Free GUS 

(ΜΕΜ) 

GUS-melCNCs 

(ΜΕΜ) 

KM (μM) 1.2 ± 0.4 × 103 3.8 ± 1.4 × 102 1.9 ± 0.2 × 102 3.4 ± 1 × 102 

Vmax (μmoles s-1) 7 ± 1.7 × 10 4.2 ± 1 × 10 4.2 ± 0.4 × 10 3.3 ± 0.2 × 10 

kcat (1 s-1) 2.7 ± 0.6 × 102 1.6 ± 0.4 × 102 1.6 ± 0.2 × 102 1.3 ± 0.1 × 102 

 

The kinetic parameters of encapsulated enzymes in polymersomes are influenced in several 

ways: the velocity of the reaction is decreased and the affinity for the substrate is 

increased.83,222 Accordingly, in PBS, KM and Vmax of GUS-melCNCs decreased 3 and 1.5 times, 

respectively, compared to free enzyme (Table 4.2). Lower KM values of GUS-melCNCs reflect 

a higher affinity for the substrate83,215,223 which is attributable to the increased probability of 

an interaction between enzyme and substrate within the confined reaction space.83,215,223 The 

turnover parameter, kcat, is decreased 1.5-fold for GUS-melCNCs. As kcat indicates the 

maximum number of 4-MUG molecules that are converted to hymecromone per enzyme per 

second, any reduction in GUS-melCNCs versus free GUS is associated with limited diffusion 

of 4-MUG and 4-MU by the polymer membrane.83 

 

 

Figure 4.7. Michaelis-Menten kinetics of free and encapsulated GUS. (A) free GUS in PBS. (B) GUS-
melCNCs in PBS. (C) free GUS in MEM and (D) GUS-melCNCs in MEM. (R2 = 0.99). 
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Comparison of the kinetic parameters of free GUS in PBS and MEM revealed a decrease in 

Vmax, KM and kcat in MEM, which could be expected considering the complexity of cell culture 

medium.224,225 It is conceivable that proteins, vitamins and nutrients present in cell culture 

media might interact with the substrate and/or enzyme, thereby decreasing the efficiency of 

catalysis. In contrast, the kinetic parameters of the encapsulated GUS in PBS and MEM are 

comparable. These results taken together suggest that the catalytic efficiency of our GUS-

melCNCs is predominantly governed by the influx and efflux of the substrate and product 

molecules. Based on the enzymatic activity of GUS-melCNCs in cell culture medium we next 

assessed their activity and efficiency of producing hymecromone in living cells. 

 

4.2.4 Hymecromone production in cells  

 

The glucuronidation of hymecromone in the body occurs mainly in the liver. Being liver-

derived, we chose the HepG2 cancer cell line for studying the effects of GUS CNCs in vitro.226 

Our choice was further endorsed by recent findings showing an association of hymecromone 

with anticancer properties.227,228 Confocal laser scanning microscopy (CLSM) of HepG2 cells 

incubated with Atto647-encapsulating polymersomes (Atto647-PSs) at 1.25 mg mL-1 for 24 h 

revealed the presence of Atto647-PSs throughout the cytoplasm (Figure 4.8A1-2, see Figure 

10.10A-C in Appendix). No fluorescence was shown by control cells that had not been treated 

with Atto647-PSs (Figure 4.8B, see Figure 10.10D-F in Appendix). We addressed the 

cytotoxicity of CNCs and free enzyme by carrying out MTS proliferation assays with HepG2 

cells (Figure 4.8C).229 None of the nanocompartments nor the free enzyme had a negative 

impact on the cell viability. Although melittin is a bee venom, when inserted as pores in the 
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CNC membrane at the concentrations indicated, it apparently had no adverse effect on cell 

proliferation. 

 

 

Figure 4.8. Uptake of Atto647-PSs by HepG2 cells. 3D reconstructions of multiple confocal sections 
of HepG2 cells incubated with Atto647-PSs (1.25 mg mL-1) for 24 h (A1, A2, red spheres). (B) HepG2 
cells incubated with the respective amount of PBS. Nuclei (blue) were stained with Hoechst 33342 
fluorescent dye, cellular membranes (green) with Atto555-WGA fluorescent dye. Scale bar: 5 μm. (C) 
Cell viability as percentage of HepG2 cells incubated with only PBS (control, black), GUS-melCNCs 
(cyan), free GUS (blue), PSs (grey) and melPSs (yellow). Graph shows mean ± s.d. of three 
independent experiments. 

 

The ability of CNCs to produce hymecromone in living cells was explored by incubating HepG2 

cells with either GUS-melCNCs, GUS-CNCs, free GUS or the respective amount of PBS for 24 

h. Subsequently, fresh culture medium containing 400 μM 4-MUG was added as at this 

concentration, hymecromone was shown to inhibit hyaluronan synthesis in cancer cell lines, 

and cultures were returned to the 37 °C incubator.230–233 The change in fluorescence was 

recorded at 0, 2, 4, 8, 12 and 24 h (Figure 4.9A, C). After 24 h, cells that had taken up GUS-

melCNCs, showed a fluorescence signal that corresponds to approximately 12 μM of 

hymecromone (Figure 4.9B). In fact, this amount might be an underestimation as some of 

the hymecromone produced in situ will be metabolized to 4-MUG in cells. Furthermore, 

although there is a possibility of intracellular components blocking individual melittin pores, 

considering their transient formation and their number per CNC, a potential blockage would 

only be a minor drawback. No increase in fluorescence was observed when untreated cells were 

incubated with 4-MUG (Figure 4.9A, black triangles), an indication that HepG2 cells by 
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themselves are not able to produce such levels of hymecromone. However, we cannot exclude 

that small amounts of 4-MUG are converted to 4-MU by endogenous GUS (Figure 4.9A, C, 

black triangles).204 In addition, 4-MUG was not converted to 4-MU in cells that were treated 

with non-permeabilized GUS-CNCs (Figure 4.9A, yellow rhombi) or with polymersomes 

lacking GUS (Figure 4.9C). 

 

 

Figure 4.9. Intracellular production of hymecromone. (A) HepG2 cells were incubated for 24 h with 
CNCs for uptake, washed to remove extracellular CNCs, then exposed to a single dose of 400 μM 4-
MUG, after which the increase in fluorescence was recorded at 0, 2, 4, 8, 12 and 24 h. GUS-melCNCs 
(cyan circles), free GUS (blue squares), GUS-CNCs (yellow rhombi), PBS (black triangles). (B) 
Concentration of hymecromone produced by GUS-melCNCs (cyan circles) or PBS (black triangles) 
treated HepG2 cells over time. Relative fluorescence units from (A) were converted to 4-MU 
concentrations according to the calibration curve shown in Figure 10.9B. (C) Increase in fluorescence 
in HepG2 cells incubated for 24 h with PBS (black triangles), PSs (grey squares), melPSs (yellow circles) 
and 400 μM 4-MUG. Graphs shows mean ± s.d. of three independent experiments. 

 

In patients with Sly syndrome, free β-glucuronidase applied in clinical treatment was shown 

to be quickly degraded and to elicit an immune response.234,235 One of the advantages of 

polymersomes is that they provide a protective shell for the encapsulated enzyme and thereby 

prolong its activity.81,113 Consistent with this notion, the increase in fluorescence was 

significantly higher in cells incubated with GUS-melCNCs compared to those incubated with 

free GUS (Figure 4.9A, B, blue squares), confirming that our nanocompartments shield GUS 

from proteolysis and degradation inside cells. 

Our PDMS-b-PMOXA based CNCs are prone to accumulation in the liver where they 

encounter high levels of metabolized hymecromone.213,236,237 Undoubtedly, differences in 
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pharmaco-kinetics will have to be taken into account in order to optimize GUS-melCNC 

efficiency in vivo. Beforehand, however, further studies are necessary to elucidate the bio-

distribution of our PDMS-b-PMOXA-based nanocompartments. 

 

4.3 Conclusions 

 

In this chapter, we demonstrate the formation of catalytic nanocompartments containing 

enzymes able to produce a drug from its glucuronide conjugate and the potential of the 

platform in future applications. Our optimized design, i.e. the use of biocompatible and short 

block length copolymer, the permeabilization of the nanocompartments’ membrane in 

combination with the mild enzyme encapsulation conditions permitted the efficient loading of 

GUS in melittin-permeabilized polymersomes, leading to the formation of our catalytic 

nanocompartments. GUS-melCNCs successfully converted hymecromone-glucuronide into 

hymecromone over the course of 90 min, both in PBS (60% conversion) and in cell culture 

medium containing 10% FBS (44% conversion). Highlighting their robustness, catalytic 

nanocompartments retained their size and virtually full enzymatic activity upon storage at 4 

°C. Attributed to its confinement in CNCs, Michaelis-Menten kinetic analysis of GUS-

melCNCs revealed decreased Km, Vmax and kcat values compared to free enzyme. 

Naturally occurring during the drug's metabolism, glucuronidation of hymecromone mainly 

occurs in the liver. In liver-derived HepG2 cells, our uptaken catalytic nanocompartments had 

no adverse effect on the cell viability and were able to produce hymecromone over 24 h by 

inverting glucuronidation. The locally confined catalysis of the model hymecromone-

glucuronide to hymecromone inside cells led to 17-fold higher levels of the drug compared to 

hymecromone-glucuronide converted by endogenous glucuronidase. Pioneering the way, our 

CNCs render the first report of an intracellular conversion of a metabolite into an active drug. 

In the particular case of hymecromone, this could imply a potential increase of its half-life 

greater than 28 min. Such a novel example opens new approaches for extending the lifetime 

of drugs by counteracting metabolism. Although hymecromone was presented as an example 

of proof-of-concept, most of the small therapeutic molecules used in clinical treatment 

undergo glucuronidation, which highlights the unique opportunity our system offers to impose 

a change on their pharmacokinetics. By further controlling the biolocation of our 

nanocompartments, the conversion to the active drug could take greater dimensions in 

nanomedicine and inspire the broader use of catalytic nanocompartments in  a wider range of 

therapeutic areas, such as prodrug therapy. 
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5. Bioorthogonal, Parallel Reactions for Drug 

Synergy: Glycooligomer-functionalized Catalytic 

Nanocompartments Co-loaded with Enzymes 

Promote Cell Internalization and Death 

 

A major shortcoming associated with the application of enzymes in enzyme therapy and 

drug synergism originates from the lack of site-specific, multifunctional nanomedicine. 

Here, we introduce multifunctional catalytic nanocompartments with improved cellular up-

take by targeting specific cell receptors. Made of a mixture of PDMS-b-PMOXA diblock 

copolymers, these nanocompartments are decorated with a glycooligomer and co-

encapsulate two enzymes, providing the multifunctionality by in situ parallel reactions. Β-

glucuronidase serves for local reactivation of the drug hymecromone, while glucose oxidase 

induces cell starvation through glucose depletion and generation of the cytotoxic H2O2. The 

insertion of melittin, a pore-forming peptide facilitates the diffusion of substrates and 

products through the membranes of the dual enzyme-loaded nanocompartments. Owned to 

decoration with glycooligomer tethers comprising eight mannose-containing repeating 

units, these catalytic nanocompartments specifically interact with mannose-binding lectins 

overexpressed on the surface of hepatocellular carcinoma (HepG2) cells. Increased 

internalization of the catalytic nanocompartments results in a substantial decrease in 

HepG2 cell viability after 24 hours, attributed to simultaneous production of hymecromone 

and H2O2. Such parallel enzymatic reactions taking place in nanocompartments pave the 

way to achieve efficient combinatorial cancer therapy by enabling localized drug production 

along with reactive oxygen species (ROS) elevation, and potentially inspire novel enzyme 

and drug combinations for a wider range of therapeutic purposes. 
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5.1 Introduction 

 

Enzyme-based treatments emerge as an innovative therapeutic strategy for a number of 

pathologies, spanning from metabolic and ocular disorders to cancer.78,80 One of the main 

strategies used in the development of enzyme-based therapeutics include their loading inside 

so-called catalytic nanocompartments (CNCs), where the enzymes perform in situ their 

activity.78,79 The approach of CNCs has the advantages to protect the encapsulated enzymes 

from proteolytic attack,51 localize them in specific bio-regions to promote their efficacy,238 and 

under specific conditions to increase their activity by confinement.83 Of particular interest are 

polymer-based nanocompartments due to their advantages in comparison to lipid-based,239 

including enhanced mechanical and colloidal stability and versatile chemistry supporting fine 

tuning of properties, external functionalization for targeting or immobilization on different 

surfaces.140,238,240 Catalytic nanocompartments encapsulating single enzymes have been 

successfully developed for conversion of prodrugs into their active therapeutic form,112,114,169,241 

detoxification of harmful reactive oxygen species83 or as artificial organelles.51,113 However, the 

recent trends in treating complex pathological conditions, including cancer, are shifting from 

conventional monotherapeutic approaches towards combinatorial strategies that 

simultaneously address multiple facets of the disease.242,243 To this end, single enzyme-

containing catalytic nanocompartments able to exhibit a dual functionality were 

introduced.90,114,244,245 

A complementary strategy to extend the multifunctionality of CNCs is to co-encapsulate 

different enzymes capable to simultaneously produce distinct therapeutic molecules. While 

enzymes have been co-encapsulated inside CNCs, they were only participating in cascade 

reactions.84,246 Despite the advantage of simultaneously producing distinct therapeutic 

molecules, the co-encapsulation of different types of enzymes in CNCs for parallel reactions 

has not yet been explored. Another drawback of nanosystems is related to the non-specific or 

insufficient cell uptake.247 Incorporation of targeting moieties on the surface of nanocarriers 

for site-specific delivery and optimal therapeutic response has been largely developed for 

enzyme delivery carriers248 and reported only for a few single-enzyme CNCs acting as 

advanced artificial organelles.249,250 While expected to have significant advantages in terms of 

efficacy, combinatorial response and improved up-take, integration of multifunctionality and 

targeting in one nanocarrier has yet to be thoroughly investigated due to the complexity of 

accommodating both the biofunctionality and spatial localization. 

We propose to cover this gap by introducing dual enzyme-loaded polymer nanocompartments 

for catalysis of parallel reactions and which have improved cellular uptake due to decoration 

with specific targeting molecules. We selected to encapsulate inside polymersomes two 
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enzymes with high potential in combinatorial cancer therapy: β-glucuronidase (GUS), which 

produces the drug hymecromone (or 4-MU) from its glucuronide conjugate (4-MUG) and 

glucose oxidase (GOx), which generates cytotoxic H2O2 (Figure 5.1). GUS is an important 

enzyme in prodrug therapy, cancer prognosis and hepatoprotection.251,252 Meanwhile, GOx is 

among the enzymes under intense investigation for its therapeutic potential, because it 

induces cancer cell starvation by consuming the glucose that is abundantly present in the 

tumor microenvironment, while simultaneously generating cytotoxic H2O2.253,254 Notably, 

intracellular reactive oxygen species, in particular hydrogen peroxide (H2O2) have been widely 

exploited in the development of nanomedicine-based cancer therapies due to their role in 

activating apoptosis, necroptosis, inducing DNA damage and impairing the resistance against 

several drugs.255–257 However, we recognize that different combinations of a variety of enzymes 

would expand only the functionality, but also the applications of the respective nanosystems. 

As nanocompartments, we self-assembled polymersomes from a mixture of unfunctionalized 

and azide-functionalized poly(dimethylsiloxane)25-b-poly(2-methyl-2-oxazoline)10 (PDMS25-

b-PMOXA10) diblock copolymers which have been reported to allow the encapsulation of 

biomolecules in their inner cavity and support attachment of targeting moieties.89,169,211 The 

copolymers consisting of hydrophobic PDMS and hydrophilic PMOXA blocks are known for 

their biocompatibility, non-toxicity and stealth properties that are required for biomedical 

applications.100,168,211,258 In order to allow both enzymes to act in situ inside the 

nanocompartments, a molecular flow through the polymersomes’ membrane is essential. To 

permeabilize the membrane of the nanocompartments, which is otherwise impermeable,259 

we selected to insert melittin, a peptide shown to form pores in the membranes of PDMS-b-

PMOXA or PMOXA-b-PDMS-b-PMOXA polymersomes.50,169 

 

 

Figure 5.1. Schematic representation of the glycooligomer-functionalized catalytic 
nanocompartments (GUS-GOx-CNCs-Gly) and their enzymatic activity in cells. Β-glucuronidase 
(GUS) and glucose oxidase (GOx) are co-encapsulated in PDMS-b-PMOXA-based nanocompartments 
decorated with glycooligomer tethers for targeting liver cancer cells. The melittin pores inserted into 
the polymer membrane facilitate the diffusion of substrates (4-MUG, glucose) and products (4-MU, 
H2O2) of the enzymes. 
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To favor efficient cellular uptake of the resulting CNCs, specific targeting molecules were 

attached at the azide-groups exposed on their external interface to the environment. As a proof 

of concept of the versatility of our platform, we aim the active targeting of mannose-binding 

receptors (MBRs), which belong to the group of carbohydrate-binding proteins (a.k.a. lectins) 

that are highly expressed on the surface of cancer cells, providing selective carbohydrate 

recognition and subsequent endocytosis.260–264 As a result, glycooligomers and glycopolymers, 

renowned for their excellent lectin-binding ability are ideal candidates for cell-targeting 

nanomedicinal systems in cancer therapy.265–271 Associated with the invasiveness of liver 

cancer cells and the progression of hepatocellular carcinoma (HCC), the sixth most common 

cancer and the fourth leading cause of cancer-related death worldwide, MBRs have become 

the focal point in novel therapeutic approaches.272,273 Notably, mannose-containing 

glycooligomers and glycopolymers have demonstrated their effectiveness in  targeting MBRs, 

enhancing the therapeutic efficacy of nanosystems.267,268,274 For this reason, we selected 

glycooligomer tethers consisting of eight pendant mannose units to be attached at the surface 

of CNCs via Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC).268,275 As a proof of 

concept for cell targeting, we chose two cell lines, each possessing different MBRs expression 

profiles; liver-derived HepG2 cells with high expression levels and cervix-derived HeLa cells 

expressing lower levels of such proteins.268,272,276–278 We explored the synergistic effect of the 

in situ produced hymecromone and H2O2 on the cell viability. Dual enzyme-loaded catalytic 

nanocompartments for multifunctional response to pathologic conditions and with an 

improved internalization by efficient targeting open new avenues in combinatorial treatment 

of complex pathologic conditions. In a larger context, the concept of functionalized, dual-

enzyme loaded nanocompartments has the potential to revolutionize the current approaches 

and state-of-the-art in a number of other applications and enzyme-based therapeutics. 

 

5.2 Results and Discussion 

 

5.2.1 Formation and Characterization of glycooligomer-decorated polymersomes 

 

In order to generate polymersomes with functional groups exposed for the attachment of 

targeting moieties, we used a mixture of amphiphilic diblock copolymers, PDMS25-b-

PMOXA10 and PDMS22-b-PMOXA8-OEG3-N3 (in a 1:1 molar ratio).89,169 The azide-

functionalized diblock copolymer served for covalent attachment of glycooligomer tethers. 

First, polymersomes (hereinafter referred to nanocompartments without encapsulated 
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enzymes) were formed by film rehydration using phosphate buffered saline (PBS) solution. 

The supramolecular assemblies were then decorated with a glycooligomer, specifically 

designed to interact selectively with mannose-binding lectins.271,279 To decorate the 

polymersomes with glycooligomer tethers, we used the CuAAC reaction between the alkyne 

end of glycooligomers and the azide moieties present on the outer membrane of polymersomes 

and were purified by size exclusion chromatography (SEC). Considering the potential 

biomedical applications of our catalytic nanocompartments, we performed colorimetric 

copper detection assays to evaluate the level of residual copper. The amount of free copper 

remaining after purification was well below physiological thresholds and therefore, not 

expected to be toxic (see Figure10.11 in Appendix).280 

Their morphological characterization was performed using a combination of dynamic and 

static light scattering (DLS/SLS), nanoparticle tracking analysis (NTA) and transmission 

electron microscopy (TEM, Figure 5.2A-F). An average diameter of 122 ± 40 nm for the non-

functionalized polymersomes and 135 ± 54 nm for the glycosylated ones was obtained by DLS 

(Figure 5.2A). The slight increase in the apparent diameter of functionalized polymersomes 

was also observed by NTA and it can be attributed to the presence of glycooligomer tethers on 

their surface (Figure 5.2B; see Table 10.5 in Appendix), as previously reported for other 

targeting molecules attached to polymersomes.250 
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Figure 5.2. Development of glycooligomer-decorated polymersomes. (A) DLS intensity size 
distribution of non-functionalized (blue) and glycooligomer-functionalized polymersomes (red); 
(curves represent mean ± s.d. of three independent measurements). (B) NTA concentration size 
distribution of non-functionalized (blue) and glycooligomer-functionalized polymersomes (red); 
(curves represent mean ± s.d. of three independent measurements). TEM micrographs of (C) non-
functionalized and (D) glycooligomer-functionalized polymersomes. Scale bar: 1000 nm. Histogram 
showing the size distribution (diameter) of (E) non-fnctionalized polymersomes and (F) 
glycooligomer-functionalized polymersomes. The data were obtained by measuring the diameter of 
100 nanocompartments for each set in TEM micrographs. 
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The radius of gyration (Rg) values of 66 ± 4 nm and 79 ± 13 nm, respectively, were obtained 

by SLS (see Table 10.5 and Figure 10.12 in Appendix). The ratio of Rg to the hydrodynamic 

radius (Rh, obtained by the DLS profile, see Figure 10.12 in Appendix) (ρ factor) of around 1 

for both non- and glycooligomer-functionalized polymersomes indicated the typical vesicular 

structure and preservation of polymersome morphology after attachment of the targeting 

molecules (see Table 10.5 in Appendix). The size distribution, polymersome morphology and 

lack of aggregation for both non- and glycooligomer-functionalized polymersomes were 

further corroborated by TEM micrographs (Figure 5.2C-F). The integrity of non- and 

glycooligomer-functionalized polymersomes was additionally evaluated after the 

encapsulation of the fluorescent Atto647 dye in their cavities during the self-assembly process. 

Diameters of 137 ± 39 nm for the glycooligomer-functionalized and 128 ± 40 nm for non-

functionalized Atto647-loaded polymersomes indicated that the encapsulation of the dye 

neither affected the size nor the morphology of the polymersomes (see Table 10.5 in 

Appendix). 

The pore-forming peptide, melittin, was added to the rehydration buffer in order to 

permeabilize the membrane of the resulting polymersomes and to allow the essential 

molecular through-flow.  To assess its insertion into the polymersomes’ membrane, a series of 

fluorescence correlation spectroscopy (FCS) measurements were performed on non- and 

glycooligomer functionalized polymersomes permeabilized with various concentrations of 

Cy5-labeled melittin (25, 50 or 75 μM). The diffusion times corresponding to polymersomes 

confirmed the association of melittin with the polymersomes’ membrane (see Table 10.6 in 

Appendix). By correlating the molecular brightness values of free Cy5-melittin and Cy5-

melittin polymersomes, we estimated the average number of pores per polymersome, which 

ranged from 133 to 242. The concentration of melittin was chosen at 50 μM for further studies, 

as the number of inserted pores did not significantly change between 50 μM and 75 μM of 

initial melittin concentration. The comparable number of melittin pores between non-

functionalized (242 ± 28 pores/polymersome) and glycoligomer-functionalized (220 ± 16 

pores/polymersome) polymersomes indicates that surface functionalization with 

glycooligomers neither affected the accessibility of the melittin pores nor induced aggregation. 

The covalent attachment of glycooligomer tethers was followed by clustering experiments 

using Concanavalin A labeled with fluorescein isothiocyanate (FITC-ConA) for detection 

under a fluorescence microscope.281,282 Confocal laser scanning microscopy (CLSM) analysis 

revealed that only glycooligomer-functionalized polymersomes, loaded with Atto647 

fluorescent dye, formed clusters with FITC-labeled ConA (Figure 5.3). This was evidenced 

by a calculated Pearson’s colocalization coefficient of 0.778 ± 0.071 for the two dyes present 

in the system. In contrast, non-functionalized polymersomes exhibited no cluster formation, 
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as indicated by the low Pearson’s coefficient of 0.012 ± 0.009, emphasizing the importance of 

functionalization in the process of clustering. As determined by glycooligomer absorbance at 

250 nm (absorbance peak of glycooligomer), approximately 30% (equivalent to 0.23 mM) of 

the initial amount of glycooligomer was successfully conjugated onto the polymersomes (see 

Figure 10.13 in Appendix). By correlating the amount of glycooligomer with the maximum 

polymersome concentration, we estimated an average number of 125 ± 5 glycooligomers per 

polymersome. 

 

 

Figure 5.3. ConA-glycooligomer cluster studies. CLSM micrographs of (A) non-functionalized and 
(B) glycooligomer-functionalized Atto647-loaded polymersomes upon incubation with FITC-ConA. 
Scale bar: 20 μm. 

 

To further explore the functional glycosylation of polymersomes and evaluate their binding 

properties with carbohydrate-binding proteins (lectins), we used surface plasmon resonance 

(SPR) (Figure 5.4). Human lectins such as Mannose-binding lectin (MBL), Mannose 

Receptor 1 (MR, CD206), Dectin-1 (CD369) and Dendritic Cell-Specific Intercellular adhesion 

molecule-3-Grabbing Non-integrin (DC-SIGN, CD209), known for their role in the innate 

immune response and various cancers were selected as binding ligands to study the interaction 

with our glycooligomer.262,283–285 The acquired binding curves are a clear indication of the 

glycooligomer ability to specifically interact with MBL, as evident from the very sharp increase 

in signal intensity upon sample injection (Figure 5.4A). This was followed by a plateau, 

suggesting saturation of the chip-bound lectins, and a subsequent signal decrease upon buffer 

injection due to carbohydrates disassociating from the lectins. Glycooligomer-functionalized 

polymersomes also showed a strong binding to MBL. However, the curve shapes during the 
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association phase were less distinct due to the higher molecular weight of the glycooligomer-

functionalized polymersomes (Figure 5.4B). These findings underpinned by the calculated 

association constants (KA, see Table 10.7 in Appendix), revealed an approximately 4.5-fold 

stronger binding of the free glycooligomer compared to glycooligomer-decorated 

polymersomes. Interestingly, this trend was also observed for DC-SIGN (see Table 10.7 in 

Appendix). However, in the case of MR, the functionalized polymersomes showed faster 

binding kinetics compared to the free ligand, with a difference in KA of about 3.2-fold. Steric 

hindrance posed by the larger polymersomes appeared to predominantly affect the slower 

binding kinetics observed for MBL and DC-SIGN. Both the free glycooligomer and the 

glycooligomer-functionalized polymersomes bound to Dectin-1, a lectin known to recognize β-

glucans, indicating a certain level of off-target interaction with mannose moieties.286 Non-

functionalized polymersomes showed weak, non-specific binding to MBL, Dectin-1, MR and 

DC-SIGN with significantly lower response levels (Figure 5.4C). 

 

 

Figure 5.4. Glycooligomer binding to various lectins. Surface Plasmon Resonance (SPR) binding 
curves of (A) glycooligomer, (B) glycooligomer-decorated polymersomes and (C) non-functionalized 
polymersomes using MBL, MR, DC-SIGN as strong mannose-binding C-type lectins, and Dectin-1 as 
a non-mannose-binding control lectin. 

 

5.2.2 Formation and Characterization of glycooligomer-decorated CNCs 
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Our catalytic nanocompartments were produced by rehydrating the polymer film in the 

presence of a mixture of β-glucuronidase (GUS, 0.5 mg mL-1), glucose oxidase (GOx, 0.5 mg 

mL-1) and melittin (50 μM) in PBS solution (Figure 5.5A). These conditions of encapsulation 

were chosen based on the similar catalytic activity of the enzymes. The resulting CNCs (GUS-

GOx-CNCs) were incubated with proteinase K for deactivation of non-encapsulated enzymes, 

purified and functionalized with the glycooligomer (GUS-GOx-CNCs-Gly), in similar 

condition to polymersomes. The size analysis of GUS-GOx-CNCs-Gly revealed diameters of 

152 ± 54 nm (by DLS; Figure 5.5B) and 137 ± 38 nm (by NTA; Figure 5.5C). The co-

encapsulation of enzymes and simultaneous insertion of melittin did not affect the self-

assembly process and their size distribution. With a calculated ρ factor of around 1, the 

morphology of CNCs remained vesicular as of the empty polymersomes (see Figure 10.14 in 

Appendix). TEM micrographs indicated a vesicular, collapsed architecture of the CNCs, typical 

of PDMS-b-PMOXA polymersomes (Figure 5.5D).95,169 The size distribution of GUS-GOx-

CNCs-Gly was also confirmed by measuring their diameter in TEM micrographs (Figure 

5.5E). These results taken together indicate that the encapsulation of two enzymes and 

insertion of melittin had no effect on the self-assembly, size distribution and morphology of 

our CNCs. 
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Figure 5.5. Development of GUS-GOx-CNCs-Gly. (A) Schematic representation illustrating the 
formation of GUS-GOx-CNCs-Gly. (B) DLS intensity size distribution (curves represent mean ± s.d. of 
three measurements). (C) NTA concentration and size distribution (curves represent mean ± s.d. of 
three measurements). (D) TEM micrograph of GUS-GOx-CNCs-Gly. Scale bar: 1000 nm. (E) 

Histogram showing the size distribution (diameter) of GUS-GOx-CNCs-Gly. The data were obtained 

by measuring the diameter of 100 nanocompartments for each set in TEM micrographs. 

 

The encapsulation of both enzymes in CNCs was evaluated by fluorescence correlation and 

cross-correlation spectroscopy (FCS/FCCS, Figure 5.6A). GUS was labeled with Atto488 (τD 

free Atto488 29 ± 4 μs, τD GUS-Atto488 250 ± 92 μs, 1.7 ± 0.1 dyes/enzyme, Figure 5.6B), 

and GOx was labeled with Atto633 (τD free Atto633 57 ± 6 μs, τD GOx-Atto488 424 ± 32 μs, 

1.5 ± 0.1 dyes/enzyme, Figure 5.6B). The FCS autocorrelation curves indicated the successful 

encapsulation of GUS (4 ± 2 molecules) and GOx (7 ± 4 molecules) within the CNCs based on 

the significant change in diffusion time (τD GUS-GOx-CNCs-Gly 6900 ± 3940 μs). FCCS can 

be utilized to study the association between two different fluorophores when their signals 

correlate.287 Therefore, we used FCCS analysis to investigate the co-encapsulation of the two 

enzymes in the cavities of CNCs, as GUS and GOx were fluorescently labeled with different 

fluorophores. The increased cross-correlation (Figure 5.6A; blue curve) of GUS and GOx 
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when they were encapsulated in CNCs in comparison to the free enzymes (Figure 5.6A; black 

curve) indicated their co-encapsulation in the CNCs’ cavities. Correlating the number of both 

encapsulated enzymes to the concentration of CNCs measured by NTA, we calculated an 

enzyme encapsulation efficiency of 16% ± 8% for GUS and 11% ± 6% for GOx. We also used 

the Bicinchoninic acid (BCA) assay for quantification of total amount of protein in our CNCs 

(Figure 5.6C). A total 24% ± 7% of the initial amount of enzyme (both GUS and GOx) was 

obtained, which is in line with the calculated sum of the encapsulation efficiency. Applying the 

Stokes–Einstein equation together with the FCS diffusion times, a calculated CNCs size of 144 

± 64 nm in diameter was obtained, which is in agreement with the values obtained from DLS, 

SLS, NTA and TEM measurements. 

 

 

Figure 5.6. Encapsulation of GUS and GOx in CNCs. (A) FCS curves of GUS-GOx-CNCs-Gly (yellow: 
channel for Atto488-GUS, red: channel for Atto633-GOx) and FCCS curves of GUS-GOx-CNCs-Gly 
(blue) and free Atto488-GUS/Atto633-GOx (black). (B) FCS curves for free Atto488 (green, full 
symbols), free Atto633 (red, full symbols), GUS-Atto488 (green, empty symbols) and GOx-Atto633 
(red, empty symbols). Symbols: raw data, Lines: fitted curves. (C) GUS, GOx calibration curve for the 
BCA protein assay (R2 = 0.99). 

 

5.2.3 Parallel production of hymecromone and H2O2 by CNCs 

 

As a proof of concept, our CNCs were designed to facilitate parallel production of 

hymecromone and H2O2. When provided with its glucuronide conjugate, GUS produces the 

drug hymecromone, whilst GOx consumes the existing glucose in the medium and produces 

H2O2 (Figure 5.7). Free and encapsulated enzymes were assessed for their enzymatic activity 

in a PBS solution comprising 50% Dulbecco's Modified Eagle Medium (DMEM) Phenol Red 

free with 10% Fetal Bovine Serum (FBS). This formulation was selected to mimic the cell 

culture environment, as it is essential for evaluating the therapeutic potential of our CNCs. 

First, we monitored the activity of GUS by tracking the conversion of hymecromone 

glucuronide (4-MUG) into hymecromone (λem 445 nm) over 60 min (Figure 5.7A). Upon the 
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addition of 4-MUG (10 μM) to free GUS, the fluorescence levels corresponding to 

hymecromone rapidly reached a plateau within 20 min (Figure 5.7A, black). GUS-GOx-CNCs 

and GUS-GOx-CNCs-Gly gradually reached a plateau at around 45 min (Figure 5.7A, yellow 

and red). Comparing the slopes of the linear part of the reaction, which describe the rate of 4-

MU production, we observed a decrease in their value for encapsulated GUS (0.78 ± 0.11 for 

GUS-GOx-CNCs and 0.71 ± 0.09 for GUS-GOx-CNCs-Gly), compared to free enzyme (4.37 ± 

0.10). This behavior is characteristic of pore-permeabilized enzyme-encapsulating 

nanocompartments, where the diffusion of substrates and products to and from the cavities 

might affect the velocity of the reaction.83,169 As expected, non-permeabilized CNCs (cGUS-

GOx-CNCs) demonstrated a minimal hymecromone fluorescence level over time because the 

polymersome membrane did not allow the diffusion of substrate into the cavity (Figure 5.7A, 

green). No increase in fluorescence was observed for 4-MUG alone (Figure 5.7A, blue), 

revealing that in the absence of GUS, hydrolysis of the ether bond and production of 4-MU 

does not occur. According to the 4-MU calibration curve, free GUS generated 7.4 ± 0.4 μM, 

while GUS-GOx-CNCs produced 2.8 ± 0.2 μM and GUS-GOx-CNCs-Gly 2.4 ± 0.2 μM of 

hymecromone (see Figure 10.15A in Appendix; Figure 5.7B). These differences in 

hymecromone production between free and encapsulated GUS are attributed to the molecular 

crowding caused by FBS and the diffusion of substrates and products through the CNCs’ 

membrane.169 In PBS containing 10 μM 4-MUG and 12.5 mM glucose, the fluorescence signal 

rapidly increased for free GUS, reaching a plateau in 10 min (Figure 5.7C). On the contrary, 

the fluorescence signal continued to increase over 35 min for GUS-GOx-CNCs and GUS-GOx-

CNCs-Gly, revealing that FBS affects the kinetics of the free enzyme, but not those of the 

confined one (Figure 5.7C).[15] To investigate whether the co-encapsulation of GUS with 

GOx had an influence on the GUS reaction kinetics, we confined the enzymes into the cavities 

of separate nanocompartments produced in similar conditions (GUS-CNCs and GOx-CNCs, 

Figure 5.7D). As evident by the similarity between the increase in fluorescence of GUS-GOx-

CNCs and GUS-CNCs, as well as the slopes of the reactions (0.69 ± 0.03 for GUS-CNCs), the 

enzymatic activity of GUS was not affected by its co-encapsulation with GOx, thus these 

reactions are bioorthogonal. This represents a crucial requirement when dual-enzyme CNCs 

are developed to not compromise the in situ reactions. 
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Figure 5.7. Enzymatic efficiency of GUS. (A) 4-MUG (10 μM) conversion to 4-MU in PBS containing 
50% DMEM Phenol Red free with 10% FBS at 37 °C, black: free enzymes, yellow: GUS-GOx-CNCs, 
red: GUS-GOx-CNCs-Gly, green: non-permeabilized CNCs, blue: reaction mixture without enzymes. 
Mean ± s.d. of 3 experiments. (B) Amount of hymecromone produced after 60 min. Mean ± s.d. of 3 
experiments. (C) Enzymatic efficiency of CNCs in PBS at 37 °C, 4-MUG (10 μM) conversion to 4-MU, 
black: free enzymes, yellow: GUS-GOx-CNCs, red: GUS-GOx-CNCs-Gly, green: non-permeabilized 
CNCs, blue: reaction mix without enzymes. (D) 4-MUG (10 μM) conversion to 4-MU in PBS containing 
50% DMEM Phenol Red free with 10% FBS, blue: GUS-GOx-CNCs, red: GUS-CNCs, yellow: reaction 
mix without enzymes. Mean ± s.d. of 3 repetitions. 

 

In parallel, the available glucose (12.5 mM) was consumed by the second enzyme, GOx, 

resulting in the production of H2O2. To accurately monitor and quantify the generated H2O2, 

we employed the Amplex™ Red (AR) assay, which in the presence of horseradish peroxidase 

(HRP) stoichiometrically reacts with H2O2 (Figure 5.8). HRP and AR were added to the 

solution of CNCs and AR reacted with the H2O2 released from the CNCs producing fluorescent 

resorufin (λem 590 nm). For free GOx in solution, the resorufin fluorescence signal increased 

approximately 470 times, equivalent to 6.0 ± 1.3 mM of H2O2 according to the resorufin 

reference curve (Figure 5.8A, B; see Figure 10.15B in Appendix). For GUS-GOx-CNCs and 

GUS-GOx-CNCs-Gly, the fluorescence increased by 400 and 330 times, respectively, 

corresponding to 5.2 ± 2.1 mм H2O2 for GUS-GOx-CNCs and 4.7 ± 1.1 mM H2O2 for GUS-GOx-

CNCs-Gly. Comparable amounts of H2O2 were produced by free GOx, GUS-GOx-CNCs, and 

GUS-GOx-CNCs-Gly due to the high excess of glucose within the system. On the contrary, 

minimum fluorescence signal was detected for non-permeabilized CNCs and AR alone, 

associated with the autooxidation of AR.  
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Figure 5.8. Enzymatic efficiency of GOx. (A) Conversion of Amplex™ Red (10 μм) into resorufin after 
2 h in PBS containing 50% DMEM Phenol Red free with 10% FBS at 37 °C. Mean ± s.d. of 3 
experiments. (B) Amount of H2O2 produced after 2 h. Mean ± s.d. of 3 experiments. (C) Enzymatic 
efficiency of CNCs in PBS at 37 °C. (C) Amplex™ Red (10 μM) conversion to resorufin. (D) Amplex™ 
Red (10 μм) conversion to resorufin after 2 h by GUS-GOx-CNCs and GOx-CNCs. Mean ± s.d. of 3 
repetitions. Error bars might be smaller than the symbol. 

 

The impact of FBS on the kinetics of GOx was also evaluated. When the reactions were 

conducted in PBS containing 10 μM 4-MUG and 12.5 mM glucose, free GOx showed a 625-fold 

increase in resorufin fluorescence, whereas GUS-GOx-CNCs and GUS-GOx-CNCs-Gly showed 

increases of 520 and 458 times, respectively. This difference indicates the crowding effect of 

the protein-rich FBS (Figure 5.8C). Co-encapsulation with GUS did not affect the reaction 

kinetics of GOx, as indicated by the similar changes in resorufin fluorescence between co-

encapsulated and separately encapsulated enzymes (Figure 5.8D). Importantly, the enzyme 

reactions kinetics (Figure 5.7A, Figure5.8A) and the catalytic efficiencies (Figure 5.7B, 

Figure 5.8B) of both GUS and GOx were similar in GUS-GOx-CNCs-Gly and GUS-GOx-

CNCs. Therefore, the presence of glycooligomers on the outer membrane did not restrict the 

diffusion of substrates and products to and from the CNCs’ cavities. Our CNCs were stored for 

up to 2 months at 4 °C in PBS. Remarkably, they preserved their size as measured by DLS and 

retained their GUS and GOx activity, which is an important aspect in nanosystems developed 

for therapeutic applications (Figure 5.9). 
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Figure 5.9. Stability of CNCs stored at 4 °C for 2 months. (A) Size distribution of GUS-GOx-CNCs 
(yellow) and GUS-GOx-CNCs-Gly (red) measured by DLS, after storage for 2 months at 4 °C. 
Remaining percentages of activity of (B) GUS and (C) GOx upon storage at 4 °C for 2 months. 
Measurements represent the mean ± s.d. 

 

5.2.4 Cell targeting, uptake and endosomal escape of glycooligomer-decorated 

nanocompartments 

 

Liver cells are known to express a high level of mannose receptors, facilitating receptor-

assisted endocytosis and internalization of the mannose-containing molecules.288 To assess 

the targeting efficiency and uptake potential of glycooligomer-functionalized polymersomes, 

we used two distinct cell lines: HepG2 (a liver-derived cancer cell line overexpressing 

mannose-binding lectins)  and HeLa cells (a cervix-derived cancer cell line with low expression 

of mannose-binding lectins) (Figure 5.10; see Figure 10.16 in Appendix).268,275–278 First, we 

studied the ability of conjugated glycooligomer to promote polymersome uptake in HepG2 

cells. Cells were incubated for 24 h with either glycooligomer-functionalized or non-

functionalized Atto647-containing polymersomes and were imaged using CLSM. Analysis of 

CLSM micrographs in HepG2 cells showed a considerable increase in the uptake of 

glycooligomer-functionalized polymersomes compared to non-functionalized ones (Figure 

5.10A, B). Quantification of the fluorescence intensity revealed a 4-fold increase (P-value < 

0.01) for glycosylated polymersomes. 

To further explore the specificity in cell uptake of glycooligomer-decorated polymersomes, 

HepG2 and HeLa S3 H2B-GFP cells were co-cultured and subsequently incubated with 

Atto647-loaded polymersomes for 24 h (Figure 5.10C-D). Analysis of CLSM micrographs 

revealed that glycooligomer-functionalized polymersomes were predominantly found in 

HepG2 cells. Upon quantifying the fluorescence intensity corresponding to Atto647, we 

obtained that glycosylated polymersomes were 3 times (P-value < 0.05) more abundant in 

HepG2 cells in comparison to HeLa cells. These findings underline the key role of 

glycooligomer functionalization in enabling specific cell uptake, particularly demonstrating 



74 
 

the enhanced uptake of our catalytic nanocompartments in liver cells expressing high levels of 

mannose-binding lectins. 

 

 

Figure 5.10. Uptake of Atto647-encapsulating polymersomes. Superimposed CLSM micrographs of 
multiple confocal sections. (A) HepG2 cells incubated with glycooligomer-functionalized 
polymersomes. (B) HepG2 cells incubated with non-functionalized polymersomes. (C) HepG2 and 
HeLa S3 H2B-GFP cells incubated with glycooligomer-functionalized polymersomes. (D) HepG2 and 
HeLa S3 H2B-GFP cells incubated with non-functionalized polymersomes. (E) Schematic and 3D 
reconstructions of multiple confocal sections of HepG2 and HeLa S3 H2B-GFP cocultured cells 
incubated with glycooligomer-functionalized polymersomes. Yellow: polymersomes, Atto647, Red: 
Cell membranes, Atto555-WGA, Blue: nuclei, Hoechst 33342, Green: HeLa S3 H2B-GFP nuclei, GFP. 
Scale bar: 10 μm. 

 

To evaluate whether our polymersomes successfully escape the endosomes after cell uptake, 

we performed endosomal escape assays by co-incubating HepG2 cells with a mixture of non- 
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or glycooligomer-functionalized polymersomes and free calcein for 4 h. CLSM imaging 

indicated that glycooligomer-functionalized polymersomes had escaped the endosomes and 

were localized within the cytoplasm of cells, as indicated by the dispersed green cytosolic 

fluorescence (Figure 5.11). The higher endosomal escape observed with glycooligomer-

functionalized polymersomes compared to non-functionalized ones correlates with their 

higher uptake level (Figure 5.10). These results are in agreement with previous studies 

demonstrating that the endosomal escape of nanoparticles in HepG2 cells occurs over a period 

of 3-14 h.289–292 

 

 

Figure 5.11. Endosomal escape of polymersomes in HepG2 cells. (A) PBS-incubated cells, (B) 
glycooligomer-functionalized polymersomes-incubated cells, (C) non-functionalized polymersomes-
incubated cells for 4 h with calcein (250 μM). (D) Fluorescence intensity of calcein as measured in the 
cytoplasm of HepG2 cells by CLSM micrographs (Gly-PSs: glycooligomer-functionalized 
polymersomes, PSs: non-functionalized polymersomes). Green: calcein. Scale bar: 20 μm. 

 

5.2.5 Catalytic nanocompartments in cells – bioorthogonal reactions and synergistic 

effect of hymecromone and H2O2 

 

We evaluated the multifunctionality of the glycooligomer-functionalized catalytic 

nanocompartments in cells as an essential step to assess their potential (Figure 5.12). We 

first examined hymecromone production in HepG2 and HeLa S3 H2B-GFP cells after 

incubation with GUS-GOx-CNCs-Gly, GUS-GOx-CNCs, non- permeabilized CNCs, free GUS 

and GOx or an equivalent volume of PBS for 24 h. After cell washing for removal of non-

uptaken CNCs or enzymes, fresh medium containing 4-MUG (500 μM) was added, and the 

increase in hymecromone fluorescence signal was monitored for 24 h (Figure 5.12A, B). At 

this concentration, hymecromone has shown inhibitory effect on hyaluronan synthesis and 

induced cell death.231,232 In HepG2 cells, exposure to GUS-GOx-CNCs-Gly resulted in a 

progressive increase of the fluorescence signal, corresponding to 190 ± 23 μM of 

hymecromone at 24 h (see Figure 10.17 in Appendix). In contrast, no fluorescence increase 

was observed in cells incubated with PBS, free GUS, GUS-GOx-CNCs and non-permeabilized 
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CNCs. Proteins are large, hydrophilic molecules that cannot pass directly through the cell 

membrane and are degraded by extracellular proteases.293–295 Therefore, only when 

encapsulated inside catalytic nanocompartments, GUS is effectively shielded, thus prolonging 

the activity and facilitating the cellular uptake (Figure 5.12A). Notably, GUS-GOx-CNCs and 

GUS-GOx-CNCs-Gly in solution demonstrated a similar enzymatic activity (Figure 5.7), 

indicating the intracellular production of hymecromone specifically by the cells that have 

taken up the catalytic nanocompartments. However, in HeLa S3 H2B-GFP cells characterized 

by a lower expression of mannose-binding lectins, GUS-GOx-CNCs-Gly produced only 8 ± 2 

μM of hymecromone, indicating a significantly lower uptake of the CNCs (Figure 5.12B; see 

Figure 10.17 in Appendix). When free GUS, GUS-GOx-CNCs and cGUS-GOx-CNCs was 

added to HeLa S3 H2B-GFP cells, no increase in fluorescence corresponding to hymecromone 

production was observed. Similarly as in solution, drug production does not occur in the case 

of non-permeabilized CNCs (Figure 5.12A).169 

 

 

Figure 5.12. Intracellular production of hymecromone. (A) HepG2 and (B) HeLa S3 H2B-GFP cells 
after incubation with GUS-GOx-CNCs (yellow), GUS-GOx-CNCs-Gly (red), cGUS-GOx-CNCs (green), 
free GUS&GOx mixture (blue) or PBS (black) for 24 h. Cells were washed and exposed to a single dose 
of 500 μM 4-MUG. Fluorescence was recorded for 24 h. Graph shows mean ± s.d. of three experiments. 

 

We then detected the intracellularly produced H2O2 in HepG2 and HeLa S3 H2B-GFP cells 

using a cell-permeable 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) probe. This 

non-fluorescent probe, upon cleavage by intracellular esterases and ROS oxidation, is 

converted to fluorescent 2’,7’-dichlorofluorescein (DCF) (Figure 5.13). Total fluorescence 

analysis of HepG2 cells incubated with GUS-GOx-CNCs-Gly exhibited significantly higher 

DCF fluorescence intensity compared to cells incubated with GUS-GOx-CNCs (1-fold, P-value 

< 0.05), thus indicating higher intracellular ROS levels (Figure 5.13A, B). These increased 
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levels correlate with the enhanced cellular uptake and endosomal escape of glycooligomer-

functionalized CNCs in HepG2 cells. Cells incubated with GUS-GOx-CNCs-Gly also showed 

significantly higher DCF fluorescence intensity compared to non-permeabilized CNCs (cGUS-

GOx-CNCs, 2-fold, P-value < 0.01) and free GUS & GOx (3-fold, P-value < 0.001), respectively, 

highlighting the importance of our permeabilized, glycooligomer-functionalized CNCs for 

intracellular uptake and activity. Moreover, GUS-GOx-CNCs-Gly induced significantly higher 

intracellular DCF fluorescence intensity compared to empty polymersomes (EPs, 3-fold, P-

value < 0.001) and PBS (3-fold, P-value < 0.001), respectively. The DCF fluorescence intensity 

detected in untreated HepG2 cells is associated with their intrinsic ROS levels.296 These 

findings further underline the efficacy of our GUS-GOx-CNCs-Gly in inducing high 

intracellular ROS levels. In contrast, total DCF fluorescence analysis in HeLa S3 H2B-GFP 

cells did not reveal significant differences in intracellular ROS levels when incubated with 

CNCs or free enzymes (Figure 5.14A, B). Similar to hymecromone production, free GOx and 

CNCs are not efficiently uptaken by HeLa S3 H2B-GFP cells, with non-permeabilized CNCs 

bearing the extra constraint of an impermeable membrane. 
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Figure 5.13. Intracellular ROS levels in HepG2 cells. (A) CLSM micrographs of 2’,7’-
dichlorodihydrofluorescein diacetate incubated cells. Red: ROS species, DCF. Scale bar: 20 μm. (B) 
Total fluorescence intensity of DCF as analyzed by CLSM micrographs. Asterisks: statistical 
significance between GUS-GOx-CNCs-Gly and the corresponding column. Graph shows mean ± s.d. 
of three micrographs. 

 



79 
 

 

Figure 5.14. Intracellular ROS levels in HeLa S3 H2B-GFP cells  (A) CLSM micrographs of 2’,7’-
dichlorodihydrofluorescein diacetate incubated cells. Green in cytoplasm: ROS species, DCF. Scale 
bar: 20 μm. (B) Total fluorescence intensity of DCF as analyzed by CLSM micrographs. Graph shows 
mean ± s.d. of three micrographs. 

 

The synergistic potential of hymecromone in combination with sorafenib has been well 

investigated, revealing effects such as decreasing cell proliferation and motility, and inducing 
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apoptosis and capillary formation in tumors.297 However, the synergy of hymecromone with 

H2O2 has not yet been explored. To investigate how the simultaneous production of 

intracellular hymecromone and H2O2 by our CNCs influences cell viability, MTS cell 

proliferation assays were performed (Figure 5.15). First, the incubation effects of the CNCs, 

empty polymersomes, glycooligomer and enzymes on cell viability after 24 h were examined 

(Figure 5.15A, B). GUS-GOx-CNCs, empty polymersomes, glycooligomer and free GUS or 

GOx were not cytotoxic as displayed by the lack of negative impact on the viability of HepG2 

and HeLa S3 H2B-GFP cells. Subsequently, we investigated the synergistic effect of 

hymecromone and H2O2 production on cell viability. To note, glucose was constant in our 

experiments, as it is a necessary component of the cell culture medium and supports the 

mimicking of the glucose-rich tumor microenvironment.298 To investigate the potential 

synergy, we controlled the providing of 4-MUG. No significant decrease in cell viability was 

observed for the cells incubated with GUS-GOx-CNCs and non-permeabilized CNCs regardless 

of 4-MUG addition, indicating limited cellular uptake, lack of intracellular hymecromone 

production and significantly lower ROS levels (Figure 5.10; Figure 5.12-5.14, Figure 

5.15C). Similarly, cells incubated with free GUS and GOx presented no decreased viability, 

associated with low intracellular ROS and hymecromone amounts (Figure 5.15C). The 

highest decrease (85% ± 15%) was observed in HepG2 cells incubated with GUS-GOx-CNCs-

Gly and 4-MUG. Importantly, cells incubated with GUS-GOx-CNCs-Gly but without 4-MUG 

addition, showed 37% ± 21% reduction in cell viability which is attributed to the intracellularly 

produced H2O2.  It is noteworthy that cells incubated with 190 μM hymecromone, experienced 

only 27% ± 3% decrease in viability, which is in accordance to previous studies investigating 

the antitumoral effects of hymecromone (see Figure 10.18 in Appendix).231,299 In 

combination, these results highlight two main aspects of our glycooligomer-functionalized 

nanosystem: the crucial role of the glycooligomer unit in enhancing cellular uptake in HepG2 

cells and the subsequent synergistic effect of the bioorthogonally generated hymecromone and 

H2O2 on cell viability. On the contrary, HeLa S3 H2B-GFP cells exhibited no significant 

decrease in viability when incubated with differently loaded nanocompartments or free 

enzymes, regardless of 4-MUG addition (Figure 5.15D). The low cytotoxicity in HeLa S3 

H2B-GFP is in agreement with the cell uptake assays and intracellular hymecromone and 

H2O2 production in this cell line. These results further underline the importance of the 

glycooligomer unit in the efficient, cell-specific uptake and the resulting cytotoxic effects of 

our catalytic nanocompartments. 
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Figure 5.15. Cell viability of HepG2 and HeLa S3 H2B-GFP cells. Cell viability as percentage of (A) 

HepG2 and (B) HeLa S3 H2B-GFP cells incubated with only PBS (control), glycooligomer, empty 

polymersomes, GUS-GOx-CNCs, GUS or GOx. Graph shows mean ± s.d. of six repetitions. Cell viability 

as percentage of (C) HepG2 and (D) HeLa S3 H2B-GFP cells. Graph shows mean ± s.d. of 3 

experiments. 

 

5.3 Conclusions 

 

Our study introduces a novel concept of multifunctional catalytic nanocompartments to 

produce a synergistic effect with controlled localization at the target site. The exemplary 

catalytic nanocompartments efficiently catalyze two independent reactions in parallel through 

co-encapsulation of two enzymes, β-glucuronidase and glucose oxidase, which simultaneously 

produce the cytotoxic drug hymecromone from its glucuronide conjugate and H2O2 through 

glucose consumption, respectively. The selective cell internalization in HepG2 is driven by the 

glycooligomer functionalization of the compartments, serving the interaction with the 

overexpressed mannose-binding receptors. The synergistic effect of hymecromone and H2O2 

resulted in a significant reduction of HepG2 cell viability. Together, targeted and 
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multifunctional compartments combining bioorthogonal reactions – such as drug production 

and cell starvation – provide optimal response. The promise of our nanosystem lies in its 

potential to refine enzyme-based therapeutic approaches, offering more effective outcomes 

through the convergence of parallel production of desired compounds. For example, in a 

clinical setting, an elicited synergistic effect by the simultaneous production of hymecromone 

and H2O2 could further support the inhibition of e.g. pancreatic or ovarian cancer growth, 

where hymecromone has exhibited its anticancer properties. This study sets the stage for 

further exploration and development of such nanosystems, contributing to the ongoing 

demand for innovative therapeutic strategies. This means that by carefully selecting the 

produced drug that is paired with H2O2, a synergistic effect suitable for combating other types 

of malignancies could be achieved. In our example, we focused on combinatorial cancer 

therapy, but the versatility and potential modifiability of this platform further inspires and 

supports the use of such nanocompartments in other therapies and applications. For instance, 

the parallel generation of a traceable and a therapeutic compound could introduce our 

nanocompartments in the field of theranostics, while the choice of other types of 

glycooligomers could target them in new biolocations.  
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6. Artificial Organelles for Mimicking Inter- and Intra- 

Cell Communication in a Photoreceptor Mimic 

 

Exploring inter- and intracellular signaling pathways in synthetic biology, this study 

presents the example of integrating of Ca2+-sensitive, photoresponsive and catalytic artificial 

organelles (AOs) within giant unilamellar vesicles (GUVs) to build photoreceptor mimics. 

With the strategic optimization, generation and spatial separation of the artificial 

organelles, we demonstrate inter- and intracellular communication across different 

artificial cells (ACs), mimicking natural photoreceptors. We further highlight the sensitivity 

modulation of our system by the addition of extracellular messengers, closely emulating one 

of the characteristic functions of photoreceptive synapses. Our findings broaden the 

understanding of cell-cell communication mechanisms, providing a new perspective on the 

intricacies of intracellular signaling. This breakthrough offers potential applications in 

developing advanced synthetic biology tools and studying abstracted cellular signaling 

pathways, significantly contributing to our knowledge of cellular communication and 

signaling dynamics. Meanwhile, the versatility of the platform enables the vision of their use 

in a broader spectrum of models and applications. 
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6.1 Introduction 
 

Inter- and intracellular signaling pathways belong to the core of how cells receive, transmit 

and process signals from their environment.300,301 Depending on the nature of the signal, a 

number of organelles are involved with a variety of characteristics and functionalities. 

Organelles often have a key role not only in internal signal transduction and subsequent cell 

reaction, but also in exchange of information between cell populations for a coordinated 

behavior. The bottom-up design of synthetic (sub-compartmentalized) cellular models 

provides the means to study and understand the complex underlying principles of inter- and 

intracellular communication networks.240,302,303 While artificial cells mimicking cellular 

processes such as protein production, or DNA- and self-replication,304,305 have been 

engineered, models for intra- and even more intercellular communication and signal 

transduction are still sparse.94,120,240,306–308 One of the reasons for this shortcoming includes 

the complexity of building hierarchically compartmentalized ACs, i.e. artificial organelles 

loaded in ACs together with the limited permeability of artificial membranes and the absence 

of suitable communication channels.  

Most of the artificial cells that have been engineered to date encapsulate a variety of 

biomolecules in their inner cavity.309,310 GUVs (1-100 µm in diameter) can be used as mimics 

of natural cells both in size and membrane structure and are often assembled from lipids, 

peptides or amphiphilic block copolymers.26,309 Although such systems contribute to a better 

understanding of simple cellular processes, more complex ones cannot be mimicked due to 

the absence of cell-mimetic  organization and structures, i.e. organelles. Therefore, 

encapsulation of AOs with distinct functionalities in ACs results in models that more closely 

mimic natural processes. Particularly in communication and signaling, signaling molecules 

must be able to transmit information between AOs and/or between ACs and their diffusion 

can be facilitated by permeabilized boundaries, i.e. membrane pores,311–313 membrane 

proteins,314–316 or pore-forming peptides.50,317,318 

Here, we follow a bottom-up strategy for developing an AO-compartmentalized 

photoreceptive model and explore its competence to execute complex inter- and intracellular 

signaling cascades in response to multiple external stimuli (Figure 6.1). This exemplary 

model aims to serve as a proof of concept and blueprint of engineering polymer-based, 

subcompartmentalized ACs for a variety of applications and natural-processes mimics. First, 

we present the detailed design, formation and optimization of AOs and thoroughly investigate 

their activity in solution. In particular, chemo- and photoresponsive AOs are capable of 

sensing Ca2+ ions and release signaling molecules upon a light cue, respectively. In nature, 

light is the activator of photoreceptors, while Ca2+ in the outer segment controls photoreceptor 
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light adaptation and at the synaptic terminal is an important modulator of downstream 

signaling.319 Next, we proceed with increasing the level of complexity of our intracellular 

signaling model by utilizing photoresponsive AOs to activate a signaling cascade, beginning 

with the release of a substrate from their cavity and its subsequent processing by catalytic AOs. 

Such a response exemplifies rod and cone cells below the pigment epithelium of the eye, where 

a series of signal transduction reactions upon light exposure are performed.320 Although 

artificial, lipid-based nanovesicles embedded with photoreceptors were previously reported to 

show specific color sensitivity, they were not further exploited in the context of an artificial 

communication and signaling model.321 Our artificial cells and organelles are based on an 

amphiphilic diblock copolymer, poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) 

(PDMS-b-PMOXA), which is known to assemble highly stable nano- and micrometer-sized 

vesicles that are able to encapsulate a variety of molecules in their aqueous cavity.26,168,322 Due 

to the fluidity of PDMS-b-PMOXA membranes, the incorporation of native and artificial 

membrane constituents is facilitated, resulting in increased functionality, permeability and 

stimulant sensitivity of the vesicles.69,95,169,259 Artificial organelles of defined size (0.1-1 μm) 

that mimic naturally occurring organelles were created through film rehydration and 

subsequently extruded,26 while ACs with a high-throughput microfluidic setup.32,318,323–326  

 

 

Figure 6.1. Schematic of the design of artificial organelles for inter- and intra-cellular 
communication, integrated in photoreceptive mimics. 
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Finally, we present our engineered AO-encapsulating photoreceptors and artificial retinal 

synapse.327 We established a cell-cell communication pathway by spatially separating 

substrate-releasing and catalytic AOs across distinct cells. By incorporating both 

photoresponsive and calcium-responsive AOs within a single AC, our model demonstrates 

dual sensitivity to Ca2+ and light. Importantly, an imitation of the outer segment of native 

photoreceptive cells was achieved, by modulating the downstream signaling response with 

varying environmental calcium levels.319 Based on the modifiability and versatility of our 

proposed platform, AOs and ACs with a variety of functionalities, and their combinations will 

enable the generation of a number of different models and support the expansion of the field 

of bottom-up, synthetic biology. 

 

6.2 Results and Discussion 

 

6.2.1 Formation, characterization and integration of AOs in ACs 

 

For determining and optimizing AO encapsulation for creating hierarchical ACs (see Figure 

10.19 in Appendix), models of nanometer-sized AOs encapsulating the fluorescent dye 

Atto488 (AO_A488) were created by drying a thin layer of PDMS25-b-PMOXA10 copolymer 

and rehydrating overnight with an aqueous solution containing the fluorescent dye. 

Subsequent extrusion reduced the diameter of the resulting AOs to approximately 182 ± 59 

nm as determined by dynamic light scattering (DLS) and 192 ± 39 nm by nanoparticle tracking 

analysis (NTA) (Figure 6.2A, B). The radius of gyration (Rg, 104 ± 3 nm) was calculated by 

SLS and the hydrodynamic radius (Rh, 100 ± 5 nm) using the DLS profile (Figure 6.2C). The 

shape parameter ρ (Rg/Rh) was determined to be approximately 1, which is typical for the 

morphology of hollow spheres.169,212 To create AO_A488-bearing ACs, AO_A488 were added 

to the IA phase in various dilutions (1:10 – 1:1000, see Figure 10.20, Table 10.8 in 

Appendix). Even at the highest AO concentration, AO_A488 were distributed evenly, retained 

their structural integrity and were not found to interact with the membrane, as analyzed by 

3D AC reconstructions (see Figure 10.21 in Appendix). 
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Figure 6.2. Characterization of AO_A488. (A) Size distribution of AO_A488 measured by DLS. (B) 

Determination of the size and respective concentration of AO_A488 by NTA. (C) SLS data of AO_A488 

and linear fit to the Guinier equation. 

 

Further investigations on the motion of AO_A488 in solution and in ACs were performed 

using fluorescence correlation spectroscopy (FCS) (Figure 6.3A, B). Comparison of the 

diffusion times (τD) of AO_A488 before and after encapsulation confirmed that neither the 

buffer composition nor the confinement affected AO diffusion and no AO aggregation was 

observed inside ACs (Figure 6.3A). The increasing correlation G(τ) was a consequence of the 

number of AO_A488 in the cavity of ACs and inversely proportional to their concentration 

(Figure 6.3B). FCS measurements in the extravesicular environment of the ACs showed no 

diffusion times corresponding to AO_A488, indicating the high stability of the ACs, as no AOs 

were released from the GUVs. 

 

 

Figure 6.3. Encapsulation of AO_Atto488 in protocells.Normalized FCS autocorrelation curves of 

free Atto488 (green, τD = 37 ± 3 μs), AO_Atto488 in PBS (red, τD = 5558 ± 1558 μs), AO_Atto488 in IA 

(black, τD = 5158 ± 1056 μs), AO_Atto488 in GUV’s cavity (blue, τD = 4573 ± 1918 μs) and in 

extravesicular environment (orange, τD = 47 ± 10 μs). (B) FCS autocorrelation curves for AO_A488 

encapsulated in the cavity of artificial cells at different concentrations. Symbols represent raw data 

and solid lines represent fitted curves. 
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6.2.2 AOs and response to chemical signals 

 

Calcium is an important second messenger in cells and, intracellularly, it is mostly stored in 

small vesicles, such as lysosomes.328–330 In photoreceptive cells, calcium ions (Ca2+) have 

multiple roles spreading from detection, transduction and synaptic transfer of light stimuli to 

control of the gain in the outer segment of the photoreceptor.319 AOs were generated with Ca2+ 

detection ability by encapsulating CalciumGreen™-5N (CaGreen), whose fluorescence 

increases upon binding to Ca2+, and permeabilized with the pore-forming peptide melittin 

(AO_mel_CaGreen).50,169 By DLS measurements, their diameter was calculated at 170 ± 42 

nm and by NTA at 157 ± 29 nm (Figure 6.4A, B). By SLS measurements, the Rg was 

calculated at 91 ± 3 nm and the Rh at 88 ± 3 nm (ρ = 1, Figure 6.4C). The number of melittin 

pores was estimated to be 43 ± 1 per AO by FCS measurements on AOs prepared with Cy5-

labeled melittin (Figure 6.5A). The diameter of non-permeabilized control AOs 

(AO_CaGreen) was calculated at 169 ± 49 nm by DLS and 157 ± 30 nm by NTA (Figure 6.4D, 

E). The Rg was found at 91 ± 3 nm and the at Rh 89 ± 9 nm (ρ = 1, Figure 6.4F). 

AO_mel_CaGreen and AO_CaGreen were first analyzed in bulk for their permeability to Ca2+ 

ions and subsequent sensing of Ca2+ by CaGreen using FCS. With increasing CaCl2 

concentration, the fluorescence intensity of AO_mel_CaGreen (τD = 4663 ± 173 μs, Figure 

6.5B) increased 2-4-fold, indicating the diffusion of Ca2+ through the melittin pores (Figure 

6.5C). The minimal detectable Ca2+ concentration of 10 μM was in the range of naturally 

occurring Ca2+ concentrations in lysosomes.331 By analyzing the AO_mel_CaGreen with FCS, 

diffusion times of a second component corresponding to free CaGreen (τD = 33 ± 1 μs) were 

not detected, confirming that the dye was too big to diffuse through the melittin pores (1192.2 

Da, Figure 6.5B).332 
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Figure 6.4. Characterization of AO_CaGreen and AO_mel_CaGreen. Size distribution of (A) 

AO_CaGreen and (D) AO_mel_CaGreen measured by DLS. Determination of the size and respective 

concentration of (B) AO_CaGreen and (E) AO_mel_CaGreen by NTA. SLS data of (C) AO_CaGreen 

and (F) AO_mel_CaGreen and linear fit to the Guinier equation. 

 

We then proceeded with creating our first signaling cell mimic by encapsulating approximately 

~ 103 AO_mel_CaGreen per protocell, emulating the role of lysosomes as a major regulator of 

Ca2+ as a primary messenger signal. Ionomycin facilitated the transport of Ca2+ across the AC 

membrane (see Figure 10.22A in Appendix) and melittin across the AO membrane, leading 

to a 2.5-fold increase in CaGreen fluorescence of AOs when 1 mM CaCl2 was added in the 

extravesicular environment (see Figure 10.22B in Appendix). Although lacking melittin 

pores, a slight increase in fluorescence of AO_CaGreen in ACs was observed, but significantly 

less than of AO_mel_CaGreen. This can be attributed to the fact that the membranes of 

artificial cells and organelles were made from the same PDMS25-b-PMOXA10 copolymer and 

ionomycin is rendered hydrophobic when complexed with Ca2+ ions. Therefore, upon contact, 

it would be possible that membrane fractions or ionomycin-Ca2+ complexes were transferred 

between AOs and ACs. 
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Figure 6.5. Response to calcium signals by AOs. Normalized FCS autocorrelation curves of (A) free 
Cy5-melittin (green, τD = 500 μs) and AO_Cy5-melittin (10 μΜ initial melittin concentration, black, 
τD = 4500 μs) and (B) AO_mel_CaGreen with 0 (blue, τD = 4365 μs), 10 (green, τD = 4785 μs), 100 (red, 
τD = 4725 μs) and 1000 μM CaCl2 (purple, τD = 4777 μs). Symbols: raw data, Lines: fitted curves. Due 
to similar τD, lines and symbols overlap. (C) Normalized CaGreen fluorescence inside AOs measured 
by FCS upon addition of 0-1000 µM CaCl2 (n=6). (n>5 per condition) Significance levels: p > 0.05 
(n.s.), p < 0.05 (*), p < 0.005 (**), and p < 0.0005 (***). 

 

6.2.3 AOs and response to light cues 

 

Achieving controlled release of encapsulated compounds from AOs is a key aspect in the 

development of artificial cell communication. Thus, we first optimized the formation of light-

responsive AOs, using Atto488 encapsulated in AOs with a synthetic dibromo molecular motor 

(MM) incorporated in the hydrophobic part of their membrane (AO_MM_A488).259 Their 

diameter was measured at 191 ± 67 nm by DLS and 173 ± 36 nm by NTA (Figure 6.6A, B). 

The Rg was found at 103 ± 15 nm and the Rh at 101 ± 16 nm (ρ = 1, Figure 6.6C).  
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Figure 6.6. Characterization of AO_MM_A488. (A) Size distribution of AO_MM_A488 measured 
by DLS. (B) Determination of the size and respective concentration of AO_MM_A488 by NTA. (C) SLS 
data of AO_MM_A488 and linear fit to the Guinier equation. 

 

Next, we established and optimized light-mediated cargo release from AO_MM_A488. The 

MM is able to rotate when irradiated with light at 430 nm.259 It has recently been shown that 

light-induced MM rotation leads to membrane rupture and a release of cargo from the AO 

cavity.259 The successful insertion of MM into our AOs was demonstrated by UV/Vis 

spectroscopy of empty AO_MM (see Figure 10.23A, B in Appendix). The spectral changes 

observed for the MM peak (λmax = 405 nm) confirmed the successful photochemical E-Z 

isomerization and thus the rotation of the MM within the AOs (see Figure 10.23C, D in 

Appendix). The quantum yield of photoisomerization was reduced by half for integrated MM 

compared to free MM, while the rotation speed of the integrated MM increased 1.4-fold due to 

the shielding effect of the hydrophobic AO membrane domain (see Figure 10.24, Table 10.9 

in Appendix).333 The release of cargo was evaluated by the release of Atto488 from 

AOs_MM_A488 in response to irradiation (λ = 430 nm) for up to 20 min. A ~ 15-fold increase 

in fluorescence intensity was observed after 10 minutes of irradiation for free AO_MM_488 

(Figure 6.7). AOs without MM (AO_A488) were stable regardless of the irradiation 

conditions and did not release their cargo.259 A similar release profile by AO_MM_A488 in 

ACs was observed after ~ 10 min of light exposure (see Figure 10.25 in Appendix). However, 

the relative fluorescence increase was lower compared to free AO_MM_488, due to the lower 

relative concentration of AOs (~ 6.7 ± 1.2 x 109 AO AC-1). 
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Figure 6.7. Response to light triggers and cargo release by AOs. Schematic representation of stimuli 
responsive AOs containing molecular motors in their membranes. Upon illumination with light (hv) 
at 430 nm, the molecular motors rotate, thereby destabilizing the polymer membrane and releasing 
the cargo from the AO lumen. Release of ATTO488 dye from the AO lumen upon exposure at 430 nm. 
Fluorescence measured from fluorescence micrographs (n=3 samples per condition).  

 

6.2.4 Intra- and inter-cellular signaling pathway mimics facilitated by AOs 

 

Light signal in photoreceptive cells results in a complex network of signaling cascades.334 In 

order to closely mimic a light-triggered two-compartment intracellular signaling pathway, 

precisely designed artificial organelles (AO_MM_FDG, AO_mel_βGal) were engineered. 

Upon light activation, the released, non-fluorescent substrate fluorescein-di-β-D-

galactopyranoside (FDG) generated downstream signaling when converted to fluorescein by 

β-galactosidase (βGal) within melittin-permeabilized artificial organelles (AO_mel_βGal). 

The physicochemical characterization of these AOs revealed diameters of 180 ± 56 nm by DLS 

for AO_MM_FDG, while for AO_FDG, 192 ± 66 nm (Figure 6.8A, D). By NTA, their 

diameters were measured at 177 ± 37 nm and 190 ± 38 nm, respectively (Figure 6.8B, D). By 
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SLS, the Rg of AO_MM_FDG was found 101 ± 13 nm and the Rh 99 ± 11 nm (ρ = 1, Figure 

6.8C), while for AO_FDG, the Rg was 107 ± 11 nm and the Rh 100 ± 5 nm (ρ = 1.1, Figure 

6.8F). 

 

 

Figure 6.8. Characterization of AO_FDG and AO_MM_FDG. Size distribution of (A) AO_FDG and 
(D) AO_MM_FDG measured by DLS. Determination of the size and respective concentration of (B) 
AO_FDG and (E) AO_MM_FDG by NTA. SLS data of (C) AO_FDG and (F) AO_MM_FDG and linear 
fit to the Guinier equation. 

 

For the catalytic AOs, the diameter of AO_mel_βGal was calculated at 179 ± 66 nm by DLS 

and 177 ± 40 nm by NTA, while for AO_βGal at 143 ± 38 nm and 142 ± 26 nm, respectively 

(Figure 6.9A-D). The Rg of AO_mel_βGal was found 105 ± 3 nm and the Rh 100 ± 5 nm (ρ 

= 1, Figure 6.9E). Meanwhile, the Rg of AO_βGal was found 109 ± 3 nm and the Rh 95 ± 8 

nm (ρ = 1.1, Figure 6.9F). The number of melittin pores per AO_mel_βGal were 177 ± 37, as 

calculated by FCS on Cy5-melittin-incorporating AOs (see Figure 10.26A in Appendix). The 

encapsulation efficiency of βGal within the AOs’ cavities was estimated at 31% ± 17% by the 

Bicinchoninic acid assay (BCA), which is used for the determination of protein content in a 

sample (see Figure 10.26B in Appendix). 
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Figure 6.9. Characterization of AO_βGal and AO_mel_βGal. Size distribution of (A) AO_βGal and 
(D) AO_mel_βGal measured by DLS. Determination of the size and respective concentration of (B) 
AO_βGal and (E) AO_mel_βGal by NTA. SLS data of (C) AO_βGal and (F) AO_mel_βGal and linear 
fit to the Guinier equation. 

 

In a first bulk experiment comparing the conversion of FDG released by AO_MM_FDG to 

fluorescein by βGal upon 10-minute irradiation, we observed a slower reaction in βGal 

encapsulated within artificial organelles (AO_mel_βGal, constant increase over 60 min) 

compared to its free counterpart (rapid increase within 10 min, Figure 6.10A). This 

difference is attributable to the substrate needing to diffuse through pores into the AO cavity 

to reach the βGal.169 As expected, light-mediated disruption of the AO_MM_FDG is the 

defining point in the production of fluorescein. When the system was not irradiated, FDG was 

not released in the surrounding environment, making it inaccessible to βGal for catalysis 

(Figure 6.10A). The release of FDG from AO_MM_FDG is also a restricting factor in the 

overall enzymatic efficiency of the system. When compared to free given FDG, the increase in 

fluorescence corresponding to fluorescein was similar to FDG released from AO_MM_FDG, 

but the overall relative fluorescence increase was lower (Figure 6.10A, B). Control AOs 

without melittin pores (AO_βGal) and without MM (AO_FDG) showed no catalytic activity 

owed to the lack of diffusion and release, respectively (Figure 6.10B, C). These results taken 

together underscore the critical role of the stimulus-responsive molecular motor in artificial 

organelles when developing a signaling and communication pathway mimic. 
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Figure 6.10. Conversion of FDG (25 nM) to fluorescein by βGal (10 U mL-1). (A) Conversion of (A) 

AO_MM_FDG, (B) free FDG and (C) AO_FDG to fluorescein by βGal. Stars: Absence of catalyst. Filled 

symbols: FDG, AO_FDG and AO_MM_FDG irradiated for 10 min, 430 nm, RT, PBS, 1 h. Empty 

symbols: FDG, AO_FDG and AO_MM_FDG not irradiated. 

 

Integrating AO_mel_βGal and AO_MM_FDG in photoreceptive protocells, the emulation of 

an intracellular, inter-organelle signaling cascade was achieved (see Figure 10.27A in 

Appendix). Similar to bulk, AO_MM_FDG released FDG upon illumination, which in turn 

diffused into AO_mel_βGal. βGal hydrolyzed FDG to fluorescein, resulting in significant 

increase in fluorescence. No significant fluorescence increase was observed for AO_βGal or 

AO_FDG (see Figure 10.27B in Appendix), regardless of illumination. Increasing the 

complexity of our system, we explored the efficiency seen in nature and in particular, how cells 

manage multiple signaling pathways. For this purpose, light- and calcium-responsive AOs 

were combined within a single AC (see Figure 10.27C in Appendix). The calcium sensitive 

dye Rhod-5N was used to generate the calcium-sensitive AOs (AO_mel_R5N) to reduce 

fluorescence spectra overlap of fluorescein and CaGreen. Their diameter was measured at 184 

± 65 nm by DLS, while by NTA at 175 ± 34 nm (Figure 6.11), in agreement with the AOs of 

this study. SLS analysis could not be conducted due to the compatibility of Rhod-5N with the 

technique. 

 

 

Figure 6.11. Characterization of AO_mel_R5N. (A) Size distribution measured by DLS. (B) 
Determination of the size and respective concentration by NTA. 
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Rhod-5N and AO_mel_R5N were first investigated for their calcium sensing ability in bulk 

(Figure 6.12). It was observed that the fluorescence corresponding to Rhod-5N was 

increasing with increasing concentrations of CaCl2 (0 – 1000 μM). Exposure to 1 mM CaCl2 

exhibited the highest Rhod-5N fluorescence increase, both for the free dye and AOs, and it was 

selected for the rest of the study. Next, DNA nanopores (cutoff ~ 50 kDa),312 replaced 

ionomycin on the AC bilayer membrane, aiming to expand the range of molecules able to pass, 

and ACs were coloaded with AO_mel_R5N and light-sensitive AO_MM_FDG. When both 1 

mM extravesicular CaCl2 and illumination were present, Rhod-5N fluorescence of 

AO_mel_R5N exhibited a significant decrease (see Figure 10.27C in Appendix). In contrast, 

in the absence of illumination, AO_mel_Rhod-5N fluorescence increased significantly. This is 

attributed to an increased background fluorescence caused by the released FDG of 

AO_MM_FDG, modulating the CaCl2-response (see Figure 10.28 in Appendix). 

 

 

Figure 6.12. CaCl2 sensitivity of Rhod-5N. Fluorescence changes of (A) free Rhod-5N and (B) 

AO_mel_R5N in response to increasing CaCl2 concentrations for 1 h. 

 

We then proceeded with seggregating the AOs in two distinct ACs, emulating a signaling 

network of a synapse (see Figure 10.29 in Appendix). Sender ACs were equipped with 

AO_MM_FDG, while receiver ACs with AO_mel_βGal and CF633-Dextran (70 kDa) for 

distinction (see Figure 10.29A in Appendix). Intracellular communication facilitated by AOs 

was established only upon illumination, where released FDG from AO_MM_FDG entered 

receiver ACs and was catalyzed to fluorescein by encapsulated βGal of AO_mel_βGal (see 

Figure 10.29B, C in Appendix). Going a step further and inspired by native rod and cone 

photoreceptors,319,335 we introduced Ca2+-responsiveness to the system by adding 

AO_mel_R5N in the sender ACs (see Figure 10.30 in Appendix). First, we examined the 
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influence of Ca2+ on the fluorescence of fluorescein and the activity of βGal (Figure 6.13). It 

was found that with increasing concentrations of CaCl2, the fluorescence of fluorescein was 

not significantly affected (Figure 6.13A). However, the activity of free (Figure 6.13B) and 

encapsulated βGal (Figure 6.13C) was decreased in the presence of 1 mM CaCl2 and free 

FDG. Without CaCl2, the reaction by free βGal took place rapidly and a plateau was observed 

after 2 h. On the contrary, CaCl2 decelerated the reaction which reached a significantly lower 

plateau with a 3-fold signal reduction after 3 h. The calculated slopes of the reactions, 

corresponding to the rate of fluorescein production, revealed the a ~ 5-fold decrease of 

hydrolysis rate of βGal (Figure 6.13D), which is in agreement with the reported effect of 

calcium and heavy metals on βGal activity.336–338 Finally, the influence of CaCl2 on the activity 

of βGal was also demonstrated in the receiver ACs, where a fluorescein signal decrease of 

approximately 10% was observed (see Figure 10.30 in Appendix). Meanwhile, the changes 

in Rhod-5N fluorescence of AO_mel_R5N in sender ACs followed the previously observed 

profile (see Figure 10.31 in Appendix). These results highlight the directional 

communication between distinct sub-compartmentalized artificial cells with the opportunity 

for sensitivity modulation. 

 

 

Figure 6.13. Influence of CaCl2 on Fluorescein Fluorescence and FDG hydrolysis by βGal. 

Fluorescence of fluorescein with and without 1 mM CaCl2 added. (B, C). Fluorescence increase during 

hydrolysis of FDG to fluorescein by free βGal (B) or AO_mel_βGal (C) in the presence of different 

CaCl2 concentrations. (D) Slopes determined for the linear regions of (B) and (C) (between 30 and 70 

min). 

 

6.3 Conclusions 

 

In summary, we engineered artificial organelles and utilized them in bottom-up 

compartmentalized artificial cells and networks with our example focusing on photo- and 

chemoresponsive properties. The exemplary artificial organelles were designed, optimized 

and characterized for their physicochemical properties and multiple functionalities to ensure 
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optimal conditions for AC generation. The compartmentalization of ACs was achieved by the 

encapsulation of AOs in a controlled manner, allowing for a fine tuning of organelle 

encapsulation. Functionalization of the artificial membranes through the addition of light-

responsive molecular motors, ionophores, or pores facilitated spatiotemporal control over 

their response and generated a multi-stimuli responsive network by combining functionalities 

responsive to different external cues. The generated calcium-sensitive protocells utilized the 

ionophore ionomycin in the cells’ membrane and the pore-forming peptide melittin in AOs, 

while photoresponsive cells were equipped with molecular motor-bearing AOs, that 

underwent structural changes upon light exposure, thereby releasing the AOs content. The 

encapsulation of substrate-releasing photoresponsive AOs and enzyme-based catalytic AOs in 

a single or distinct ACs led to the engineering of inter- and intracellular signaling mimics upon 

light illumination. The creation of a dual-responsive system with light adaptation features was 

achieved by adding Ca2+-responsive AOs to the sender cells. With external administration of 

CaCl2 and light activation, the signal transduction in the receiver cells could be modulated, 

similarly to natural rod or cone cells. Our prototype has a solid base for safely introducing 

more components, such as other proteins, stimuli or natural cells to bring it even closer to 

photoreceptors and photoreceptive synapses. This would not only expand our knowledge on 

these systems, but also become the platform on which these types of biomaterials are being 

established in regenerative engineering. Therefore, owing to the modularity of the presented 

system, the strategy outlined in this work can be utilized in combination with a wide range of 

artificial organelles and cell mimics possessing various functions, aiming to address a larger 

scope of applications and fields. For example, the choice of light and calcium as stimuli in the 

presented work is not restrictive or exhaustive. With the appropriate fine modulations and 

optimizations, our platform has the potential to support the generation of other element-

responsive mimics, e.g. temperature, to create artificial thermoreceptors.  
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7. Conclusions & Outlook 

 

In this thesis, we engineered different synthetic polymersome-based nanocompartments with 

hosted synthetic and biological molecules in order to obtain nanosystems with advanced 

functionalities for biomedical applications. Their adaptability and wide range of utilization 

was emphasized by generating nanocompartments for counteracting drug metabolism, cancer 

therapy and as synthetic cell-integrated organelle mimics. The strategies followed for 

producing these novel nanocompartments can be summarized in: 1. choice of block 

copolymers that self-assemble easily into polymersomes, while their propertied allow the 

incorporation of small molecules and proteins in the membrane, 2. functionalization of their 

outer surface with appropriately selected moieties, 3. selection of stimuli-responsive units, 

substrates, therapeutic compounds and enzymes with desired activity and 4. co-encapsulation 

of different enzymes in a single nanocompartment. PDMS-b-PMOXA copolymers with short 

block lengths were chosen for building the synthetic compartments owed to their efficient self-

assembly into polymersomes in a wide range of conditions, and allowing functional 

incorporation of the selected components and biomolecules. 

We generated a light-responsive drug delivery system using low-power visible light for 

activation. By incorporating synthetic rotary molecular motors into the polymer membrane 

and encapsulating the hydrophilic, FDA-approved drug pemetrexed, our nanosystem 

exhibited high spatiotemporal control and tunable release profiles in a range of quantities of 

the light-responsive unit, following sequential irradiation cycles. The responsive nanocarriers 

efficiently delivered the drug intracellularly and on demand, reducing the cell viability of 

cancer cells, highlighting its advantages over the free-drug approach. These results represent 

an unpresented approach in the field of smart drug delivery and pave the way for further 

advancements. For example, using a library of molecular motors with different activation 

wavelengths, drugs and testing conditions we can appreciate its applicability, achieve a higher 

level of control and therapeutic outcome. 

Expanding our endeavors, we developed bio-hybrid catalytic nanocompartments for inverting 

the glucuronidation of a therapeutic compound in situ. B-glucuronidase was encapsulated in 

the aqueous cavity of the nanocompartments, producing the active drug of hymecromone from 

its glucuronide conjugate. Analysis of the enzymatic kinetics revealed the influence of 

encapsulation and the importance of membrane permeabilization. This design further 

highlighted the protective aspect of our nanocompartments, prolonging and enabling the 

catalytic activity of the enzymes in complex environments and in the cytosol. Our work 

proposed a new way of counteracting metabolism by locally reverting the glucuronidation of 
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drugs, aiming to extend their half-lives and activity. Varying the selected glucuronides and 

biological testing conditions, e.g. in vivo assessments, further insights and possible 

applications can be gained. 

By a similar catalytic nanocompartment layout, we engineered dual enzyme-loaded 

nanocompartments decorated with glycooligomers, proposing an innovative strategy in the 

field of drug synergism. Originating from their surface functionalization with glycooligomer 

tethers, our nanocompartments showed enhanced, cell-specific internalization and 

endosomal escape in cells with a high expression profile of mannose-binding receptors. With 

the careful selection of β-glucuronidase and glucose oxidase as the co-encapsulated enzymes 

in the cavities, we achieved parallel, bioorthogonal reactions for the simultaneous production 

of two therapeutically relevant compounds: hymecromone and H2O2. We showed that the 

intracellular, simultaneous catalytic activity of the nanocompartments in function with the 

targeting ability promoted a cell-specific decreased viability. This is the first time that co-

encapsulated enzymes performed parallel enzymatic reactions, achieving a synergistic effect. 

These results inspire further investigation of our system and its application. For example, we 

can evaluate a library of glycooligomers with diverse targeting profiles, as well as a 

combination of enzymes working in parallel. Furthermore, different therapeutic molecules 

with a variety of potencies can be tested for their production by our system and move our 

investigating conditions towards in vivo evaluation. 

Artificial organelles and cells were constructed to form photoreceptor mimics, aiming to 

expand our knowledge of cellular communication, and signal regulation and transduction. The 

polymersome-based artificial organelles were equipped with responsive or catalytic molecules, 

enabling them to react to environmental changes and perform enzymatic reactions with 

spatiotemporal control. Apart from establishing an intracellular communication model with 

chemo- and photoresponsiveness, we also mimicked a photoreceptive synapse by strategically 

segregating artificial organelles in separate cells. We were able to demonstrate the signal 

transduction between the populations of artificial cells, as well as its regulation by external 

factors, i.e. calcium. This study offered significant advancements in the field of bottom-up 

synthetic biology and contributed to better understand naturally-occurring processes. To 

enhance the complexity of our system, we can generate artificial organelles responding to 

different stimuli, e.g. temperature or pH and perform various catalytic reactions as a result of 

the selected enzymes. We can also increase the level of segregation to separate artificial cells, 

aiming to bring it even closer to the natural analogues and tissue architecture. 

In conclusion, the  exemplary systems of this thesis corroborated our vision of creating a 

platform of nanocompartments that its versatility and modifiability has the potential of 

expanding the cutting-edge technologies for biomedical applications. We particularly chose to  
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highlight how powerful this platform can be by utilizing it not only in enzyme-mediated drug 

production, but also in drug delivery and bottom-up synthetic biology, emphasizing the wide 

range of applications of our nanosystem. 
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8. Materials & Methods 

 

8.1 Chapter 3 

 

8.1.1 Materials 

Sepharose® (4B, 45 to 165 μm beads diameter), penicillin, streptomycin, calcein, PEM and 

Whatman® Nucleopore™ Track-Etched membranes (100 nm) were purchased from Sigma-

Aldrich. PBS and fetal bovine serum (FBS) were purchased from BioConcept. Dulbecco’s 

Modified Eagle Medium (DMEM) with GlutaMAX™ was purchased from Gibco Life Sciences. 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased from 

Invitrogen. Irradiation experiments with λmax = 430 nm were conducted using Lite-On LEDs 

(six LEDs, 3.5 cm from each other, device dimensions: (13 × 9 × 3.5) cm, Mouser Electronics, 

3.4 V, 50 Hz, 0.5 Ampere (AMPS). 

 

8.1.2 Polymersome preparation 

Synthesis and characterization of amphiphilic diblock copolymer PDMS-block-poly(2-methyl-

2-oxazoline) (PDMS25-b-PMOXA10) was described previously.212 

Polymer vesicles were prepared by thin film hydration method followed by extrusion through 

polycarbonate pore membranes of desired size (100 nm) and purification by SEC. A PDMS25-

b-PMOXA10 solution in EtOH (10 mg mL−1) was mixed with a solution of molecular motors (1 

mg mL−1, 25 mol%) in EtOH or the absence of them. The mixed solutions were vortexed and 

sonicated to ensure the homogeneity of the samples before the solvent was completely 

removed by evaporation under rotation using a stream of N2 and 1 h vacuum. The dry films 

were hydrated with 1 mL PBS buffer, Calcein (20 mM final concentration) or PEM (0.1 mM 

final concentration) and stirred overnight at 1,200 rpm to generate the polymersomes by self-

assembly. The resulting turbid solutions were extruded 21 times using Avanti Mini Extruder 

(Avanti™) and the corresponding polycarbonate membrane (Avanti™) prewetted in PBS 

buffer. Purification was performed using Sepharose® 4B (45–165 μm beads diameter). The 

obtained samples were used within 48 h after purification. During the experimental procedure 

all setups were protected from light. 

 

8.1.3 Characterization of polymersomes 
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Light scattering: The size of the vesicles after purification was determined using a Zetasizer 

Ultra (MAL1255805 serial number, Malvern Panalytical, UK). Samples were measured in PBS 

buffer, 37 °C, seven attenuations using a disposable ZEN1002 cuvette (Malvern Panalytical) 

positioned at 4.64 mm from the scattering detector fixed at angle 174.7°. 

The shape parameter ρ (Rg/Rh) was obtained by combining dynamic and SLS measures done 

on a light scattering spectrometer (LS instruments), equipped with a He–Ne 21 mW laser (λ = 

632.8 nm) at scattering angles from 30° to 135° at 25 °C. Guinier plots were used for obtaining 

the radius of gyration (Rg), while the hydrodynamic radius (Rh) was obtained from DLS. 

Zeta-potential: Zeta-potential was measured using a Zetasizer Ultra (MAL1255805 serial 

number, Malvern Panalytical). Samples were diluted in water and added to a disposable 

folding capillary DTS1070 cuvette. The zeta-potential was recorded after each polyelectrolyte 

deposition (20 mV). 

Nanoparticle Tracking Analysis (NTA): The concentration, volume, and surface area changes 

of the vesicles were determined using a NanoSight NS 300 instrument (NanoSight Ltd., 488 

nm laser). Samples were measured in PBS buffer at room temperature. 

UV–VIS absorption: Absorption spectra of the samples were recorded on an Agilent 8453 

Ultra Violet - Visible (UV–VIS) Spectroscopy System (Agilent, USA) equipped with a TC1 

temperature controller (Quantum Northwest) in a 1-mm quartz cuvette, PBS buffer and 37 °C. 

Small-angle X-ray diffraction (SAXS): SAXS analysis was performed at the Multipurpose 

Instrument for Nanostructure Analysis beamline at the University of Groningen. The 

diffractometer was equipped with Cu rotating anode (λ = 1.5413 Å) using a sample-to-detector 

distance of 28.1 cm. The scattering patterns were collected using a Bruker Vantec 500 detector. 

The scattering angle scale was calibrated using the known position of diffraction rings from a 

silver behenate standard sample. The scattering intensity curves are reported as a function of 

the modules of the scattering vector q = 4π/λ(sin θ), with 2θ being the scattering angle and λ 

the wavelength of the X-rays. The samples were placed in sealed glass capillaries and then 

measured under vacuum. Polymersomes samples were prepared in MilliQ with a 200 nm 

diameter size and a total concentration of 5 mg mL-1. Samples containing MM2 were prepared 

with a concentration of 25 mol% of molecular motor. 

Transmission electron microscopy (TEM): Polymersomes aliquots of 5 μL (0.1 mg mL-1) were 

adsorbed to 400 mesh square copper grids. Excess liquid was blotted and grids were negatively 

stained with 2% uranyl acetate. All process was performed in the dark. Micrographs of 

nanostructures were recorded on a Philips CM100 transmission electron microscope at an 
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accelerating voltage of 80 kV. Irradiations were performed right before preparation of the 

sample. 

Cryo-TEM: Polymersomes samples of 2.5 μL (2 mM) were placed on a glow-discharged holy 

carbon-coated grid (Quantifoil 3.5/1, QUANTIFOIL Micro Tools GmbH). After blotting, the 

corresponding grid was rapidly frozen in liquid ethane (Vitrobot, FEI) and kept in liquid 

nitrogen until measurement. The grids were observed with a Gatan model 626 cryostage in a 

Tecnai T20 Field Electron and Ion Company (FEI) cryo-electron microscope operating at 200 

keV. Cryo-TEM images were recorded under low-dose conditions on a slow-scan Charge-

Coupled Device (CCD) camera. All processes were performed in the dark. For irradiated 

samples, the same procedure as described before was carried out in a quartz cuvette 

immediately before freezing. 

 

8.1.4 Encapsulation/ Insertion efficiencies 

Estimation of molecular motor incorporation efficiency: Estimation of molecular motor 

encapsulation was achieved by using an absorbance standard curve of known concentration 

values (from 0.1 to 100 μM) of molecular motor at 405 nm. Theoretical absorbance values 

were calculated for each of the samples as the maximum encapsulation efficiency. 

Experimental absorbance values were used to estimate the amount of encapsulation. 

Estimation of calcein encapsulation efficiency: Estimation of dye encapsulation efficiency was 

done by taking the absorbance of a calcein 20 mM solution in the same sample conditions at 

495 nm as the maximum value. Relative absorbance of the samples at the same wavelength 

was used to estimate the amount of encapsulated dye. 

Estimation of drug encapsulation efficiency: Free drug was run through the SEC column used 

for the purification of polymersomes. Applying a 280 nm detector, the area under the curve of 

its peak was calculated employing the UNICORN software. Polymersomes containing the drug 

were extruded at 100 nm and purified by SEC. The amount of free drug was calculated taking 

the area under the curve of its peak and by subtracting it from the initial amount, the amount 

of encapsulated drug in the polymersomes was estimated. 

 

8.1.5 Fluorescence release studies 

Polymer vesicles containing calcein solution in PBS were used for fluorescence release studies. 

Fluorescent release studies were performed in a Spectrofluorometer FS5 (Edinburgh 

instruments) with excitation 495 nm and emission 515 nm in PBS buffer and room 



105 
 

temperature. Fluorescence emission spectra of the calcein-loaded polymersomes were 

measured before and after 1 min irradiation with 420 nm light. Samples were kept in the dark 

for 1 h before being measured and irradiated for a maximum of three cycles. Maximum 

fluorescence was recorded after sonication of the samples with EtOH (1% final concentration) 

for 15 min. The percentage of calcein release was calculated following the equation (1): 

% 𝐶𝑎𝑙𝑐𝑒𝑖𝑛 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 = 100
(𝐹𝑡 − 𝐹0)

(𝐹𝑚𝑎𝑥 − 𝐹0)
 

where Ft is the fluorescence emission at the measured time, F0 is the fluorescence emission 

prior to any exposure to light and Fmax is the maximum fluorescence measured after incubation 

with EtOH. 

 

8.1.6 Cell cultures 

A549 cells (lung carcinoma, human; ATCC® CCL-185™) were routinely cultured in DMEM 

supplemented with 10% FBS, 100 U mL−1 penicillin and 100 U mL−1 streptomycin. Cells were 

maintained at 37 °C in a humidified atmosphere containing 5% CO2. 

Cell viability assay: Cell viability was evaluated by CellTiter 96® AQueous One solution cell 

proliferation assay (MTS). In brief, cells were seeded at a concentration of 3,000 cells per well 

in a 96-well plate (100 μL). After 24 h, 100 μL of fresh medium containing polymersomes in 

PBS (0.35 mg mL−1) or PBS was added. The next day, the supernatant was removed, cells were 

rinsed once with PBS before adding fresh medium (100 μL). For irradiation at 430 nm, 96-

well plates were exposed to Lite-On LEDs (six LEDs, 3.5 cm from each other, device 

dimensions: (13 × 9 × 3.5) cm, Mouser Electronics, 3.4 V, 50 Hz, 0.5 Ampere (AMPS), 430 

nm), irradiated for 1 min and were then cultured at 37 °C for another 24 h. The supernatant 

was removed, and fresh medium (100 μL) was added together with MTS reagent (10 μL) to 

each well. After 1 h incubation at 37 °C, absorbance was measured at 490 nm using a 

SpectraMax plate reader. The data were normalized to PBS-treated control cells, irradiated or 

nonirradiated as indicated, after background absorbance removal. Statistical analysis was 

performed using OriginPro 2020. 

For cell viability studies that did not involve polymersomes, MTS was carried out 

correspondingly except that after 24 h, 100 μL of fresh medium containing PEM (5 μM), 

supernatant of irradiated (λ = 430 nm, 1 min) polymersomes containing PEM (5 μM) or PBS 

was added to each well before 1 min irradiation at 430 nm. 

(1) 
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8.1.7 Statistical analysis 

Pooled data is presented as mean ± SD unless otherwise indicated. Information regarding 

sample size, error bars and statistical analysis used is described in each figure legend. P values 

for statistical analysis of two experimental groups or for multiple comparisons were calculated 

using OriginLab version 2021. Statistical significance was assessed using unpaired two-tailed 

t tests. Significance is reported following American Psychological Association (APA) 

guidelines (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). 

 

8.2 Chapter 4 

 

8.2.1 Materials  

B-glucuronidase (GUS, E. coli Type VII-A), melittin (from honey bee venom), 4-

methylumbelliferyl-β-d-glucuronide (4-MUG), proteinase K (from Tritirachium album), 

fluorescent dye Atto647, penicillin, streptomycin, l-glutamine, Sepharose® (4B, 45–165 μm 

beads diameter), and Whatman® Nucleopore™ Track-Etched membranes (100 nm) were 

purchased from Sigma-Aldrich (USA). Atto488 N-hydroxysuccinimide ester (Atto488 NHS-

Ester) was purchased from ATTO-TEC (Germany). Enhanced Pierce bicinchonic acid (BCA) 

assay, and wheat germ agglutinin – Alexa Fluor™ 555 conjugate were purchased from Thermo 

Fisher Scientific (USA). Phosphate buffered saline (PBS) and fetal bovine serum (FBS) were 

purchased from BioConcept (Switzerland). Minimum essential medium and non-essential 

amino acids (NEAA) were purchased from Gibco Life Sciences (USA). CellTiter 96® AQueous 

One Solution Cell Proliferation Assay (MTS) and Hoechst 33342 trihydrochloride trihydrate 

were purchased from Invitrogen (USA). 

 

8.2.2 Nanocompartment preparation  

Polymersomes containing enzymes, henceforth termed catalytic nanocompartments (CNCs) 

and 'empty' polymersomes were prepared using the film rehydration method. In brief, a thin 

film of PDMS25-b-PMOXA10
212 (5 mg mL−1 polymer in EtOH) was formed by rotary evaporation 

of the solvent (100 rpm at 40 °C, 160 mbar for 45 min). For the preparation of permeabilized 

CNCs containing GUS (GUS–melCNCs), the polymer film was rehydrated in the dark in PBS 

(pH 7.2) containing β-glucuronidase (0.4 mg mL−1, 25 kU) and melittin (50 μM), by stirring 

overnight at room temperature (RT). Polymersomes without melittin pores and enzyme (PSs), 

melittin-permeabilized polymersomes (melPSs), and CNCs without melittin (GUS–CNCs) 
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were obtained by rehydrating the polymer film with PBS, PBS and melittin, and PBS and β-

glucuronidase, respectively. For Atto647-labeled polymersomes (Atto647-PSs), the film was 

rehydrated with PBS containing Atto647 (0.02 mg mL−1). Following self-assembly, 

nanocompartments were incubated with proteinase K (0.05 mg mL−1) for 2 h at 37 °C to 

remove non-encapsulated protein, followed by extrusion (10 times) through a 100 nm 

Whatman Nuclepore polycarbonate membrane. Size exclusion chromatography (SEC) on a 

Sepharose® 4B (45–165 μm beads diameter) column equilibrated in PBS was performed for 

further purification. Nanocompartment suspensions were stored at 4 °C until further use.  

 

8.2.3 Characterization of nanocompartments  

Light scattering: Dynamic light scattering (DLS) experiments were performed using a 

Zetasizer Nano ZSP (Malvern Instruments Ltd., U.K.) at RT. A laser wavelength of 633 nm and 

a scattering angle of 173° were used. Samples were diluted to a final concentration of 0.3 mg 

mL−1 polymer. Measurements were carried out in triplicate and each measurement consisted 

of 11 runs.  

Static light scattering (SLS) experiments were performed on a light scattering spectrometer 

(LS instruments, Switzerland), equipped with a He–Ne 21 mW laser (λ = 632.8 nm) at 

scattering angles from 30° to 135° at 25 °C. The samples were diluted to 0.03 mg mL−1 final 

concentration of polymer in order to reduce multiple scattering. The radius of gyration (Rg) 

was obtained from the SLS data using Guinier plots, while the hydrodynamic radius (Rh) was 

obtained from DLS.339  

Nanoparticle tracking analysis (NTA): Nanoparticle tracking analysis (NTA) was performed 

using a NanoSight NS 300 instrument (NanoSight Ltd, U.K.) equipped with a 532 nm laser. 

The samples were diluted to 0.0125 mg mL−1 of polymer and applied to the viewing chamber. 

Three videos of 60 s were captured at RT for each measurement. The NTA software (version 

3.4, NanoSight) was used to analyze the movement of nanocompartments based on tracking 

each particle on a frame-by-frame basis (Brownian motion) in order to obtain their mean and 

median size, together with the estimated concentration of nanocompartments in solution.  

Transmission electron microscopy (TEM): CNCs (5 μL, 0.2 mg mL−1) were adsorbed on 400 

mesh copper grids for 1 min, washed with water, and blotted to remove excess liquid. 

Specimens were negatively stained with uranyl acetate (2%) for 10 sec, washed and blotted. 

Transmission electron microscopy micrographs were recorded on a Philips CM100 with an 

accelerating voltage of 80 kV.  
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Fluorescence correlation spectroscopy (FCS): For labelling GUS with fluorescent dye, the 

enzyme was incubated in the dark with a 7-fold excess of Atto488 NHS-Ester in 

dimethylformamide (DMF) for 48 h at 4 °C under stirring conditions. Unconjugated dye was 

removed by SEC (Sepharose® 4B, 45–165 μm beads diameter) using PBS for equilibration 

and elution.  

For fluorescence correlation spectroscopy, an inverted laser scanning confocal microscope 

(LSM 880, Carl Zeiss, Germany) with a water immersion objective (Zeiss C/Apochromat, M = 

40, NA = 1.2) was used. An Argon laser (wavelength 488 nm) with appropriate filter (MBS 

488) was used to excite Atto488. The pinhole size (34 μm, 1 AU) was adjusted before recording 

FCS curves of the free dye.  

For FCS measurements, 20 μL of the free fluorophore, fluorophore labelled-enzyme or 

polymersomes in PBS (1 : 2 dilution), were placed on a 0.15 mm thick glass coverslip mounted 

on the microscope stage. Fluorescence signals from free fluorophore, Atto488-labeled enzyme 

and polymersomes loaded with Atto488-labeled enzyme were measured in a real time (5 s with 

30 repetitions) and autocorrelation function was obtained by a QuickFit 3.0 software 

calculator. The experimental autocorrelation curves for the free fluorophore were fitted 

according to equation (2) with a one component diffusion model: 

𝐺(𝜏) = 1 + (1 + 
𝑇

1 − 𝑇
𝑒

−(
𝜏
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where N represents the average number of particles in the observation volume, τD is the 

diffusional correlation time and R is the structural parameter, set to 5. T is the fraction of 

molecules in triple state, while τtrip is the triplet time. The diffusion coefficient D was calculated 

using the relation between the x–y dimension of the confocal volume (ωxy) and τD as in 

following equation (3): 

𝜏𝐷 =
𝜔𝑥𝑦2

4𝐷
 

Two component diffusion model, presented in equation (4) was used for fitting the 

experimental autocorrelation curves for the free labelled enzyme and the nanocompartment 

encapsulating labelled enzyme: 
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(2) 

(4) 

(3) 

https://pubs.rsc.org/en/content/articlelanding/2022/tb/d2tb00243d#eqn1
https://pubs.rsc.org/en/content/articlelanding/2022/tb/d2tb00243d#eqn2
https://pubs.rsc.org/en/content/articlelanding/2022/tb/d2tb00243d#eqn3
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The number of dye molecules per enzyme (NPE) was calculated by equation (5): 

𝑁𝑃𝐸 =
𝐶𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑒𝑛𝑧𝑦𝑚𝑒

𝐶𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑓𝑟𝑒𝑒 𝑑𝑦𝑒
 

The number of enzymes per nanoreactor (NPN) was calculated by equation (6):  

𝑁𝑃𝐸 =
𝐶𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡

𝐶𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑓𝑟𝑒𝑒 𝑑𝑦𝑒
 

 

Calculation of hydrodynamic radius (Rh) by Fluorescence Correlation Spectroscopy (FCS): 

The hydrodynamic radius (Rh) of polymersomes, was calculated using Einstein-Stokes 

equation (7), where D is the diffusion coefficient, kB – Boltzmann’s constant, T – absolute 

temperature, and η –viscosity of the surrounding medium. 

D =
kBT

6πηRh
 

Estimation of number of melittin pores: The number of melittin pores per nanoreactor (NMP) 

was calculated by equation (8): 

NMP =  

c NA
𝑀𝑤 cmax

12
 

where c is the concentration of melittin in the total volume of polymersomes, NA – the 

Avogadro number, MW – the molecular weight of melittin, and cmax – the total concentration 

of GUS-melCNCs. This value was divided by 12, which is the average number of melittin 

monomers forming a pore.65 

To estimate the number of melittin pores per nanoreactor, we prepared polymersomes with 

inserted melittin pores (50 μM) (melPSs) by film rehydration method. After SEC purification, 

the fraction containing non-inserted melittin was collected and its concentration was 

measured using a NanoDrop 2000c spectrophotometer (Thermofischer, U.S.A.). This value 

was multiplied by the volume of SEC fraction and subtracted by the initial concentration, 

resulting in the concentration of melittin in the total volume of polymersomes. The total 

concentration of polymersomes was determined by single nanoparticle tracking analysis 

(NTA) using a NanoSight NS300 device (Malvern, U.K.). 

 

(5) 

(6) 

(7) 

(8) 
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8.2.4 BCA assay for determining enzyme encapsulation efficiency 

In the case of unlabeled β-glucuronidase, the amount of enzyme inside nanocompartments 

was calculated by subtracting the amount of protein released after rupturing CNCs from the 

initial amount of protein added to the film rehydration solution. Protein was quantified using 

the enhanced Pierce bicinchonic acid (BCA) assay according to the supplier's protocol with the 

following modifications; a calibration curve was prepared with different concentrations of 

GUS rather than with bovine serum albumin. Non-permeabilized GUS–CNCs were first 

ruptured by sonication and then incubated with ethanol at a ratio of 3 : 1 (v/v) for 1 h at 37 °C. 

The solution was filtered through 0.2 μm nylon membrane, 4 mm filter (Whatman™, General 

Electric, U.K.) and added at a 1 : 2 ratio to the BCA reagent. Samples and GUS standards were 

incubated for 2 h at 37 °C, and the absorbance was measured at 562 nm using a SpectraMax 

id3 plate reader (Molecular Devices, USA). The amount of encapsulated protein was 

multiplied by the volume of the sample after SEC purification and subtracted from the total 

amount that was used for rehydration, yielding the final GUS concentration in the 

nanocompartments solution. 

 

8.2.5 Enzyme activity assays 

Fluorescence assays were performed using 96-well, flat bottom black plates (Thermo Fisher 

Scientific). The increase of fluorescence was measured at λex (365 nm) and λem (445 nm) in a 

SpectraMax id3 microplate reader (Molecular Devices, USA). 4-Methylumbelliferyl-β-d-

glucuronide (4-MUG, 5 μM) was added to CNCs (1.25 mg mL−1, [GUS] 24 U mL−1) or the 

respective amount of free enzyme in solution (24 U mL−1) in a final volume of 200 μL PBS or 

minimum essential medium containing 10% FBS ('MEM') per well. 4-MUG (5 μM) without 

CNCs or free enzyme was added in PBS or MEM as control. All assay conditions were 

performed in triplicate. Fluorescence emission was monitored for 90 min at 37 °C.  

For estimating drug production, the fluorescence intensity of 0, 5, 10, 20, 40 μM 4-MU either 

in PBS or MEM was measured and a calibration curve was prepared. Hymecromone 

production from 4-MUG by free and encapsulated GUS was calculated based on the calibration 

curve at time points when the reaction reached maximum fluorescence intensity (t = 10 min 

for free GUS in PBS, t = 90 min for GUS–melCNCs in PBS, t = 30 min for free GUS in MEM, 

t = 60 min for GUS–melCNCs in MEM).  

For the evaluation of enzyme stability, free GUS, GUS–melCNCs and GUS–CNCs were stored 

in PBS for 2 months at 4 °C. After filtration through a 100 nm Whatman Nuclepore 

polycarbonate membrane, 5 μM 4-MUG were added and the increase in fluorescence was 

monitored for 90 min at 37 °C. The activity of aged samples was compared to that of freshly 
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prepared samples at 18 min (time point of 4-MU maximum catalysed by free GUS) and at 60 

min (time point of 4-MU maximum catalysed by GUS–CNCs).  

Kinetic parameters for free enzyme and GUS–melCNCs were calculated using the Michaelis–

Menten model as in equations (9) and (10): 

v =
𝑉max[𝑆]0

𝐾𝑀 + [𝑆]0
 

𝑘𝑐𝑎𝑡 =
𝑉max

[𝐸]0
 

where v is the velocity of the enzyme, Vmax is the maximum velocity at saturating 

concentration, [S]0 is initial the concentration of the substrate S, KM is the Michaelis–Menten 

constant, kcat is the turnover number, and [E]0 is the concentration of catalytic sites, equivalent 

with the concentration of enzyme.  

GUS–melCNCs or free GUS in solution ([GUS] 24 U mL−1) were incubated with increasing 

concentrations of 4-MUG in PBS (30, 90, 150, 300, 600, 750 μM) or MEM (80, 120, 200, 400, 

800 μM). The increase in fluorescence associated with the production of hymecromone was 

monitored over 1 h at 37 °C, and KM, Vmax, and kcat values were calculated.  

 

8.2.6 Cell cultures  

HepG2 cells (hepatocellular carcinoma, human; ATCC® HB-8065™) were routinely cultured 

in minimum essential medium supplemented with 10% FBS, 100 U mL−1 penicillin, 100 U 

mL−1 streptomycin, 1% l-glutamine and 1% non-essential amino acids. Cells were maintained 

at 37 °C in a humidified atmosphere containing 5% CO2. 

Cell viability assay: Cell viability was evaluated by CellTiter 96® AQueous One solution cell 

proliferation assay (MTS) following the supplier's protocol. In brief, cells were seeded at a 

concentration of 2000 cells per well in a 96 well plate (100 μL). After 24 h, the medium was 

removed and replaced with 150 μL of fresh MEM mixed with 50 μL of nanocompartments in 

PBS (1.25 mg mL−1), free enzyme ([GUS] 24 U mL−1) or PBS. The cells were then cultured at 

37 °C for another 24 h. The MTS reagent (20 μL) was added to each well and after 2 h at 37 °C 

absorbance was measured at 490 nm using a SpectraMax plate reader. The data was 

normalized to PBS treated control cells after background absorbance removal.  

Cellular uptake and imaging: Cells were seeded at a concentration of 25 000 cells (in 200 μL 

MEM) in each well of an ibidi 8-well chambered glass bottom coverslip (Vitaris, Switzerland). 

After 24 h, the medium was replaced with fresh MEM containing either Atto647-labeled 

polymersomes (Atto647-PSs, 1.25 mg mL−1) or the respective amount of PBS as a control. After 

(9) 

(10) 
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24 h incubation, cells were gently washed with PBS (3×). Nuclei were stained by incubating 

cells with a 20 000-fold dilution of Hoechst 33342 fluorescent dye (20 mins, 37 °C), followed 

by 3 washing steps with PBS. Cells were fixed with 4% paraformaldehyde (15 mins at RT), 

followed by rinsing with PBS (3×). Fixed cells were incubated with wheat germ agglutinin–

Alexa Fluor™ 555 conjugate (200-fold dilution, 10 min at RT) for membrane staining. The 

cells were washed with PBS (3×) and imaged by confocal laser scanning microscopy (LSM 880, 

Carl Zeiss, Germany) using an oil immersion objective (Zeiss, 63× Plan-Apochromat, NA 1.4). 

Images were recorded using a 633 nm HeNe laser to visualize Atto647-PSs (detection range: 

643–758 nm), a 561 nm DPSS 5561-10 laser for Alexa Fluor™ 555 (detection range: 570–615 

nm), and a UV laser for Hoechst 33342 detection (detection range: 415–470 nm). The images 

were analyzed using the ZEN 3.2 software (blue edition) and Imaris software (Bitplane) for 3D 

reconstructions.  

Activity of CNCs in HepG2 Cells: HepG2 cells were seeded in a black 96-well, flat bottom plate 

at a concentration of 2000 cells per well (100 μL) and incubated at 37 °C and 5% CO2. The next 

day, the medium was replaced with 150 μL fresh MEM mixed with 50 μL nanocompartment 

solution (1.25 mg mL−1), free enzyme or PBS (untreated control). All conditions were carried 

out in triplicate. After 24 h incubation at 37 °C and 5% CO2, the supernatant was removed, 

cells were washed with PBS, and 180 μL fresh MEM was added. 4-MUG was added in a final 

concentration of 400 μM (20 μL) and the fluorescence was recorded at several timepoints over 

24 h. Control cells were incubated with 20 μL of PBS as substrate. To estimate hymecromone 

production, reference values were obtained by directly incubating corresponding cultures with 

400 μM 4-MU. 

 

8.3 Chapter 5 
 

8.3.1 Materials 

β-glucuronidase (GUS, E. coli Type VII-A), Glucose Oxidase (GOx, A. niger Type VII), 

Peroxidase from horseradish (HRP, Type VI), melittin (from honey bee venom), Concanavalin 

A (FITC-ConA, C. ensiformis FITC conjugate, Type IV), 4-methylumbelliferyl-β-d-glucuronide 

(4-MUG), proteinase K (from Tritirachium album), fluorescent dye Atto647, penicillin, 

streptomycin, l-glutamine, Sepharose® (4B, 45–165 μm beads diameter), Whatman® 

Nucleopore™ Track-Etched membranes (100 nm), (+)-Sodium L-ascorbate, Copper(II) 

sulfate pentahydrate and the Copper Assay Kit were purchased from Sigma-Aldrich (USA). 

Atto488 N-hydroxysuccinimide ester (Atto488 NHS-Ester) and Atto633 N-

hydroxysuccinimide ester (Atto633 NHS-Ester) were purchased from ATTO-TEC (Germany). 

CM5 sensor chips were purchased from Cytiva Life Sciences (USA). MBL, Dectin-1, DC-SIGN 
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and Mannose Receptor 1 were purchased from Bio-Techne (USA). Enhanced Pierce 

bicinchonic acid (BCA) assay, calcein, AlexaFluor™647 Alkyne, Amplex™ Red Reagent and 

wheat germ agglutinin – Alexa Fluor™ 555 conjugate were purchased from Thermo Fisher 

Scientific (USA). Phosphate buffered saline (PBS) and fetal bovine serum (FBS) were 

purchased from BioConcept (Switzerland). Dulbecco′s Modified Eagle′s Medium (DMEM) 

and non-essential amino acids (NEAA) were purchased from Gibco Life Sciences (USA). 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) and Hoechst 33342 

trihydrochloride trihydrate were purchased from Invitrogen (USA). The Reactive Oxygen 

Species (ROS) Detection Assay Kit (ab287839) was purchased from Abcam (UK). HeLa-GFP 

(HeLa S3 cells stably expressing histone H2B-GFP) were obtained from the Nigg laboratory 

(Biozentrum, Basel).340 All moisture-sensitive reactions were carried out under an inert 

atmosphere of nitrogen using standard syringe/septa techniques. 

 

8.3.2 Nanocompartment preparation 

All nanocompartments in this study were prepared with the film rehydration method. For the 

formation of the enzyme-containing catalytic nanocompartments equipped with melittin 

pores and functionalized with the glycooligomer (GUS-GOx-CNCs-Gly), a thin film of PDMS25-

b-PMOXA10 and PDMS22-b-PMOXA8-OEG3-N3
89,212 (1:1 mol%, 5 or 10 mg mL−1 polymer in 

EtOH) was formed by rotary evaporation of the solvent (100 rpm at 40 °C, 160 mbar for 45 

min). The film was rehydrated by stirring overnight at room temperature (RT) using a solution 

of PBS containing β-glucuronidase (0.5 mg mL−1, 25 kU), glucose oxidase (0.5 mg mL−1, 10 

kU) and melittin (50 μM). Control nanocompartments lacking any of the components were 

prepared according to the same procedure, but missing the corresponding molecules. For Cy5-

melittin polymersomes, the film was rehydrated with PBS containing Cy5-melittin (25, 50 or 

75 μM). For Atto647-encapsulating polymersomes, the film was rehydrated with PBS 

containing Atto647 (0.02 mg mL−1). To remove non-encapsulated proteins, 

nanocompartments were incubated with proteinase K (0.05 mg mL−1) for 2 h at 37 °C, 

following extrusion (21x) through a 100 nm Whatman Nuclepore polycarbonate membrane. 

For further purification, size exclusion chromatography (SEC, Sepharose® 4B, PBS) was 

performed. CuAAC was performed for the functionalization of the outer polymer membrane 

with glycooligomer. Nanocompartments were incubated with glycooligomer (1:1 mol ratio of 

azide-terminated polymer and glycooligomer, PBS, (+)-Sodium L-ascorbate 10 mol%, 

Copper(II) sulfate pentahydrate 1 mol%) overnight and stirring at RT. Size exclusion 

chromatography (Sepharose® 4B, PBS) was performed for further purification. 

Nanocompartment suspensions were stored at 4 °C until further use. 
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8.3.3 Characterization of nanocompartments 

Light scattering (DLS/SLS), nanoparticle tracking analysis (NTA), transmission electron 

microscopy (TEM) and fluorescence correlation spectroscopy (FCS) were performed 

according to sections 8.2.3. Atto488 was excited with an Argon (λ = 488 nm, MBS 488 filter) 

and Atto633 was excited using a HeNe laser (λ = 633 nm, MBS 488/561/633 filter). 

Fluorescence cross-correlation spectroscopy (FCCS) was performed similarly to FCS on 

nanocompartments containing both of the labeled enzymes, in FCCS mode. 

 

8.3.4 Estimation of number of melittin pores 

FCS experiments were conducted for determining the number of melittin pores. Cy5 was 

excited using a HeNe laser (λ = 633 nm, MBS 488/561/633 filter). The number of melittin 

pores per nanocompartment (NMP) was calculated by equation (11): 

𝑁𝑀𝑃 =

𝐶𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡𝑠

𝐶𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑚𝑒𝑙𝑖𝑡𝑡𝑖𝑛−𝐶𝑦5

4
3

 

 

8.3.5 Concanavalin A (ConA) clustering assay 

Glycooligomer-functionalized Atto647-encapsulating polymersomes or non-functionalized 

polymerosmes (PBS, 0.85 mg mL-1) were incubated (1 h, RT) with FITC-ConA (PBS, 0.65 mg 

mL-1). Samples (20 μL) were placed on a 0.15 mm thick glass coverslip and imaged on an 

inverted laser scanning confocal microscope (LSM 880, Carl Zeiss, Germany) with a water 

immersion objective (Zeiss C/Apochromat, M = 40, NA = 1.2). FITC was excited using an 

Argon (λ = 488 nm, MBS 488 filter) and Atto647 using a HeNe laser (λ = 633 nm, 

MBS488/561/633 filter). The ImageJ software was used to analyze the images and calculate 

the Pearson’s colocalization coefficient. 

 

8.3.6 Surface plasmon resonance (SPR) 

Surface Plasmon Resonance (SPR) was used to determine the extent of interaction between 

the glycooligomer-functionalized polymersomes and lectins. Samples were analyzed on a 

BIAcore T200 system (Cytiva Life Sciences). The lectins (25 µg mL-1) were immobilized via a 

standard amino coupling protocol onto a CM5 sensor chip that was activated by flowing a 1:1 

mixture of 0.1 M N-hydroxysuccinimide (NHS) and 0.4 M N-ethyl-N’ (dimethylaminopropyl)-

carbodiimide (EDC) over the chip for 5 min at 20 °C at a flow rate of 5 µL min-1 after system 

equilibration with HEPES-Buffered Saline (HBS) buffer (10 mM HEPES pH 7.4, 150 mM 

NaCl, 5 mM CaCl2). Subsequently, channels 1 (blank), 2, 3 and 4 were blocked by flowing a 

(11) 
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solution of ethanolamine (1 M pH 8.5) for 10 min at 5 µL min-1 to block remaining reactive 

groups on the channels. Sample solutions were prepared at varying concentrations (100 µM - 

3.125 µM) in the same HBS buffer to calculate the binding kinetics. Sensorgrams for each 

sample concentration were recorded at 20 °C with a flow rate of 25 µL min-1. Injection of 

polymer solution 350 s (on period) was followed by 200 s of buffer alone (off period). 

Regeneration of the sensor chip surfaces was performed using a solution of 10 mM HEPES pH 

7.4, 150 mM NaCl, 10 mM EDTA, 0.01% Tween20. All binding curves were subjected to double 

referencing by subtracting the signal of a reference channel without protein on the chip and 

the signal of a blank buffer injection. Kinetic data was evaluated using a 1:1 Langmuir binding 

model in the BIA evaluation 3.1 software. 

 

8.3.7 Estimation of glycooligomer per nanocompartment 

The number of glycooligomers per nanocompartment (GPN) was calculated by equation (12): 

𝐺𝑁𝑃 =
𝑐𝑁𝐴

𝑀𝑤𝑐𝑚𝑎𝑥
 

Where c is the concentration of glycooligomer in the total volume of polymersomes, NA is the 

Avogadro number, Mw is the molecular weight of the glycooligomer and cmax is the maximum 

concentration of polymersomes. For the estimation, the absorbance of glycooligomer (0.05 mg 

mL-1), empty polymersomes (0.1 mg mL-1 polymer) and glycooligomer-functionalized 

polymersomes (0.1 mg mL-1 polymer) was measured at λ = 250 nm on a Nanodrop 2000c UV-

Vis spectrophotometer (ThermoFisher, USA). The absorbance value of empty polymersomes 

was subtracted from the glycooligomer-functionalized polymersomes’ value and used for the 

calculation of glycooligomer concentration in the sample. The concentration of polymersomes 

was determined by NTA using a NanoSight NS300 device (Malvern, U.K.). 

 

8.3.8 BCA assay for determining enzyme encapsulation efficiency 

In the case of unlabeled enzymes, the amount of encapsulated proteins was calculated by 

subtracting the amount of protein in CNCs from the initial, total amount of protein used in the 

film rehydration solution. The quantification of protein was conducted by the enhanced Pierce 

bicinchonic acid (BCA) assay according to the supplier's protocol with the following 

modifications; a calibration curve was prepared with different concentrations of GUS, GOx. 

Non-permeabilized, non-functionalized GUS-GOx–CNCs were first ruptured by sonication 

and then incubated with ethanol at a ratio of 3 : 1 (v/v) for 1 h at 37 °C. The solution was added 

at a 1 : 2 ratio to the BCA reagent. Samples and standards were incubated for 1 h at 37 °C, and 

(12) 
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the absorbance was measured at 562 nm using a SpectraMax id3 plate reader (Molecular 

Devices, USA). 

 

8.3.9 Detection of Copper 

The Copper Detection Kit was used according to the manufacturer’s protocol with the 

following modifications. Cu2+ standards (0, 15, 30, 45 μM) and samples were prepared by 

adding Reagent A (3:1 v/v), mixing well and transferred to a 96-well plate. Master Reaction 

Mix was prepared by adding Reagent B and Reagent C in a 1:30 (v/v) ratio, added to the wells 

in a 1.5:1 ratio (v/v) to the samples and standards and mixed well. Plate was incubated at RT 

for 5 min, in dark and absorbance was measured at 359 nm using a SpectraMax id3 plate 

reader (Molecular Devices, USA). A calibration curve was constructed for estimating the 

amount of Cu2+ in the samples. 

 

8.3.10 Enzyme activity assays 

Fluorescence assays were performed using 96-well, flat bottom black plates (Thermo Fisher 

Scientific). The increase of fluorescence for 4-MU (λex = 365 nm, λem = 445 nm) and resorufin 

(λex = 550 nm, λem = 590 nm) was measured in a SpectraMax id3 microplate reader (Molecular 

Devices, USA). 4-Methylumbelliferyl-β-d-glucuronide (4-MUG, 10 μM) was added to CNCs 

([GUS] 13 μg mL-1, [GOx] 97 μg mL-1) or the respective amount of free enzymes in solution in 

PBS or PBS containing 50% Dulbecco's Modified Eagle Medium (DMEM) Phenol Red free 

with 10% Fetal Bovine Serum ([glucose] 12.5 mM) per well (100 μL). 4-MUG (10 μM) without 

CNCs or free enzymes was added in the mixture as control. Fluorescence emission (λem = 445 

nm) was monitored for 60 min at 37 °C. For evaluating the production of H2O2, reactions were 

then diluted 1:1250 and HRP ([HRP] 100 μg mL-1) and Amplex™ Red ([Amplex™ Red] 10 μM) 

were added. Fluorescence emission (λem = 590 nm) was monitored for total of 2 h at 37 °C. 

For estimating 4-MU and resorufin production, the fluorescence intensity of 0, 2, 4, 6, 8, 10 

μM 4-MU and 0, 1.5, 3, 4.5, 6, 7.5 μM resorufin in PBS containing 50% Dulbecco's Modified 

Eagle Medium (DMEM) Phenol Red free with 10% Fetal Bovine Serum were measured and 

calibration curves were constructed. 4-MU and resorufin produced by free and encapsulated 

enzymes was calculated based on their calibration curves when the reaction reached maximum 

fluorescence intensity. 
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8.3.11 Cell cultures 

HepG2 (hepatocellular carcinoma, human; ATCC® HB-8065™) and HeLa S3 H2B-GFP 

(cervical adenocarcinoma, human) cells were routinely cultured in DMEM supplemented with 

10% FBS, 100 U mL−1 penicillin, 100 U mL−1 streptomycin, 1% l-glutamine and 1% non-

essential amino acids. Cells were maintained at 37 °C in a humidified atmosphere containing 

5% CO2. 

Cellular uptake and imaging: Cells (HepG2 or HepG2 & HeLa S3 H2B-GFP) were seeded at a 

concentration of 30000 cells (300 μL) in each well of an ibidi 8-well chambered glass bottom 

coverslip (Vitaris, Switzerland). After 24 h, the medium was replaced with fresh DMEM 

containing either glycooligomer-functionalized Atto647-encapsulating polymersomes (0.3 mg 

mL−1) or non-functionalized polymersomes (0.3 mg mL−1). Following a 24 h incubation, cells 

were washed with PBS (3×), fixed with 4% paraformaldehyde (15 min, RT) and rinsed with 

PBS (3×). Nuclei were stained by incubating cells with a 20000-fold dilution of Hoechst 33342 

fluorescent dye (20 min, 37 °C), followed by washing (PBS, 3×). To stain their membrane of 

co-cultured cells, cells were incubated with wheat germ agglutinin–Alexa Fluor™555 

conjugate (200-fold dilution, 5 min, RT). The cells were washed with PBS (3×) and imaged by 

confocal laser scanning microscopy (LSM 880, Carl Zeiss, Germany) using an oil immersion 

objective (Zeiss, 63× Plan-Apochromat, NA 1.4). Micrographs were recorded using a 633 nm 

HeNe laser to visualize Atto647-encapsulating polymersomes (detection range: 638–759 nm), 

a 561 nm DPSS 5561-10 laser for Alexa Fluor™ 555 (detection range: 519–644 nm), and a UV 

laser for Hoechst 33342 detection (detection range: 426–520 nm). The micrographs were 

analyzed using the ZEN 3.2 software (blue edition), the ImageJ software for uptake 

calculations and superimpose reconstructions, and Imaris software (Bitplane) for 3D 

reconstructions. 

Endosomal escape assay: For the endosomal escape of our CNCs, we performed calcein 

assays. HepG2 cells (30.000 cells/well) were plated in the wells of an ibidi 8-well chambered 

glass bottom coverslip (Vitaris, Switzerland) and cultured for 24 h. The next day, they were 

placed on ice for 10 min, followed by removal of the medium and addition of fresh, cold 

medium containing calcein (250 μM) and polymersomes (0.3 mg mL−1). Cells were incubated 

on ice for further 30 min and returned to incubator (5% CO2, 37 °C) for 4 h. Followed the 

incubation, cells were washed with PBS (3x) and phenol-free DMEM (200 μL) was added to 

each well. Cells were imaged under CLSM (λex = 488 nm, Argon laser, λem = 498 – 543 nm) 

and micrographs were processed using the ZEN Blue software (v.3.2, Carl Zeiss Microscopy 

GmbH) and ImageJ. 

Hymecromone production: HepG2 and HeLa S3 H2B-GFP cells were seeded separately at a 

concentration of 5000 cells per well in a 96 well plate (100 μL). After 24 h, the medium was 
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removed and replaced fresh DMEM mixed with nanocompartments in PBS (0.3 mg mL−1), free 

enzymes ([GUS] 13 μg mL−1, [GOx] 97 μg mL−1) or PBS. The cells were cultured at 37 °C for 

another 24 h. The next day, cells were washed with PBS and fresh DMEM was added 

containing 4-MUG (500 μM) or the equivalent amount of PBS. The fluorescence (λex: 365 nm, 

λem: 445 nm) was monitored at several timepoints for 24 h on a SpectraMax id3 microplate 

reader (Molecular Devices, USA). For the estimation of hymecromone production, the GUS-

GOx-CNCs-Gly incubated HepG2 cells were diluted (50x) at 24 h and their fluorescence 

intensity was measured. Based on constructed calibration curves of 0, 2, 4, 6, 8, 10 μM 4-MU 

in DMEM, the produced hymecromone was calculated. 

Detection of H2O2: HepG2 and HeLa S3 H2B-GFP cells were seeded at a concentration of 

30000 and 20000 cells (200 μL), respectively in each well of an ibidi 8-well chambered glass 

bottom coverslip (Vitaris, Switzerland). After 24 h, the medium was replaced with fresh 

DMEM containing either GUS-GOx-CNCs (0.3 mg mL−1), GUS-GOx-CNCs (0.3 mg mL−1), 

cGUS-GOx-CNCs (0.3 mg mL−1), empty polymersomes (0.3 mg mL−1), free enzymes ([GUS] 

13 μg mL−1, [GOx] 97 μg mL−1) or the equivalent amount of PBS. Following a 24 h incubation, 

cells were washed and the intracellularly produced H2O2 was detected using a ROS detection 

assay kit according to manufacturer’s instructions. As positive control, untreated cells were 

incubated with tert-butyl hydroperoxide (inducer, provided by manufacturer) in ROS assay 

buffer for 1 h, 37 °C. Next, all samples were incubated with 2’,7’-dichlorodihydrofluorescein 

diacetate in ROS assay buffer (ROS label, provided by manufacturer, 150 μL/well) for 45 min, 

37 °C, following a washing step with ROS assay buffer. Cells were imaged in ROS assay buffer 

(200 μL/well) under a CLSM (Argon laser, λex = 488 nm, detection range 499 – 573 nm). 

Micrographs were analyzed using ZEN Blue software (v3.2, Carl Zeiss Microscopy GmbH) and 

ImageJ. 

Cell viability assay: HepG2 and HeLa S3 H2B-GFP cell viability was evaluated by CellTiter 

96® AQueous One solution cell proliferation assay (MTS) following the supplier's protocol. 

Briefly, cells were seeded at a concentration of 5000 cells per well in a 96 well plate (100 μL). 

After 24 h, the medium was removed and replaced fresh DMEM mixed with 

nanocompartments in PBS (0.3 mg mL−1), free glycooligomer (0.06 mg mL-1), free enzymes 

([GUS] 13 μg mL−1, [GOx] 97 μg mL−1) or PBS. The cells were cultured at 37 °C for another 24 

h. The MTS reagent (10 μL) was added to each well. Following a 2 h incubation at 37 °C, 

absorbance was measured at 490 nm using a SpectraMax plate reader. The data was 

normalized to PBS treated control cells after background absorbance removal. 

For evaluating the cell viability after the addition of 4-MUG, cells were seeded and incubated 

with nanocompartments, free enzymes and PBS as described above. After 24 h of incubation, 

cells were washed and fresh DMEM was added containing 4-MUG (500 μM) or the equivalent 
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amount of PBS and returned to incubator. The next day, the MTS cell proliferation assay was 

conducted as described above. 

 

8.3.12 Statistical Analysis 

For comparative analysis, independent two-tailed t-tests were used. P < 0.05 was considered 

statistically significant. The significance level was indicated by asterisks: P < 0.05 (*), P < 0.01 

(**), P < 0.001 (***), P < 0.0001 (****). 

 

8.4 Chapter 6 

 

8.4.1 Materials 

Polyethylene glycol (PEG, Mn = 35,000), polyvinyl alcohol (PVA, MW 13,000-23,000, 87-89 

% hydrolyzed), chloroform (99 %), anhydrous hexane (95 %), fluorescein di-(β-D-

galactopyranoside) (FGD), sucrose, sodium chloride, melittin (from honey bee venom, ≥ 85 % 

by HPLC), CaCl2, β-Galactosidase from E. coli (Grade VIII, ≥500 units mg-1 protein), 

proteinase K (from Tritirachium album), ionomycin calcium salt (Streptomyces conglobatus, 

≥98% (HPLC)), Sepharose® (4B, 45-165 μm beads diameter), and Whatman® Nucleopore™ 

Track-Etched membranes were obtained from Sigma-Aldrich. Calcium Green™-5N 

(hexapotassium salt, cell impermeant) was purchased from Invitrogen. Rhod-5N 

(tripotassium salt) was obtained from AAT Bioquest. Pluronic F-68 Non-ionic Surfactant 

(100X) was obtained from Gibco. BODIPY 630/650 was obtained from Thermo Scientific Inc. 

Cy5-labelled melittin was purchased from Biosynth Ltd. ATTO488-carboxyl was obtained 

from ATTO-TEC. Aquapel was obtained from PGW Auto Glass. DNA nanopores were obtained 

from Tilibit Nanosystems. All chemicals were used as received unless stated otherwise. 

 

8.4.2 Preparation of artificial organelles 

AOs were prepared using the film rehydration method. Briefly, a thin film of PDMS25-b-

PMOXA10
212 (5 or 10 mg mL-1 polymer in EtOH) was formed by rotary evaporation. For AOs 

containing the molecular motor (AO_MM_A488, AO_MM_FDG), the motor was dissolved in 

EtOH and mixed with the polymer solution (25 mol % relative to polymer). For ATTO488-

containing AOs, the film was rehydrated (overnight, stirring, RT) with PBS containing 

ATTO488-carboxyl (100 μM). For Cy5-melittin AOs, the film was rehydrated with Cy5-

melittin (10 or 50 μM) in PBS. For FDG-containing AOs, the rehydration was performed with 

FDG (50 μM) in PBS. For AO_CaGreen, the rehydration was performed with CalciumGreen™ 



120 
 

(CaGreen) in MilliQ water (100 μM) and melittin (10 μM), for the case of AO_mel_CaGreen.  

For AOs containing β-Galactosidase (βGal), the film was rehydrated with a solution of βGal in 

PBS (100 U mL-1) and melittin (50 μM), for AO_mel_βGal. The enzyme-containing AOs were 

incubated with proteinase K (0.05 mg mL-1) for 1 h at 37 ℃. AOs were extruded through a 200 

nm Whatman Nuclepore polycarbonate membrane, followed by purification by size exclusion 

chromatography (SEC, Sepharose®). All samples were kept at 4 ℃ until further use. 

8.4.3 Characterization of artificial organelles 

Light scattering (DLS/SLS), nanoparticle tracking analysis (NTA), transmission electron 

microscopy (TEM) and fluorescence correlation spectroscopy (FCS) were performed 

according to sections 8.3.3. 

 

8.4.4 Estimation of melittin pores 

The estimation of melittin pores was conducted according to 8.3.4. 

 

8.4.5 Enzyme encapsulation efficiency by BCA assay 

The enzyme encapsulation efficiency experiments by BCA assay were performed according to 

8.2.4. 

 

8.4.6 Ca2+-sensing in artificial organelles 

FCS experiments were performed on free CaGreen (10 nM), AO_CaGreen and 

AO_mel_CaGreen for measuring the fluorescence intensity (kHz) upon administration of 

increasing concentration of CaCl2 (0-1000 μM). Similarly, samples (20 μL) were placed on a 

0.15 mm thick glass coverslip and CaGreen was excited using the Argon laser. The fluorescent 

fluctuations were recorded for 60s, 6 repetitions and the raw data were analyzed using the 

ZEN software. 

 

8.4.7 Molecular Motor Activation 

AOs containing molecular motors in their membranes were irradiated using a self-made 

illumination device equipped with 6 Lite-On LEDs (Mouser Electronics, 3.7 V, 50 Hz, 0.5 A, 

430 nm) with distances of 3.5 cm between them.259 Device dimension were 13 x 9 x 3.5 cm. 

The light intensity was estimated to be ~ 31.8 W m-2 in the sample. 
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8.4.8 Enzyme activity assays in bulk 

Samples (30 μL) were placed on a 0.15 mm thick glass coverslip and images were taken over 

the course of 1 h at RT. For detecting the production of fluorescein from FDG (25 nM) by free 

or encapsulated βGal (10 U mL-1), samples were imaged after excitation at 488 nm. For 

measurements with irradiated samples, FDG, AO_FDG or AO_MM_FDG were irradiated for 

10 min before the addition of the catalyst. The fluorescence intensity of the images was 

analyzed using ImageJ. 

 

8.4.9 Double Emulsion Fabrication and Dewetting – Formation of artificial cells 

PBS supplemented with 200 mM sucrose was used as an inner aqueous phase (IA). The 

PDMS25-b-PMOXA10 was dissolved at 4 mg mL-1 in a 3:2 v/v mixture of hexane and 

chloroform. For the outer aqueous phase (OA), PBS was supplemented with 5 % PEG35,000, 0.1 

% Pluronic F-68 and 100 mM NaCl to decrease the osmolarity difference to the IA. A freezing 

point osmometer (Gonotec Osmomat) was used to measure the osmolarity. Flow rates of 1, 3, 

and 5 µL min-1 were used to flow the PO, IA, and OA phases into the microfluidic chip. After 

double emulsion formation in the chip, the formed emulsions were collected for 10 min in a 

1.5 mL Eppendorf tube containing 300 µL OA phase. Evaporation of the organic phase yielded 

~ 106 GUVs at a concentration of 106 mL.32,318 

For preparation of AO-loaded artificial cells, AOs were directly added to the IA prior to double 

emulsion production. An overview over the employed AO concentrations can be found in 

Table 10.9 in Appendix. Artificial cells were produced under the same flow conditions as non-

AO-encapsulating cells. 

For artificial cell membrane permeabilization, DNA nanopores were used as purchased.312 

DNA nanopore concentration was optimized using free β-galactosidase in artificial cells and 

free FDG added from the outside. The pores were typically added to the protocell suspension 

1 h prior to imaging at a final concentration of 1 nM in OA. 

 

8.4.10 Artificial cell communication 

For artificial cells communication assays, the sender cells were diluted in OA in a 1:3 ratio and 

subsequently illuminated for 10 min at 430 nm in an Ibidi µ-slide. After illumination, receiver 

cells were added to a final dilution of 1:20 (final ratio sender cell:receiver cell 1:6) and DNA 

nanopores were added to a final concentration of 1 nM. Protocell populations were imaged 

after 1 h incubation at room temperature. For imaging, 2 frames were integrated to achieve an 

increased signal to noise ratio. 
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8.4.11 Statistical analysis 

For comparative analysis, two-way Analysis of Variance (ANOVA) were used, followed by post-

hoc Tukey’s honestly significant difference (HSD) testing. p < 0.05 was considered statistically 

significant. The significance level of the calculated p values was indicated using asterisks: p > 

0.05 (n.s.), p < 0.05 (*), p < 0.005 (**), and p < 0.0005 (***). Data was normalized to the 

control dataset and unless otherwise stated, the mean ± standard deviation is presented. In 

boxplots, boxes span the interquartile range (25–75%).
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10. Appendix 

 

 

Figure 10.1. Representative geometrical analysis of empty polymersomes using cryoTEM. (A) blue 
bars represent membrane thickness. (B) orange/green bars represent inner and outer diameter 
respectively. (C) orange/green circles represent inner/outer circular space of polymersome vesicles, 
respectively. 

 

Table 10.1. Geometrical analysis and their data of empty polymersomes evaluated from cryoTEM 
images. Analysis performed with imaging software Image J. 

 Mean ± SD 

Membrane thickness (nm) 9 ± 0.1 

Inner diameter (nm) 145 ± 4.6 
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Outer diameter (nm) 160 ± 4.5 

Inner area (nm2) 20552 ± 105.2 

Otter area (nm2) 26140 ± 122.3 

Circularity 1 ± 0.0 

Roundness 1 ± 0.1 

Solidity 1 ± 0.0 

 

 

Figure 10.2. SLS measurements of MM2 polymersomes. (A) SLS data of polymersomes containing 
25 mol% MM2 in MilliQ water and linear fit to the Guinier equation. (B) SLS profile of polymersomes 
containing 25 mol% MM2. 

 

Table 10.2. Z- potential values obtained for empty polymersomes and polymersomes containing 
MM2. 

 Mean ± SD 

Empty Polymersomes -9.72 ± 0.91 

Polymersomes + 10 mol% MM2 -3.13 ± 0.29 

Polymersomes + 25 mol% MM2 1.26 ± 0.40 
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Figure 10.3. UV-Vis spectra and absorbance value at 400 nm of MM2. (A) 0 mol%, (B) 0.5 mol%, 
(C) 1 mol%, (D) 2 mol%, (E) 5 mol%, (F) 10 mol%, (G) 25 mol%, (H) 50 mol% MM2 polymersome 
solution in PBS (C T = 0.1 g mL-1) under light exposure. Irradiation was done with λ = 420 nm, 6.9 
mW, 1 min at 25 °C. (I) Absorbance value at 400 nm of corresponding MM2 loaded polymersomes 
until saturation. 

 

Table 10.3. Changes in the hydrodynamic radius (Z-average), polydispersity index (PDI) and mean 
count rate of polymersomes inoculated with 0 to 50 mol% of MM2, with and without irradiation using 
420 nm light. 

 
Ø 
(nm) 

hv 
420 nm 

Z-average ± 
SD (nm) 

PDI ± SD Mean count rate 
(kcps) 

Intercept 

Control 200 No 204 ± 7 0.041 ± 0.007 115.0 ± 9.9 1.002 ± 0.005 

200 Yes 203 ±4 0.046 ± 0.035 173.3 ± 0.7 0.983 ± 0.001 

0.5 mol% 
MM2 

200 No 186 ± 3 0.043 ± 0.010 166.0 ± 2.0 0.998 ± 0.010 

200 Yes 178 ± 4 0.043 ± 0.016 144.3 ± 1.7 0.986 ± 0.001 

1 mol% 
MM2 

200 No 177 ± 4 0.053 ± 0.024 428.3 ± 1.8 0.975 ± 0.003 

200 Yes 170 ± 3 0.020 ± 0.015 458.0 ± 0.4 0.966 ± 0.002 
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2 mol% 
MM2 

200 No 172 ± 4 0.045 ± 0.021 460.9 ± 0.6 0.974 ± 0.004 

200 Yes 171 ± 4 0.048 ± 0.038 432.0 ± 0.9 0.971 ± 0.001 

5 mol% 
MM2 

200 No 176 ± 4 0.050 ± 0.007 423.3 ± 1.1 0.971 ± 0.003 

200 Yes 174 ± 3 0.051 ± 0.009 418.1 ± 2.207 0.964 ± 0.001 

10 mol% 
MM2 

200 No 163 ± 4 0.058 ± 0.019 414.8 ± 0.5 0.971 ± 0.002 

200 Yes 164 ± 4 0.051 ± 0.015 404.7 ± 1.3 0.966 ± 0.001 

25 mol% 
MM2 

200 No 183.7 ± 5 0.032 ± 0.012 192.2 ± 0.7 0.983 ± 0.001 

200 Yes 185 ± 4 0.081 ± 0.007 185.9 ± 1.0 0.977 ± 0.003 

50 mol% 
MM2 

200 No 167 ± 4 0.044 ± 0.010 457.1 ± 0.4 0.972 ± 0.004 

200 Yes 163 ± 4 0.056 ± 0.020 454.7 ± 1.3 0.967 ± 0.002 

Ctrl 100 No 135 ± 3 0.227 ± 0.058 478.1 ± 0.9 0.985 ± 0.008 

100 Yes 133 ± 3 0.021 ± 0.015 419.2 ± 3.4 0.974 ± 0.001 

0.5 mol% 
MM2 

100 No 134 ± 4 0.045 ± 0.015 445.4 ± 1.8 0.971 ± 0.001 

100 Yes 133 ± 4 0.006 ± 0.002 401.6 ± 1.1 0.975 ± 0.004 

1 mol% 
MM2 

100 No 135 ± 4 0.022 ± 0.020 468.6 ± 0.7 0.973 ± 0.001 

100 Yes 136 ± 3 0.035 ± 0.027 452.1 ± 2.1 0.965 ± 0.001 

2 mol% 
MM2 

100 No 135 ± 3 0.022 ± 0.013 476.4 ± 2.0 0.974 ± 0.002 

100 Yes 136 ± 3 0.201 ± 0.009 197.8 ± 1.0 0.932 ± 0.000 

5 mol% 
MM2 

100 No 130 ± 5 0.010 ± 0.007 150.5 ± 1.2 0.985 ± 0.003 

100 Yes 130 ± 2 0.177 ± 0.012 252.3 ± 0.5 0.883 ± 0.003 

10 mol% 
MM2  

100 No 114 ± 3 0.040 ± 0.010 325.4 ± 0.8 0.976 ± 0.002 

100 Yes 115 ± 4 0.025 ± 0.010 314.4 ± 1.0 0.971 ± 0.000 

25 mol% 
MM2 

100 No 123 ± 6 0.067 ± 0.018 443.3 ± 2.3 0.974 ± 0.002 

100 Yes 120 ± 4 0.048 ± 0.006 447.2 ± 1.0 0.970 ± 0.001 

50 mol% 
MM2 

100 No 135 ± 1 0.040 ± 0.005 246.3 ± 0.0 0.977 ± 0.000 

100 Yes 135 ± 5 0.017 ± 0.006 464.5 ± 0.9 0.961 ± 0.002 

 

 

Figure 10.4. Stability of polymersomes. (A) Physical stability of empty and MM2 loaded 
polymersomes over 7 days. (B) Structural stability of a Ps_PEM_25mol% MM2 sample after 6 months 
storage at 4 °C (blue). Representative aggregate sample of the corresponding MM2 concentration to 
illustrate how an unstable sample would show (red). 
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Figure 10.5. % Calcein uptake in polymersomes (100 nm & 200 nm diameter). 

 

 

Figure 10.6. Calcein release under continuous irradiation followed over 1 h. Data points obtained 
every min. Dashed lines corresponding to samples without irradiation. Black line corresponds to 
exponential fit. 

 

 

Figure 10.7. Representative size exclusion chromatography (SEC) chromatogram of Pemetrexed 
drug (5 μM, blue), empty polymersomes (5 mg mL-1, green) and polymersomes containing Pemetrexed 
(5 μM, 5 mg mL-1, pink). (Eluent PBS). 
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Figure 10.8. SLS measurements of CNCs. SLS data of (A) GUS-melCNCs and (C) GUS-CNCs and 
linear fit to the Guinier equation. DLS profile of (B) GUS-melCNCs and (D) GUS-CNCs showing the 
mean hydrodynamic radius, Rh. 

Table 10.4. Enzyme- and nanocompartment-related parameters quantified by FCS. 

 Free dye Dye-labeled 

GUS 

GUS-melCNCs GUS-CNCs 

Diffusion time 

(τD) (μs) 

35 ± 1.6 427 ± 40 3364 ± 705 3505 ± 1186 

Hydrodynamic 

diameter (nm) 

na na 120 ± 19 120 ± 33 
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Figure 10.9. Calibration curve using 4-MU standards in (A) PBS and (B) MEM (R2=0.98). 

 

 

Figure 10.10. Uptake of Atto647-PSs by HepG2 cells. (A - C) HepG2 cells incubated with Atto647-
PSs (1.25 mg mL-1) for 24 h. (D - F) HepG2 control cells imaged under identical conditions. Scale bar: 
5 μm. 
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Figure 10.11. Copper(II) calibration curve (R2 = 0.99). 

 

Table 10.5. Characterization of polymersomes. 

 Diameter 

(nm) by 

DLS 

PDI Diameter 

(nm) by 

NTA 

ρ (Rg/ Rh) Concentration 

(polymersomes 

mL-1) 

Glycooligomer-

functionalized 

polymersomes 

135 ± 54 0.1 138 ± 38 0.81 ± 0.16  (5.6 ± 0.5) x 1011 

Non-functionalized 

polymersomes 

122 ± 40 0.07 108 ± 22 0.97 ± 0.05 (7.9 ± 0.5) x 1011 

Glycooligomer-

functionalized 

Atto647-encapsulating 

polymersomes 

137 ± 39 0.05 140 ± 26 1.05 ± 0.23 (6.7 ± 0.1) x 1011 

Non-functionalized 

Atto647-encapsulating 

polymersomes 

128 ± 40 0.1 112 ± 23 1.03 ± 0.1 (6.5 ± 0.18) x 1011 
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Figure 10.12. SLS measurements of polymersomes with and without glycooligomer 
functionalization. DLS profile of (A) non-functionalized and (C) glycooligomer-functionalized 
polymersomes showing the mean hydrodynamic radius, Rh. SLS data of (B) non-functionalized and 
(D) glycooligomer-functionalized polymersomes and linear fit to the Guinier equation. 

 

Table 10.6. Number of melittin pores per polymersome. 

Sample Diffusion time 

(μs) 

No. of melittin pores/ 

polymersome 

PSs-Cy5-mel (25 μM) 4754 ± 1712 133 ± 12 

PSs-Cy5-mel (50 μM) 4289 ± 1501 242 ± 28 

PSs-Cy5-mel (75 μM) 5533 ± 2170 225 ± 28 

PSs-Cy5-mel-Gly (50 μM) 4959 ± 1975 220 ± 16 
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Figure 10.13. Representative UV-Vis spectra of glycooligomer 3 (Gly), empty, non-functionalized 
polymersomes (EPs) and glycooligomer-functionalized polymersomes (EPs_Gly). 

 

Table 10.7. Kinetic binding data for glycooligomer 3 and PDMS-b-PMOXA-Gly obtained from fitting 
the SPR binding curves with the 1:1 Langmuir binding model. 

Sample Lectin kA [M-1 s-1] kD [s-1] Rmax 

[RU] 

KA [M-1] KD [M] 

Glycooligomer (3) MBL 961 1.38 x 10-3 117 6.98 x 105 1.43 x 10-6 

Glycooligomer (3) DC-SIGN 355 3.25 x 10-4 193 1.09 x 106 9.15 x10-7 

Glycooligomer (3) MR 101 5.15 x 10-4 105 1.96 x 105 5.10 x10-6 

Glycooligomer-

functionalized 

polymersomes 

MBL 200 1.29 x 10-3 130 1.55 x 105 6.43 x 10-6 

Glycooligomer-

functionalized 

polymersomes 

DC-SIGN 121 5.42 x 10-4 188 2.24 x 105 4.47 x10-6 

Glycooligomer-

functionalized 

polymersomes 

MR 1770 2.75 x 10-3 118 6.45 x 105 1.55 x10-6 
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Figure 10.14. SLS measurements of GUS-GOx-CNCs-Gly. (A) DLS profile of GUS-GOx-CNCs-Gly 
showing the mean hydrodynamic radius, Rh. (B) SLS data of GUS-GOx-CNCs-Gly and linear fit to the 
Guinier equation. 

 

 

Figure 10.15. Calibration curves using (A) 4-MU (R2 = 0.93) and (B) resorufin standards (R2 = 0.96) 
in PBS containing 50% Dulbecco's Modified Eagle Medium (DMEM) Phenol Red free with 10% Fetal 
Bovine Serum. 
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Figure 10.16. HepG2 and HeLa S3 H2B-GFP cells incubated with PBS. (A) HepG2 cells incubated 
with the equivalent amount of PBS, Yellow: polymersomes, Atto647, Green: Cell membranes, 
Atto488-WGA, Blue: nuclei, Hoechst 33342. (B) HepG2 and HeLa S3 H2B-GFP co-cultured cells 
incubated with the equivalent amount of PBS, Yellow: polymersomes, Atto647, Pink: Cell membranes, 
Atto555-WGA, Blue: nuclei, Hoechst 33342, Green: nuclei, GFP. Scale bar: 10 μm. 

 

 

Figure 10.17. Calibration curves using 4-MU in full Dulbecco's Modified Eagle Medium (R2 = 0.99). 
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Figure 10.18. Cell viability of HepG2 cells. Cell viability as percentage of HepG2 cells incubated with 
only PBS (control), 4-MU (190 μM) or 4-MUG (190 μM). Graph shows mean ± s.d. of six repetitions. 

 

  

Figure 10.19. Formation of compartmentalized artificial cells. Bioactive cargo molecules are 
encapsulated in self-assembled artificial organelles by film rehydration, forming functional artificial 
organelles. Subsequently, stimuli-responsive artificial organelles are encapsulated into GUVs using 
double emulsion microfluidics. 

 

 

Figure 10.20. Microfluidic chip design. (A) Design of six-way junction used for double emulsion 
generation aided by hydrophobic and hydrophilic channel coating. Inner aqueous (IA) and polymer 
organic (PO) channels are rendered hydrophobic through coating with Aquapel and outer aqueous 

Control (PBS) 4-MU 4-MUG
0

20

40

60

80

100

120

%
 C

e
ll

 v
ia

b
il

it
y



163 
 

(OA) and outlet channels are rendered hydrophilic through plasma activation followed by coating 
using polyvinyl alcohol.318 (B) Complete design of microfluidic six-way junction on a silicon glass chip. 

 

Table 10.8. Concentration of AOs in IA. 

 Dilution Factor Concentration in IA [AO mL-1] 

AO_A488 1000 - 10 3.4 x 109 – 3.4 x 1011 

AO_MM_A488 25 6.7 ± 1.2 x 109 

AO_CaGreen 5 3.8 ± 0.4 x 1011 

AO_mel_CaGreen 5 3.4 ± 5 x 1011 

AO_βGal 50 2.8 ± 0.1 x 1010 

AO_mel_βGal (Fig 4d) 50 1.5 ± 0.2 x 1010 

AO_mel_βGal (Fig 5) 6.25 1.2 ± 0.2 x 1011 

AO_MM_FDG 25 6.0 ± 0.4 x 1010 

AO_mel_CaRed 5 2.6 ± 0.01x 1011 

 

 

Figure 10.21. Encapsulation and distribution of AO_Atto488 in protocells. (A) Three-dimensional 

AO distribution within a protocell at a concentration of 3.4 x 1010 mL-1 visualized through a two-

dimensional Kernel Density Estimation plot with 20 levels along the x and y axes. Histograms 

represent the AO density distribution along the x and y axes. The centralized peak and symmetric 

density contours suggest a uniform particle distribution in the sphere's volume, with a higher 

concentration at the core (n=3). (B – D) Maximal projection of an exemplary GUV containing 

ATTO488-encapsulating AOs (green) formed with an input AO concentration of 3.4x1011 AO mL-1. The 

GUV membrane was stained with 2.5 µM BODIPY 630/650 (cyan). Merged fluorescence (B) and 

single channel images of the stained membrane (C) and AOs (D) show no aggregation of AOs at the 

membrane. Scale bar: 10 µm. 
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Figure 10.22. Schematic representation of calcium detection in an artificial cell with ionomycin in 
the polymer membrane. Calcium enters the artificial cells via ionomycin-facilitated transport and 
binds to the Ca2+-sensitive dye CaGreen, thereby increasing its fluorescence. (A) Normalized CaGreen 
fluorescence inside artificial cells upon extravesicular administration of 0-1000 µM CaCl2. (B) 
Normalized CaGreen fluorescence inside artificial cell encapsulating CaGreen-loaded AOs upon 
extravesicular administration of 1 mM CaCl2. (n>5 per condition) Significance levels: p > 0.05 (n.s.), 
p < 0.05 (*), p < 0.005 (**), and p < 0.0005 (***). 
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Figure 10.23. Photoisomerization of MM.(A) Photoisomerization of Molecular Motor (MM). (B) MM 

Thermal helix inversion (405 nm, CH12H26, 25 °C, 50uM). (C) Photoisomerization of AOs with 25mol% 

MM. (D) AOs with 25%mol MM Thermal helix inversion (405 nm, PBS, 25 °C, 50 μM). 

 

 

 
Figure 10.24. E-Z isomerization in AO_MM. Speed determination – Thermodynamic activation 
parameters - Eyring Plot decays. Half speed of rotation of the MM in solution or in the AO membrane. 
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Table 10.9. Quantum yield of molecular motors inside and outside of AO membranes 

 Quantum yield ± sd 

MM 15.09 ± 0.51 

AO + 25 mol% 8.34 ± 2.51 

 

 

Figure 10.25. Response to light triggers and cargo release by AOs in ACs. Release of ATTO488 dye 

from the intracellular AO upon exposure at 430 nm for up to 20 min with 2 min intervals. Fluorescence 

measured in the lumen of artificial cells from fluorescence micrographs (n=3 per condition). 
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Figure 10.26. FCS measurements of Cy5-melittin polymersomes and βGal calibration 

curve.Normalized FCS autocorrelation curves of free Cy5-melittin (green, τD = 500 μs) and AO_Cy5-

melittin (50 μΜ initial melittin concentration, black, τD = 4400 μs). Symbols: raw data, Lines: fitted 

curves. (B) Calibration curve for the BCA protein assay for βGal (R2 = 0.99). 

 

 

Figure 10.27. Intracellular communication mimic and calcium response upon light input. Schematic 
representation of stimuli-responsive intracellular signaling cascade between AOs in a protocell. Upon 
irradiation, MM-AO release FDG which can diffuse through melittin pores into a second, βGal-
encapsulating AO. The βGal hydrolyzes the non-fluorescent substrate FDG to the fluorescent 
fluorescein product. Normalized fluorescence inside artificial cells encapsulating AOs_MM_FDG and 
AOs_βGal with and without melittin pores after 1 h of incubation (n=5 per condition). (B) Controls for 
compartmentalized intracellular signaling without molecular motors in the FDG-containing AOs (C) 
Artificial cells are harnessed with calcium sensing capability by co-encapsulating AOs loaded with 
Ca2+-sensitive dye and FDG-releasing AOs. Normalized Rhod-5N fluorescence inside not-illuminated 
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(left) and illuminated (right) sender cells upon incubation with 0 or 1 mM CaCl2. Significance levels: 
p > 0.05 (n.s.), p < 0.05 (*), p < 0.005 (**), and p < 0.0005 (***). 

 

 

Figure 10.28. Non-normalized Rhod-5N fluorescence intensity in GUVs permeabilized with DNA-
nanopores containing AO_mel_R5N and AO_MM_AO with and without illumination and with 
different externally added CaCl2. 

 

 

Figure 10.29. Intercellular signaling involving organelles spatially confined in separate 
protocells.Schematic overview of light-triggered signaling cascade from sender to receiver cell in a 
6:1 ratio. Irradiation at 430 nm causes of FDG-encapsulating AOs to rupture, releasing non-
fluorescent FDG. FDG diffuses via DNA nanopores from the sender cell to the receiver cell containing 
AOs encapsulating the enzyme βGal. Inside the receiver cells, FDG enters AOs_mel_βGal via melittin 
pores, and finally gets hydrolyzed to its fluorescent product fluorescein by the confined enzyme. (B) 
Normalized fluorescence inside receiver cell encapsulating AO_mel_βGal with and without DNA 
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nanopores after 1 h of co-incubation with sender cells encapsulating FDG in photolabile AOs 
(AO_MM_FDG) (n≥5 per condition). (C) Fluorescence micrographs of representative single receiver 
cell from (B) equipped with CF633-dextran(70 kDa) (red, bottom) showing fluorescein fluorescence 
(green, top) without (left) and with (right) DNA nanopores after 1 h co-incubation with 
FDG_MM_AO-encapsulating sender cells. Scale bar: 10 µm. 

 

 

Figure 10.30. Sensitivity modulation of artificial cell-cell communication. The external addition of 
CaCl2 decreases the signal transmission in the receiver cell, thereby decreasing the gain of the system. 
(B) Calcium has an inhibitory effect on βGal encapsulated in the receiver cell, thereby modulating the 
overall photosensitivity of the receiver cell. (C) Normalized fluorescein intensity in receiver cells 
encapsulating AO_mel_βGal in the presence or absence of CaCl2 after 1 hour of incubation (n≥5). 
Significance levels: p > 0.05 (n.s.), p < 0.05 (*), p < 0.005 (**), and p < 0.0005 (***). 

 

 

Figure 10.31. Changes in Rhod-5N sender protocells. (A & B) Rhod-5N fluorescence change upon 

administration of 1 mM CaCl2 in sender protocell without (A) and with (B) 10 min illumination at 430 

nm. (C & D). 

 

 


