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 1.  
INTRODUCTION 

Synthetic biology is an emerging and rapidly expanding field of research focused on the 

assembly of novel biological systems with novel functionalities for different applications. These 

systems are frequently genetic circuits constructed with elements from different organisms, 

capable of acting as natural biological networks. One of the most exciting applications of 

synthetic biology is its use to bring solutions for biomedical challenges. Though this research 

area is still in its infancy, translational medicine is already witnessing the first steps towards the 

development of therapies based on synthetic biology. New synthetic biology-based approaches 

in the field of gene therapy, cell therapy, immunotherapy, tissue engineering, regenerative 

medicine, vaccine development or antibiotic resistance are emerging and impacting the way we 

will treat cancer, infectious and immunological diseases, or metabolic disorders [1, 2].  

1.1 IN VIVO SYNTHETIC BIOLOGY  

Hitherto, most projects on therapeutic synthetic biology have focused their attention on the 

assembly and engineering of genetic circuits or other biological modules in vivo into cells or 

unicellular organisms [3, 4]. Remarkable examples in the field of cancer therapy are the 

engineering of bacteria and viruses to specifically invade and kill cancer cells (Fig. 1a-1b), or the 

engineering of lymphocyte T cells to express a synthetic receptor (chimeric antigen receptor, 

CAR) that binds specific tumor antigens presented on the surface of the tumor cell. Different 

engineered bacteria or bacteriophages are also being developed for the disruption of bacterial 

and viral infections, and a diverse spectrum of interactive genetic circuits capable of performing 

therapeutic function in a controlled manner are being engineered in cells to restore healthy 

metabolism in metabolic disorders (Fig. 1c) [1]. 
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Fig. 1. Schematic examples of in vivo synthetic biology in therapeutics. A) Oncolytic virotherapy: Virus engineered 

to bind specific cancer antigens; B) Anticancer bacteria: Bacteria engineered to infect tumor cells through specific 

surface antibody expression and produce a pro-drug converting enzyme (thymidine kinase, TK); C) Treatment of 

diet-induced obesity: Gene circuits are engineered in cells such that the presence or absence of fatty acid is 

constantly sensed and trigger transcription activators or repressors, respectively, ultimately leading to the 

regulation of fatty acid levels in blood, adapted from [1].  

1.2 VESICLE BIOREACTORS FOR THE PRODUCTION OF GENETICALLY-

ENCODED THERAPEUTIC DRUGS 

In certain cases, the complexity of living cells can challenge in vivo engineering. Cell-free 

synthetic biology (or in vitro synthetic biology), an emerging branch of synthetic biology, makes 

use of cell-free gene expression systems to create biological networks that function without the 

use of living cells [5]. More than a decade ago, the convergence of in vitro synthetic biology, 

cell-free gene expression systems and liposome technology gave rise to the creation of artificial 

vesicle bioreactors that can synthesize genetically-encoded molecules [6, 7]. Though the 

primary motivation of these studies was the assembly of a semi-synthetic cell, the application 

of this technology for different therapeutic purposes has been envisioned [8]. Examples of this 

are the creation of antigen-producing liposomes as novel vaccination system [9], the 

development of bioreactor liposomes suited for remotely controlled in-situ mRNA [10] or 

protein [11] production in vivo, or the assembly of a PCR-based nanofactory for gene delivery 

[12].  

1.3 LIPOSOMES AS DRUG DELIVERY DEVICES 

Liposomes are spherical vesicles consisting of one or more lipid bilayers surrounding an 

aqueous solution (Fig. 2). Liposomes are mainly composed by phospholipids, which are the 

major component of most biological cell membranes. Phospholipids are a class of lipids with  

amphipathic nature, consisting in a hydrophilic head and a hydrophobic tail, and are divided 

in two main groups: glycerophospholipids and sphingolipids [13]. The hydrophilic moiety 

comprises a polar head group containing a phosphate, which is negatively charged at neutral 
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pH [13, 14], while the hydrophobic tails are composed by two fatty acid chains. For this reason, 

when dissolved in an aqueous solution, these molecules are able to pack into sheets, forming a 

membrane bilayer, where the hydrophilic head interacts with water and the hydrophobic tails 

interact with each other [13], forming a liposome. Depending on the lipid composition and on 

the method used to produce them, liposomes can exist with different sizes, lamellarity states 

and charges [15].  

As drug delivery systems, liposomes offer important advantages in comparison to other drug 

delivery vehicles. First, because liposomes are mostly composed of natural phospholipids and 

cholesterol, they are more biocompatible and biodegradable than other delivery devices, 

inherently inducing low toxicity [16, 17]. At the level of clinical manufacturing, liposome 

production is easy and scalable. Moreover, thanks to their structure, liposomes can encapsulate 

hydrophilic compounds in their core, hydrophobic compounds inside their phospholipid 

bilayer and amphipatic compounds at the interface between the phospholipid bilayer and the 

aqueous phase [15, 18]. Thus, liposomes are able to deliver a broad variety of therapeutic 

compounds, making them probably the most versatile type within all delivery nanocarriers [17]. 

Further broadening their versatility is the fact that generally therapeutically relevant physico-

chemical properties in a delivery carrier such as charge, fluidity and permeability, can be 

precisely tuned in liposomes through modifications on the molar ratio of their constituent lipids 

[19].  

In addition, liposomes can be actively targeted to specific tissues through ligand-mediated 

targeting. For this, different targeting ligands such as vitamins, proteins, peptides, antibodies, 

carbohydrates or glycoproteins can be attached to the surface of liposomes to target specifically 

tissues whose cells overexpress a specific cell membrane receptor. Active targeted delivery can 

lead to improved therapeutic efficacy and reduced systemic toxicity [16, 17].  

Importantly, the stability and circulation time of liposomes in vivo can be significantly extended 

by coating their surface with hydrophilic polymers such as linear polyethylene glycol (PEG). 

Liposome PEGylation can inhibit liposome aggregation and unspecific interactions with serum 

lipoproteins preventing their premature clearance in vivo by the reticuloendothelial system 

(RES) [17, 20].  

 

 

 

 

 

 

Fig. 2. Schematic of a liposome and the relevant structural elements in liposomal drug delivery, taken from [17].  
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It is probably for all these reasons that liposome-based drugs are the most successful drug 

delivery systems ever developed with more than fifteen approved drugs [16]. Liposomes entered 

the market for the first time in 1995, when Doxil, a PEGylated liposomal doxorubicin 

formulation, was approved by the Food and Drug Adminstration (FDA). Since then, fourteen 

other liposome-based drugs have arrived to the market (see Table 1) and others are undergoing 

different phases of clinical investigation [21]. As seen in Table 1, currently FDA-approved 

liposomal drugs entrap so called “small molecules” with chemotherapeutic (doxorubicin, 

daunorubicin, cytarabine, mifamurtide, vincristine, irinotecan), antibiotic (amphotericin B), 

photosensitizing (verteporphin) and pain relief (morphine sulfate, bupivacaine) function, 

inactivated virus particles or viral membrane proteins. However, during the last decade, 

liposomes have been extensively investigated as delivery vehicles of nucleic acids for gene 

therapy in the clinic [18].  
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Table 1. FDA-approved liposome-based drugs, taken from [21]. 
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1.4 LIPOSOMAL RNA-BASED GENE THERAPY 

Gene therapy is the introduction of genetic material into cells to treat pathological conditions 

through the modulation of gene-expression. Apart from DNA, different RNA molecules 

including microRNA (miRNA), small interfering RNA (siRNA), short interfering RNA 

(shRNA), messenger RNA (mRNA) and single-stranded antisense oligonucleotides (ASOs) are 

used for this purpose [18]. Compared to DNA, RNA therapy has the advantages of not requiring 

entrance into the nucleus or transcription to exert their function, and thus, the chance of 

genomic integration of the delivered molecule can be considered negligible [22].  

Hitherto, most RNA-based drugs that have achieved the clinical trial stage are based on RNAi 

therapy (see Table 2). RNAi has demonstrated huge therapeutic potential through exhaustive 

in vitro and in vivo studies [23]. Importantly, in August 2018, the first RNAi-based drug was 

approved for the treatment of a disease [24]. Named Patisiran, this drug consists of a dsRNA 

siRNA entrapped in a lipid-nanoparticle for systemic delivery to hepatocytes in the liver [25], 

aimed to treat a rare hereditary disease named transthyretin amyloidosis. The approval of this 

drug marks the end of a long struggle to prove the therapeutic power of siRNA in the clinic 

[24], and opens the door of future gene therapy to RNA-based drugs. For its part, mRNA-based 

gene therapy is still in its infancy compared to RNAi, but the delivery barriers they encounter 

are very similar to those faced by RNAi and it does not require its integration into the 

endogenous RNAi machinery to exert its effect. Progresses in this field are promising, which is 

currently in expansion [18].  
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Table 2. Selection of ongoing clinical trials of siRNA-based drugs, adapted from [26]. 

 

Due to their negative charge, large size and hydrophilicity, RNA molecules encounter different 

biological barriers during their systemic delivery and cell entry. Prior to arriving to their site of 

action in the body, RNA molecules are faced with serum endonucleases, the immune system, 

non-specific interactions with proteins or non-target cells and renal clearance. Following, 

extravasation through the blood vessels, cellular internalization and endosomal scape are 

necessary for their successful delivery [18].  

Liposomes have been long investigated as delivery vehicles for nucleic acids to overcome these 

barriers (Fig. 2) [18]. In fact, liposomes are probably the most frequently investigated for RNAi-

based drugs, owing to all the advantages mentioned above (section 1.3) and to the extensive 
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track record of liposome usage in the clinic [23]. Hence, several liposomal RNAi-based 

formulations are going through clinical trials (see Table 2).  

 

Fig. 3. Barriers to successful liposomal delivery of nucleic acids in vivo. After entrance into the circulatory system, 

liposomes need to protect nucleic acids from degradation by serum endonucleases, escape detection by the 

immune system, avoid renal clearance and nonspecific interactions (for this, polyethylene glycol, i.e. PEG, is added 

to the liposome’s surface). Additionally, liposomes have to extravasate from the bloodstream to reach their target 

tissues. Last, liposomes must mediate cell entry and endosomal escape (through specific elements such as cell-

perforating peptides, CPPs). To exert its function, DNA must be transported to the nucleus. Conversely, RNAi and 

mRNA should be respectively loaded into the RNA-induced silencing complex (RISC) or the translation 

machinery in the cytoplasm to exert their activity. Taken from [27].  

For successful drug delivery, liposomes also have to confront different barriers in vivo (see Fig. 

3). For a long time, cationic liposomes were the standard delivery vehicles for RNA [23]. When 

produced by conventional means, cationic lipids were used for efficient RNA entrapment, that 

was mediated by the association of the nucleic acids with lipids [16]. However, cationic lipids 

are toxic. Moreover, the use of cationic lipids results sometimes in the formation of RNA/lipid 
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complexes, i.e. lipoplexes, instead of liposomes. In the other hand, negatively charged liposomes 

are quickly cleared from blood circulation. Consequently, there is a high interest on the 

development of liposomes with reduced cationic charges or solely composed by non-ionic 

lipids. However, reducing cationic charges may reduce the encapsulation efficiency of 

liposomes produced through conventional methods. An hypothetical vesicle-fed bioreactor 

could, on the other hand,  allow high encapsulation efficiencies in nearly neutrally charged 

liposomes [23], since one of the well established formulations that  have allowed RNA and 

protein synthesis in fed-vesicle bioreactors were composed by nearly 80%  of the non-ionic 

DMPC or DOPC [28]. This potential advantage of vesicle bioreactors has already been claimed 

by Lee et al. [29]. The authors developed a PCR-based nanofactory for the delivery of plasmid 

DNA with a liposome formulation composed solely of neutral lipids (DPPC:CHOL:DOPE-

Rhod = 13:6:1). In vivo delivery of the amplified genes inside their vesicle bioreactor showed 

gene expression without toxicity.   

1.5 THE IMPORTANCE OF SINGLE-VESICLE CHARACTERIZATION FOR 

THE DEVELOPMENT OF PRECISE DRUG-DELIVERY SYSTEMS 

In spite of their long history of investigation, encapsulation efficiency (the ratio of therapeutic 

molecule inside the delivery vehicle relative to the total drug amount in the loading solution), a 

key parameter for the development of a drug delivery system, is generally investigated as a bulk 

property and measured accordingly as the average content of all nanoparticles in the 

preparation [30, 31]. However, this parameter is strongly affected by a compendium of different 

features associated to liposomes, such as the charge, rigidity or hydrophobicity of their surface, 

morphological characteristics such as shape, size or lamellarity, the vesicle preparation method 

or the inherent properties of the drug [30]. Thus, liposomes are intrinsically highly 

heterogeneous nanoparticles, exhibiting different physical and chemical properties even when 

prepared under the same conditions (size, lipid composition, encapsulation efficiency, charges) 

[32]. As a consequence, vesicle’s drug content is entangled to heterogeneity in liposome 

preparations, and averaging methods lead to a loss of information that can be essential to 

understand the effects of the drug delivery system under development [33]. Frequently, electron 

microscopy is used to study the drug content inside individual vesicles, but this technique only 

allows the characterization of a minute fraction of the liposome preparation. Of particular 

interest is the use of techniques that enable high-throughput characterization of the drug 

content inside individual vesicles. 

1.6 THE IMPORTANCE OF PRECISE DRUG BIODISTRIBUTION 

Liposomal drug delivery systems have critically evolved over the past five decades, enabling the 

targeted delivery of genes and small drug molecules [34]. However, in spite of these advances, 

there have been few bench-to-bedside successful applications. One of the limitations to the 
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development of successful therapeutic liposome formulations is their observed membrane 

leakiness and premature drug release upon administration [35]. Controlling the bio-

distribution of a therapeutic drug is essential to minimize toxic side effects and enhance the 

efficiency of the treatment [36]. Ensuring drugs arrive to their target destination is of particular 

importance for highly localized diseases [37]. To tackle this problem, the creation of targeting 

delivery systems with stimuli-responsive ability can improve the biodistribution profile of a 

drug and allow its delivery on demand [35].  
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1.7 THESIS OUTLINE 

This work contributes to the convergence of the fields of synthetic biology and biomedicine, 

presenting different possible applications of vesicle bioreactors for the improvement of current 

RNA-based gene delivery systems. Herein, we give a brief description of each chapter in this 

thesis:   

 In Chapter 2, we provide a method for the high-throughput characterization of RNA 

content in liposome preparations at the single vesicle level. For this, the Spinach RNA 

aptamer was used as fluorescent RNA reporter. Moreover, the loading potential of fed-

vesicle bioreactors are compared to those of conventionally produced liposomes.  

 In Chapter 3, we intended to implement a light sensitive switch for remote 

spatiotemporal control of gene expression in liposomes. This work gives important 

steps towards the development of a remotely activated therapeutic RNA delivery system.   

 In Chapter 4, we created a platform for the in vitro production of shRNA inside folate-

labelled vesicle bioreactors. Moreover, we studied the specificity of folate-mediated 

targeted delivery of our vesicle bioreactors to cells in vitro. This platform was devised 

for the future ex vivo production of targeted liposomes that are highly loaded with 

shRNA (Chapter 2) or for the spatiotemporally triggered production of therapeutic 

RNA in vivo (Chapter 3).  

 In Chapter 5, we developed a new liposomal drug delivery system for the 

chemotherapeutic compound SN-38. SN-38-in-cyclodextrin-in-folate-labelled lipid 

nanoparticles were created, and their heterogeneity was characterized at high-

throughput by fluorescence microscopy. Additionally, the therapeutic effect of these 

nanoparticles was studied in vitro in human cells. 

Together, these efforts demonstrate the prominence of compositional heterogeneity of 

biomolecule-loaded small unilamellar vesicles and stress the importance of single-vesicle 

characterization to optimize the formulations of liposome-based drug delivery systems. 
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2.  
EXPLORING THE THERAPEUTIC 

POTENTIAL OF RNA-PRODUCING 

FED-VESICLE BIOREACTORS  
 

Decades after the concept was proposed, gene therapy has finally emerged as a promising approach 

for the treatment of numerous diseases.  RNA-based gene therapy in particular, offers a safer and 

easier delivery approach compared to DNA-based therapy. Lipid vesicles called liposomes are the 

most investigated vehicles for the delivery of therapeutic RNA. However, encapsulation efficiency, 

a key parameter in the development of any delivery system, is generally measured as the average 

drug content in liposome preparations. In this work, we provide a method for the characterization 

of RNA content in liposome samples at the single vesicle level. An RNA aptamer-fluorogen 

complex called Spinach, was used as model system to report liposomal RNA content by 

fluorescence microscopy. The loading potential of fed-vesicle bioreactors, where RNA is internally 

produced from a DNA template, is compared to that of conventional RNA encapsulation in 

liposomes. The results show that direct entrapment of pre-synthesized RNA provides a higher 

fraction of RNA-loaded liposomes. Additionally, we show for the first time how biotin-based 

vesicle immobilization can be conveniently applied to study liposomal gene delivery systems by 

high-throughput fluorescence imaging of single vesicles. Although we did not achieve the 

implementation of a highly-RNA producing fed-vesicle bioreactor, we propose several 

recommendations to improve our technology and achieve this goal.  
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2.1 INTRODUCTION 

2.1.1 VESICLE BIOREACTORS FOR THE PRODUCTION OF GENETICALLY-ENCODED 

THERAPEUTIC DRUGS 

Protein-producing fed-vesicle bioreactors (Fig. 1) consist of a cell-free transcription/translation 

system surrounded by a semi-permeable lipid membrane that enables the entrance of small 

feeding molecules from the surrounding environment into the vesicle’s lumen while keeping 

the macromolecules needed for gene expression inside [1, 2]. This selective permeability is 

generally induced through the induction of small membrane breaks by applying high external 

osmotic pressure (Fig. 1a), or through the creation of nanopores (Fig. 1b). Transcription is 

usually carried out by the bacteriophage T7 RNA polymerase, that is chosen due to the 

simplicity of this protein (a  ̴ 100 kDa monomer) [3] and its high processivity [4]. Meanwhile, 

the translation machinery is generally derived from Escherichia coli [5–7].  

 

Fig. 1. Approaches to the creation of gene-expressing fed-vesicle bioreactors. Nutrients (rNTPs, amino acids) are 

provided through the creation of A) membrane defects by creating an osmotic pressure across the vesicle 

membrane or B) through the incorporation of membrane nanopores.  

Remarkably, single-vesicle studies on fed-vesicle bioreactors of micrometer size range have 

shown that, under certain conditions, protein synthesis can be more efficient and longer when 

taking place inside vesicles compared to bulk solution [1, 2, 8]. In the work of Noireaux & 

Libchaber [1], the production of the fluorescent protein GFP in vesicles was prolonged for 

several hours in comparison to bulk solution when the nutrients necessary for transcription and 

translation were externally supplied and introduced through membrane defect generation 

provoked by osmotic pressure. These effects were greatly enhanced when α-hemolysin pores 
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nanopores were incorporated to the lipid membranes, which increased membrane permeability 

to the feeding solution. α-hemolysin is a water soluble monomer composed of 293 amino acids 

synthesized by the bacteria Staphylococcus Aureus [9]. Upon binding into a lipid bilayer, α-

hemolysin assembles into an heptameric nanopore of 2.6 nm in diameter that allows the 

penetration of molecules smaller than 3 kDa. This size allows ribonucleotides (rNTPs) and 

amino acids to diffuse into the liposomes, while the macromolecules necessary for transcription 

and translation remain trapped in the vesicle’s lumen.  

2.1.2 ENVISIONING A NOVEL FED-VESICLE BIOREACTOR FOR THE PRODUCTION 

AND DELIVERY OF THERAPEUTIC RNA 

In the context of therapeutics, exploiting the potential of such fed-vesicle bioreactors could be 

very valuable for the development of efficiently loaded liposomal delivery systems. Inspired by 

this idea, we envisioned the assembly of a therapeutic fed-vesicle that could act as both drug-

producing bioreactor and drug delivery vehicle. Following compartmentalized drug synthesis, 

the fraction of vesicle-bioreactors with desired drug content could be sorted through high-

throughput single vesicle analysis to achieve a sample of highly and precisely-loaded therapeutic 

liposomes for targeted delivery (see Fig. 2). In this regard, fluorescence-activated cell sorting 

(FACS) has been successful in sorting GFP-synthesizing cell-sized bioreactors [10]. 

 

Fig. 2. Workflow in the production of an improved liposomal formulation for RNA delivery. First, transcription 

is carried out in a reaction of fed-vesicle bioreactors. As a result, vesicle bioreactors with different RNA 

concentrations are obtained (represented as green tones of varying intensities). RNA-containing vesicles with the 

desired size and RNA content are sorted by FACS, leading to the final liposomal formulation. Sorting will require 

the lighting of therapeutic molecule with a fluorescence reporter.  

In order to be delivered in vivo, the size of the vesicles composing such therapeutic nanofactory 

is restricted. Liposomes used for systemic drug delivery in vivo typically feature sizes between 

80 and 150 nm in diameter, since they provide the longest circulation life-times, minimizing 

their removal from circulation by the liver and the spleen. While liposomes smaller than 80 nm 
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are mainly removed from circulation by the liver, those larger than 250 nm are predominantly 

uptaken by the spleen [11].  

It is known that enzymatic reactions inside liposomes are significantly influenced by the size of 

the vesicles [10]. For the production of a protein, the presence of a large number of components 

inside the vesicles is required. However, as liposome size decreases, the fraction of liposomes 

encapsulating all the needed components does as well, limiting the implementation of 

therapeutic-sized bioreactors for the production and delivery of protein drugs.   

On the other hand, RNA production in a fed-vesicle solely requires the encapsulation of a DNA 

template and a T7 RNA polymerase. Thus, the fraction of liposomes encapsulating these 

elements may be less severely affected. Consequently, the development of therapeutic-sized 

bioreactors for the production and delivery of therapeutic RNA for gene-based therapy may be 

less limited than for the production of therapeutic proteins. 

2.1.3 LIPOSOME IMMOBILIZATION AS A PLATFORM FOR HIGH-THROUGHPUT 

RNA-LOADED SINGLE-VESICLE CHARACTERIZATION 

Immobilization of lipid vesicles through molecular linkers onto solid supports is an extremely 

valuable and convenient technique that allows the high-throughput characterization of vesicle 

preparations and the study of diverse biological processes taking place at lipid membranes at 

the single vesicle level [12] through fluorescence microscopy. In particular, the use of 

Streptavidin as a molecular linker, first pioneered by Stamou and co-workers [13], allows 

immobilization of small unilamellar vesicles without major morphological changes when the 

number of molecular tethers is kept low.  

For this, biotinylated bovine serum albumin (BSA-biotin) is first attached to the solid support, 

and subsequently functionalized with streptavidin (Fig. 3). In turn, the external surface of lipid 

vesicles is tethered with biotin through the addition of biotinylated lipids in their formulation. 

Thanks to the high affinity of the linkage between biotin and streptavidin (KD ̴ 10-15) [14], 

vesicles become irreversibly locked onto the surface [13].   
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Fig. 3. Surface immobilization of biotinylated liposomes on a functionalized microscope coverslip through biotin-

neutravidin bounds. Adapted from [2].  

This type of vesicle immobilization has been employed to study diverse processes, such as 

protein-vesicle interactions and the effect of membrane curvature over such interactions [15–

18], enzymatic reactions triggered in the vesicle’s lumen [2, 19–22], and the encapsulation 

efficiency in single vesicles [23]. 

Using this technique, Lohse et al. [23] investigated the encapsulation efficiency of a fluorescent 

dye inside unilamellar vesicles ranging in size between 100 and 400 nm. These vesicles were 

produced through one of the most standard vesicle production procedures (dry-lipid-film 

rehydration, extrusion and freeze-thaw). Surprisingly, the encapsulation efficiency of the 

fluorescent dye was inversely proportional to the vesicle’s diameter. Moreover, a large number 

of empty vesicles similarly spread through the whole range of vesicle sizes was found. In 

agreement with this result, a single-vesicle electron microscopy study from Luisi et al. [24] on 

the encapsulation of a protein in vesicle with sizes ranging between 50 and 300 nm, showed 

again that the smallest vesicles reached the highest encapsulation efficiencies, and found that 

protein entrapment follows a dual behavior, characterized by many empty vesicles and some 

extremely crowded vesicles. Altogether, these studies further highlight the importance of an 

exhaustive characterization of the heterogeneity of encapsulation for the improvement for 

liposome-based drug delivery systems.  

2.1.4 SPINACH RNA APTAMER AS A REPORTER OF TRANSCRIPTION  

In this work we intended to adapt the described liposome immobilization method to report the 

vesicle-to-vesicle heterogeneity on RNA content and DNA transcription inside SUV 

preparations at the single vesicle level in a high-throughput manner. To achieve this, the use of 

a genetically encoded fluorescent probe was chosen. Spinach, an RNA aptamer that binds to 

and activates the fluorescence of a small fluorophore called 3,5-difluoro-4-hydroxybenzylidene 

imidazolinone (DFHBI) [25] (Fig. 4a), has recently been used in our lab to report gene 
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expression inside immobilized giant unilamellar vesicles (GUVs) by fluorescence microscopy 

[20]. Similar results have been obtained using DFHBI-1T [21], a DFHBI analog with a 1,1,1-

trifluoroethyl substituent characterized by increased brightness and improved compatibility 

with common fluorescence microscopy filter thanks to its GFP-like fluorescence properties (Ex-

Max 482/Em-max 505 nm)[26](Fig. 4b).  In the current study, a DNA template encoding the 

Spinach sequence, preceded by a T7 promoter, was used to study the RNA-content of 

conventionally produced liposomes in comparison to in situ RNA production in fed-vesicle 

bioreactors.  

 

Fig. 4. The Spinach RNA aptamer and the fluorophores DFHBI and DFHBI-1T. A) When Spinach binds DFHBI, 

the complex Spinach-DFHBI becomes fluorescent. Adapted from van Nies et al. [20]. B) Spectra of 

excitation/emission from DFHBI and DFHBI-1T. Taken from [26].  

In this work, we hypothesized that RNA synthesis inside therapeutic-sized fed-vesicle 

bioreactors (SUV, 200 nm in diameter, Fig. 5a) could be more efficient than in bulk solution 

(Fig. 5b). The semi-permeable membrane of a fed-vesicle bioreactor may allow access to an 

“unlimited” pool of rNTPs present in the liposome’s surroundings, what may lead to a fraction 

of transcriptionally active fed-vesicles that could potentially produce more RNA molecules per 

liposome than when pre-synthesized RNA is encapsulated in liposomes, assuming that enzyme 

activity and DNA stability are not limiting factors. Additionally, confinement of biochemical 

reactions in small volumes is known to alter the kinetics of enzymatic reactions in cells and in 

liposomes [27]. In fact, encapsulation seems to facilitate transcription and translation in 

liposomes [8, 28], what may further enhance the number of RNA molecules achieved per 

liposome in the fed-vesicle bioreactors.  

Moreover, we wished to investigate the RNA content and vesicle-to-vesicle heterogeneity 

resulting from these two different production methods in a quantitative manner. In 

combination with a sorting approach to select liposomes with a specific size and RNA 

concentration, such efficient therapeutic bioreactors could set the basis of the development of 

well-characterized and highly-loaded liposome delivery systems.  
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Fig. 5. Transcription in A) fed-vesicle bioreactors versus B) conventionally produced RNA pre-loaded liposomes. 

In B), RNA is produced in bulk gene expression reactions prior entrapment inside liposomes.  

2.2 MATERIALS AND METHODS 

2.2.1 PREPARATION OF A SPINACH-ENCODING DNA TEMPLATE  

A linear DNA template encoding meYFP-Spinach was used to isolate the Spinach aptamer 

DNA sequence flanked by a T7-promoter and terminator sequences with the forward and 

reverse primers CHD367 and CHD91, respectively (Table 1). The PCR reaction mix consisted 

of 0.1 ng/µl of meYPF-Spinach, 0.2 µM Fw CHD367, 0.2 µM Fw 91CHD, 0.02 U/µl of Phusion® 

High-fidelity DNA polymerase (NEB) and 5X Phusion HF buffer (NEB) adjusted to 800-µl with 

MiliQ water. The PCR was run with the following thermal cycles: 95 °C for 3 min, 30x (95 °C 

for 30 sec, 52.5 °C for 30 sec and 72 °C for 1 min 15 sec) and 72 °C for 5 min. 5 µl of reaction 

product were loaded with a 6x DNA loading buffer (Promega) in a 1.2% agarose gel in TAE 

buffer using a 50-bp DNA ladder (NEB). The rest of the reaction product was purified with the 

Wizzard PCR-clean up System (Promega). This construct was named T7-Spinach(221) DNA.  

Table 1. DNA primers for the amplification of a T7-Spinach(221) DNA.  

DNA name Sequence (5’- 3’) Description 

CHD367 GAAATTAATACGACTCACTATAGGGAGAAAGCTTCCCGGGAAAGTATATATGAG FW Spinach - T7 
promoter 

CHD91 AAAAAACCCCTCAAGACCCGTTTAGAGG RV Spinach - T7 
terminator 
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2.2.2 KINETIC MEASUREMENT OF THE T7-SPINACH(221) DNA TRANSCRIPTION IN 

BULK  

A 20-µl transcription reaction containing 80 nM of T7-Spinach(221) DNA, 2 µl of T7 RNA 

polymerase,  8 mM ATP, 8 mM UTP, 8 mM GTP, 8 mM CTP (rNTPs and T7 RNA polymerase; 

RiboMAX Large Scale RNA Production System-T7, Promega), 20 µM DFHBI and 4 µl of 

transcription buffer (5x), was prepared in ice and transferred to a 20-µl cuvette (Hellma). 

Following, the cuvette was mounted in the temperature-controlled holder of a fluorescence 

spectrophotometer (Cary Eclipse, Varian). Real-time monitoring of Spinach production at 37 

°C was recorded every 30 sec with 460/502 nm excitation/emission wavelengths. Two 

transcription buffers were compared, the T7 transcription buffer from the commercial kit 

RiboMAX Large Scale RNA Production System-T7 (Promega) and a homemade transcription 

buffer with identical composition as the commercial buffer. The 5x homemade T7 transcription 

buffer consisted of 400 mM HEPES-KOH (pH 7.5), 120 mM MgCl2, 10 mM Spermidine and 

200 mM DTT.  

2.2.3 PREPARATION OF LIPID-COATED BEADS  

To prepare the lipid-coated beads used in the experiment testing α-hemolysin fed-bioreactors, 

a mixture of chloroform-dissolved lipids consisting of DPMC (66.5 mol%), DMPG (16.6 

mol%), Cholesterol (16.6 mol%), DHPE-TexasRed (0.2 mol%) and DSPE-PEG(2000)-biotin 

(0.1 mol%) for a total mass of 2 mg, was prepared in a 25-ml round-bottom glass flask. All lipids 

were purchased from Avanti Polar Lipids, except the DHPE-TexasRed membrane dye that was 

from Invitrogen. Prior to the evaporation of the organic solvent, 1.5 g of 212-300-µm acid-

washed glass beads (Sigma-Aldrich) were added to the lipid mixture in order to increase the 

surface area where the lipid film would form and achieve a higher encapsulation efficiency [29]. 

The organic solvent was removed by overnight rotary evaporation at 300 mbar and 100 rpm. 

The dried lipid-coated beads were stored under argon at -20 °C and desiccated for at least 20 

min before use. Each lipid-pipetting tip was washed three times with chloroform, and the 

washing volumes were added to the mixture. 

In all other experiments, the molar percentages in the lipid formulation were slightly modified 

and consisted of DPMC (66.2 mol%), DMPG (16.6 mol%), Cholesterol (16.6 mol%), DHPE-

TexasRed (0.45 mol%) and DSPE-PEG(2000)-biotin (0.2 mol%). When this formulation was 

used, solvent evaporation was performed at 100 rpm with the following steps in the rotavapor: 

500 mbar for 30 min, 200 mbar for 30 min, 20 mbar for 1 h. 

2.2.4 SPINACH TRANSCRIPTION INSIDE α-HEMOLYSIN FED-VESICLE 

BIOREACTORS 

A 200-µl pre-transcription reaction consisting of 70 nM T7-Spinach(221) DNA, 22.6 µl T7 RNA 

polymerase and transcription buffer (RiboMAX™ Large Scale RNA Production System-T7 kit 

from Promega) was prepared, and incubated for 20 min at room temperature to induce the 
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formation of DNA-polymerase complexes. Then, 73 mg of lipid-coated beads were incubated 

with the pre-transcription reaction for 2 h at 30 °C and gentle manual swirling every 15 min, to 

obtain a final lipid concentration of 0.5 mg/ml. The resulting liposome solution was extruded 

to produce small unillamellar vesicles. Extrusion was performed by 13 passages with a 0.2-µm 

filter membranes (Avanti Polar Lipids) and two 10-mm filter supports (Whatmann) on a mini-

extruder (Avanti Polar Lipids), obtaining a theoretical liposome concentration of 2 nM. Prior 

to each extrusion, the assembled extruder was pre-washed with transcription buffer 1X and pre-

heated to 40 °C (>Tm of lipids).  

Unencapsulated DNA was removed by addition of 0.05 U/µl DNAse (1 U/µl, RQ1, Promega) 

followed by an incubation step at 37 °C for 20 min. DNA transcription took place inside 

liposomes by addition of 5 mM rNTPs, 0.9 µM purified α-hemolysin (Sigma), and 60 µM 

DFHBI-1T to the liposome samples, followed by an incubation step of 3 h at 37 °C.  

2.2.5 PREPARATION OF SPINACH-CONTAINING LIPOSOMES THROUGH IN-

VESICLE TRANSCRIPTION 

A 200-µl pre-transcription reaction consisting of 70 nM T7-Spinach(221), 4 µl of 10-20 U/μL 

T7 RNA Polymerase (Promega) and homemade T7 transcription buffer was prepared, and 

incubated for 20 min at room temperature to induce the formation of DNA-polymerase 

complexes. Following, 75 mg of lipid-coated beads were swelled with the pre-transcription 

reaction for 2 h at 37 °C and gentle manual swirling every 15 min. The resulting liposome 

solution was extruded to produce small unillamellar vesicles (see  2.2.4).   

Unencapsulated DNA was removed by addition of 0.05 U/µl DNAse (1 U/µl, RQ1, Promega) 

followed by an incubation step for 20 min at 37 °C. DNA transcription was triggered inside 

liposomes by addition of 5 mM rNTPs, followed by an incubation step for 3 h at 37 °C. 

Unencapsulated RNA that might have been produced outside liposomes due to incomplete 

DNA degradation was removed by addition of 0.25-0.5 U/µl RNAse ONETM Ribonuclease (5-

10 U/µl, Promega) followed by an incubation step for 20 min at 37 °C.  

2.2.6 PREPARATION OF SPINACH RNA PRE-LOADED LIPOSOMES  

A 200-µl transcription reaction consisting of 70 nM T7-Spinach(221) DNA, 4 µl of 10-20 U/µl 

T7 RNA Polymerase (Promega), 5 mM rNPTs (Promega RiboMaxTM Large Scale RNA 

Production System-T7 kit) and homemade T7 transcription buffer was prepared, and incubated 

for 3 h at 37 °C to induce Spinach RNA production. Next, 75 mg of lipid beads were incubated 

with the transcription reaction for 2 h at 37 °C and gentle manual swirling every 15 min. The 

resulting liposome solution was subjected to 10 freeze-thaw cycles in order to enhance 

encapsulation efficiency [23]. Each freeze-thaw cycle consisted of 10 sec freezing in liquid 

nitrogen and 2 min defrosting in a water bath at 45 °C. Freeze-thawed liposomes were 

downsized by extrusion to produce SUVs, as described in section 2.2.4. Unencapsulated RNA 



 
24 CHAPTER 2 

was removed by addition of 0.25-0.5 U/µl of RNAse ONETM Ribonuclease (5-10 U/µl, Promega) 

followed by an incubation step for 20 min at 37 °C. 

2.2.7 LIPOSOME SAMPLE PREPARATION FOR BACKGROUND CORRECTION 

A liposome sample was prepared to correct for the DFHBI-1T background fluorescence that 

did not originate from the Spinach-DFHBI-1T complex. This liposome sample was prepared 

following the same procedure as in section 2.2.6, but MiliQ water was added instead of T7 RNA 

polymerase to avoid Spinach RNA production.   

2.2.8 FLUORESCENCE MICROSCOPY IMAGING OF LIPOSOMES 

Custom-made glass chambers (Fig. 6) were prepared for fluorescence imaging of immobilized 

liposomes. In the experiment with α-hemolysin fed-vesicle bioreactors, 10 µl of liposome 

sample were transferred to a custom-made imagine chamber. In the other experiments, the 

liposome solution was diluted 10x in transcription buffer containing 60 µM DFHBI-1T and 3 

µl of this dilution were transferred to the imaging chamber.  

Prior to sample addition, the glass coverslip inside the imaging chamber was functionalized 

with BSA-biotin and NeutrAvidin (Thermo Fisher Scientific) for liposome immobilization. 

Briefly, chambers were incubated with 10 µl of 1 mg/ml BSA-biotin (Thermo Fisher Scientific) 

and 10 µl of 1 mg/ml NeutrAvidin for 5 min at room temperature. Chambered coverslips were 

washed three times with MiliQ water after each incubation. Prior to liposome immobilization, 

the functionalized chambers were pre-washed two times with MQ and one time with 60 µM 

DFHBI-1T in transcription buffer. After sample addition, the chamber was sealed and used for 

imaging immobilized liposomes with a Nikon A1+ laser scanning confocal microscope with a 

100x oil immersion objective, using the 488 nm (DFHBI-1T) and 561 nm (Texas Red) laser 

lines with appropriate emission filters.  

 

Fig. 6. A) Front-view and B) top view of custom-made chambered coverslips for liposome immobilization and 

visualization by fluorescence microscopy. A 18 mm x 18 mm silicon spacer (Press-to-seal silicone sheet, Life 

technologies) with a 5-mm spherical hole (2) was sealed to a clean coverslip (18 mm x 18 mm, Menzel-Gläser) (1). 

A silicon spacer with a larger hole was sealed on top the first silicone spacer (3). After sample addition, the chamber 

was sealed with a glass coverslide (76 x 26 mm, Menzel-Gläser) (4).  
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2.2.9 ANALYSIS OF SPINACH CONTENT IN Α-HEMOLYSIN FED-VESICLE REACTORS  

In experiments testing α-hemolysin fed-vesicle bioreactors, ImageJ (National Institute of 

Health) was used to create a semi-automatic macro to analyze Spinach and Texas Red intensities 

per liposome. Briefly, images composed of 6 x 6 fields of view were cropped into 36 individual 

images, and analyzed separately. To find all the liposomes in an image, the Texas red channel 

was used. For this, the Spinach and the Texas Red channels were split (Image >Color > Split 

Channels). A Gaussian blur with a radius of 2 pixels was applied on the Texas Red channel 

(Process > Filters > Gaussian Blur). To reduce the background noise, an automatic threshold 

(Image > Adjust > Threshold) was set to obtain a binary image. The regions of interest (ROI) 

were found by analyzing particles (Analyze > Analyze Particles). The size used ranges from 5 to 

25 pixels units. The Areas, Min and Max gray values, Mean gray values, and Standard deviations 

of the Spinach and Texas Red values from all selected ROIs were measured and saved into Excel 

files.   

2.2.10 IMAGE PROCESSING FOR IMPROVED ANALYSIS OF SPINACH CONTENT IN 

LIPOSOMES 

In all other experiments, a MATLAB (MathWorks) code with improved features was used for 

quantitative analysis of the microscopy images (see Results). In this method, a Laplacian of 

Gaussian filter (LoG) was applied prior to image binarization and SUV selection (5-25 pixels), 

which is known to improve edge detection in images [30]. Additionally, we intended to improve 

background correction by applying a median filter, a smoothing technique known to reduce 

noise from images while preserving edges better than the Gaussian Blur under moderate noise 

levels, that was employed in Fig. 9 [31]. Last, the integrated Spinach fluorescence intensity 

inside each liposome was calculated by fitting the fluorescence intensity profile with a two-

dimensional Gaussian function, as described for other SUVs [32] and other diffraction limited 

particles [33].  

2.3 RESULTS  

2.3.1 A LOW FRACTION OF SUVS IS EXPECTED TO BE TRANSCRIPTIONALLY 

ACTIVE  

Prior to testing our hypothesis experimentally, we carried out some calculations to predict the 

fractions of RNA-containing liposomes in both fed-vesicle bioreactors and RNA pre-loaded 

liposomes.   

For a liposome to be transcriptionally active, at least one DNA molecule and one RNA 

polymerase molecule should be co-encapsulated. A theoretical estimation allowed us to 

determine the expected fraction of Spinach expressing liposomes, considering the following 

assumptions:  
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• The distribution of DNA and RNA polymerase molecules within liposomes is random, this is, 

it follows a Poisson distribution:  

   � �� = �� =  �	


!
 �
�     (2.1) 

where k is the number of DNA molecules encapsulated, and λ is the expectation value. 

• Since the concentration of RNA polymerase was given in U/µl, it was assumed to be present 

in a saturating concentration. Therefore, the probability of RNA polymerase encapsulation by 

a liposome was set equal to 1. 

In this hypothetical scenario, the probability of finding non-expressing or expressing liposomes 

depended on the number of DNA molecules encapsulated, which in turn depended on the bulk 

DNA concentration (CDNA) and the volume of the liposome’s lumen (Vliposome), which is that of a 

sphere:  

    ��������� =  �

�
���     (2.2) 

The expected value (λ) of the Poisson distribution was thus given by: 

    ���� = ���� ∙  � ∙  ���������    (2.3) 

where NA is the Avogadro constant.  

The resulting Poisson distribution formula was:  

  ������ = �� =  
�!"#$∙�$∙%&'()*)+,�	
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The probability of finding non-expressing liposomes was determined for 200-nm liposomes at 

a DNA concentration of 70 nM, and for 800-nm liposomes at a DNA concentration of 60 nM: 

�-.. /��� = 0� =  �
�1.∙2.34∙ 1..66 ∙ 2.78∙ 9
8

 : ;�.. ∙2..34<
8

∙2...�� = 0.00621% (2.5)  
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8

∙2...�� = 83.81%   (2.6) 

Therefore, the probability of finding expressing liposomes is 100% at a concentration of 60 nM 

in 800-nm liposomes, while it is   ̴16% at a concentration of 70 nM in 200-nm liposomes. As 

shown in Fig. 7a, most 800-nm liposomes would encapsulate 5 to 15 DNA molecules. In 

comparison, most of the transcriptionally active 200-nm liposomes would encapsulate a single 

DNA molecule (Fig. 7b). 
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Fig. 7. Probabilities of encapsulating a specific number of DNA molecules A) at a DNA concentration of 60 nM 

and a liposome diameter of 800 nm; B) at a DNA concentration of 70 nM and a liposome diameter of 200 nm. The 

probability values of encapsulating one or two DNA molecules are 14.8% and 1.31% respectively in 200-nm 

liposomes. Together, they sum   ̴16% of the total fraction of liposomes, and 99.5% of the total fraction of 

transcriptionally active liposomes (91.4% one molecule; 6.7% two molecules).  

2.3.2 ALL RNA PRE-LOADED LIPOSOMES ARE EXPECTED TO ENCAPSULATE 

SPINACH RNA MOLECULES 

To determine the theoretical fraction of liposomes encapsulating pre-synthesized Spinach 

RNA, we first estimated the concentration of Spinach RNA produced in the transcription 

reactions. Considering that the final concentration of each rNTP in the transcription reaction 

is 5 mM, we determined the number of molecules of each nucleotide present in the reaction:  

   200 ∙ 10
1D ∙ 5 FG = 1 µFIJ IK �LMℎ � O�  (2.7) 

1 ∙ 10
1FIJ ∙ 6.022 ∙ 106� FIJ
2 = 6.022 ∙ 102AFIJ�MPJ�Q IK �LMℎ � O� (2.8) 

Considering the number of each nucleotide present in the Spinach RNA molecule (see Fig. S1), 

the nucleotide present in higher number is guanine (G), having 65 rGTPs, while the number of 

rUTP, rATP and rCTP are 49, 47 and 39, respectively. Considering rGTP the limiting factor in 

the transcription reaction, as it will be the first nucleotide to be depleted, the number of Spinach 

RNA molecules produced in 200 µl of transcription reaction should be: 

 
1..66∙2.RS TUVW ����XY��� �/ Z[� T�\XZ��/

1] TUVW ����XY��� �/ ^��/\X[ _�� 
= 9.26 ∙ 102] a b FIJ�MPJ�Q (2.9) 

Therefore, the molar concentration of Spinach RNA produced should be:  

  
c.61∙2.Rd _�� ����XY���

1..66∙2.78 ���3R∙ 6..∙2.3ef
= 0.76 ∙ 10
�G = 76 µG   (2.10) 

Then, the probability of finding empty 200-nm liposomes was estimated assuming a Poisson 

distribution of the Spinach RNA molecules within the liposomes and the swelling solution:  

  �_���� = �� =  
�!h#$∙ �$∙%&'()*)+,�	


!
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Where CRNA is the concentration of Spinach RNA.  
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�_���� = 0� = �
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Therefore, the expected fraction of liposomes containing Spinach in the pre-synthesized sample 

is one. However, we hypothesize transcriptionally active fed-vesicles could potentially produce 

more RNA molecules per liposome because NTPs are continuously supplied from the 

environment and their exhaustion is unlikely given the large reservoir.  

2.3.3. SPINACH RNA IS SUCCESSFULLY PRODUCED WITH A T7 IN VITRO 

TRANSCRIPTION SYSTEM IN BOTH COMMERCIAL AND HOMEMADE BUFFERS  

In order to create a DNA template encoding a Spinach RNA aptamer, the Spinach DNA 

sequence was isolated by PCR from the fusion DNA construct encoding meYFP-Spinach. To 

make the aptamer transcribable by the T7 RNA polymerase, an overhanging Fw primer 

incorporating the T7 promoter sequence and a Rv primer encompassing the T7 terminator were 

used (Fig. 8a). As seen in Fig. 8b, a band corresponding in size to the expected amplified T7-

Spinach(221) DNA fragment was obtained on an agarose gel. Next, the transcriptional ability 

of this construct was tested using a commercial T7 transcription buffer and a homemade T7 

transcription buffer. As seen in Fig. 8c, similar Spinach RNA levels were produced from this 

construct with both buffers.  

 

Fig. 8. A) DNA template encoding T7p-meYFP-Spinach-T7t and the isolated PCR product T7-Spinach(221) using 

primers CHD367 and CHD91 to isolate the Spinach aptamer encoding sequence. B) PCR amplification of T7-

Spinach(221) DNA. M: DNA ladder. C) Time traces of Spinach fluorescence produced from T7-Spinach(221) (70 

nM) with commercial T7 transcription buffer or homemade T7 transcription buffer.  
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2.3.4. α-HEMOLYSIN DOES NOT ENHANCE IN-VESICLE SPINACH TRANSCRIPTION.    

First, the in-vesicle transcription of Spinach RNA inside SUVs in the presence of the membrane 

pore-forming protein α-hemolysin was investigated (Fig. 9). For this, liposomes co-

encapsulating Spinach-encoding DNA and T7 RNA polymerase, were externally supplied with 

rNTPs and α-hemolysin, and incubated for three 3 h to trigger DNA transcription. Then, the 

Spinach and membrane dye fluorescence intensities of individual immobilized SUVs were 

analyzed at the single vesicle level by fluorescence microscopy (Fig. 9a-9b). Liposomes appeared 

as discrete diffraction-limited spots with a size lower than 1 µm and RNA-containing liposomes 

were identified as those where DFHBI-1T and membrane dye signal colocalized. As can be 

observed in Fig. 9a, Spinach RNA was successfully transcribed inside a small fraction of 

liposomes in the presence of α-hemolysin, in qualitative agreement with our theoretical 

calculations. Surprisingly, similar results were obtained for liposomes incubated in the absence 

of the pore-forming protein (Fig. 9a-9b), indicating that the vesicles were readily permeable for 

NTPs in its absence. Importantly, in both samples, about ̴ 70% of the liposomes contained 

Spinach fluorescence intensities higher than the background signal (>200 a.u.) (Fig. 9d), 

suggesting a much larger fraction of RNA-expressing liposomes than theoretically expected. 

These results prompted us to study the potential of RNA-producing fed vesicle bioreactors in 

the absence of α-hemolysin.  
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Fig. 9. Analysis of Spinach DNA transcription inside SUVs. A) Representative images of fluorescence confocal 

microscopy from SUVs incubated with or without α-hemolysin. Individual vesicles were tethered through a biotin-

Neutravidin linker to a BSA-biotin passivated glass. B) Representative image of liposome selection in one field 

view using the membrane dye channel. Vesicles with sizes between 5 and 25 pixels were selected as SUVs (marked 

in red) for fluorescence intensity analysis. C) Histograms of membrane dye and Spinach fluorescence intensities 

from selected liposomes. D) Stacked bar charts of Spinach fluorescence intensities analyzed in the presence or 

absence of α-hemolysin.  

2.3.5 IN-VESICLE TRANSCRIPTION DOES NOT LEAD TO LIPOSOMES WITH HIGHER 

RNA CONTENT IN COMPARISON WITH RNA PRE-LOADED LIPOSOMES 

As described in Introduction 2.1, we hypothesized that a fed-vesicle bioreactor co-

encapsulating a DNA template and an RNA polymerase, could, when continuously supplied 

with NTPs, reach a higher internal RNA concentration than that obtained inside liposomes by 

conventional RNA encapsulation. To investigate this hypothesis, the Spinach RNA content of 

both fed-vesicle bioreactors and RNA pre-loaded liposomes was analyzed at the single vesicle 

level by fluorescence microscopy. As shown in Fig. 10a, it is clear that conventional RNA 

encapsulation results in a higher fraction of RNA-containing liposomes than in-vesicle 

transcription (Fig. 10b), in agreement with theoretical predictions (see 2.3.1 and 2.3.2). 
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However, whereas 100% of the RNA pre-loaded liposomes are expected to contain Spinach 

RNA, evaluation of microscopy images shows that less than 50% of the liposomes exhibit 

Spinach fluorescence. Accordingly, from simple visual inspection of the microscopy images, the 

fraction of RNA-containing fed-vesicle bioreactors is considerably lower than the 16% 

theoretically expected. Aiming at an accurate quantitative characterization, we developed a 

MATLAB code that improves liposome selection and counting (see 2.2.10).  

 

Fig. 10. Fluorescence confocal microscopy image of Spinach RNA in A) RNA pre-loaded liposomes and B) fed-

vesicle bioreactors entrapping the T7-Spinach(221) DNA construct (scale bar: 5 µm).  

To find optimal settings with respect to DFHBI-1T images, three 488-nm laser power values 

were used (Fig. 11a). The best acquisition setting was found to be LP10, as it offers the best 

compromise between signal-to-noise ratio, while minimizing the number of DFHBI-1T-

saturating liposomes.  

For each sample, liposome selection originated from multiple images. To discard large 

differences between images from a given sample due to focus variation during image 

acquisition, all liposomes from each field of view used for quantification were given a specific 

color. The scatterplots in Fig. 11b-11c verify that, in both types of sample, the scatterplots 

generated from different fields of view were identical.  
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Fig. 11. A) Scatterplot representation of the membrane dye and DFHBI-1T fluorescence intensities obtained for 

three different DFHBI-1T laser powers (10, 30 and 50) for all selected liposomes in a sample of RNA pre-loaded 

liposomes; B) RNA pre-loaded liposomes (LP10) C) fed-vesicle bioreactors (LP10).  

The distribution of membrane dye integrated intensities was similar in both samples 

encompassing nearly two orders of magnitude. In contrast, the distribution of DFHBI-1T 

integrated intensities covered a range of almost four orders of magnitude in RNA pre-loaded 

liposomes (Fig. 11b), but only two in fed-vesicle bioreactors (Fig. 11c), further indicating that 

higher Spinach concentrations are reached when pre-synthesized RNA is encapsulated in 

contrast to our prediction.  

Following, we investigated the fraction of RNA-containing liposomes. To examine whether the 

fraction of RNA-loaded liposomes could be overestimated due to non-specific fluorescence in 

the DFHBI-1T channel, we performed a series of control experiments. Liposomes were 

prepared in the absence of RNA polymerase to avoid RNA production, allowing us to 

characterize the fluorescence signal that does not originate from the Spinach-DFHBI-1T 

complex. As shown in Fig. 12a-12b, a similarly large apparent fraction of RNA-containing 

liposomes was obtained in these liposomes in comparison with both types of sample, 

demonstrating that background signal actually dominates.  

While no specific signal could be measured in samples with in-vesicle produced RNA, the 

DFHBI-1T fluorescence histogram for the RNA pre-loaded liposome samples exhibits a long-

tail to higher intensity values that we attribute to encapsulated Spinach RNA. To determine the 

actual fraction of RNA-loaded liposomes, a Gaussian fit (red line) was applied to the histogram 

from liposomes where no RNA was produced. The resulting µ+2σ value was used as the 

threshold between empty liposomes and RNA-containing liposomes in both types of liposome 

samples, reducing the probability of mistakenly classifying an empty liposome as an RNA-

containing liposome to less than 2.5%.  
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Fig. 12. Histograms of DFHBI-1T integrated fluorescence intensities in A) fed-vesicle bioreactors or B) RNA pre-

loaded liposomes with a background liposome sample (bin size of 83.5 a.u.). The Gaussian fits of each histogram 

are shown with a red line for background liposomes and with a yellow line for fed-vesicle bioreactors and RNA 

pre-loaded liposomes.  

After applying this threshold to all analyzed liposomes, we were able to determine the 

percentages of Spinach-containing liposomes in both RNA pre-loaded liposomes and fed-

vesicle bioreactor samples. As indicated in Fig. 13a-13b, about ̴ 35% of RNA pre-loaded 

liposomes contained Spinach RNA, while only  ̴ 2% of fed-vesicle bioreactors did.  

 

Fig. 13. Percentages of A) RNA pre-loaded liposomes (LP10) or B) fed-vesicle bioreactors (LP10) containing 

Spinach RNA determined after background correction. Error bars indicate the averages of three independent 

experiments.  

Finally, we determined the fraction of liposomes containing high Spinach RNA concentrations 

with respect to the total amount of liposomes detected. For one pixel, we chose an arbitrary 

threshold at 3000 a.u. fluorescence integrated intensities (Fig. 14a-14b), and found that 6% of 

RNA pre-loaded liposomes contain high Spinach RNA concentrations while only a negligible 

percentage of fed-vesicle bioreactors do. Altogether, these results reject our working hypothesis, 

in which we envisioned that fed-vesicle bioreactors could achieve higher Spinach RNA 

concentrations compared to liposomes prepared by conventional RNA encapsulation.  



 
34 CHAPTER 2 

 

Fig. 14. Fraction of A) RNA pre-loaded liposomes (LP10) or B) fed-vesicle bioreactors (LP10) with high Spinach 

RNA content determined after background correction. Error bars indicate the averages of three independent 

experiments.  

2.4 DISCUSSION 

With the purpose of assembling a high-yielding RNA-producing fed-vesicle bioreactor, we 

intended to incorporate α-hemolysin pores to our membrane to enable efficient supply of NTPs 

provided in the external medium (Fig. 9). Our results suggest that, contrary to our expectations, 

the lipid membrane was permeable to rNTPs in the absence of nanopores (Fig. 9b), in non-

osmotically stressing conditions and at a temperature (37 °C) far above the phase transition 

temperature of the lipids (DMPC = 23 °C, DMPG = 24 °C). Several factors might have been 

responsible for this unexpected membrane permeability.   

First, incorporation of cholesterol in the lipid bilayer is known to influence membrane fluidity, 

increasing it at temperatures under the Tm, and decreasing it at temperatures over the Tm, thus 

abolishing the sharp  phase transition temperature of the bilayer [34, 35]. Because our lipid 

formulation contains  ̴ 16 mol% of cholesterol, liposomes might be permeable to rNTPs even at 

temperatures above 23 °C. In this context, perhaps a small temperature decrease provoked by 

the addition of rNTPs to trigger transcription, might have shortly lowered the temperature a 

few degrees, inducing a very brief period of membrane permeability enabling diffusion of 

rNTPs into the liposome’s lumen. To address this point, the Tm of fed-vesicle bioreactors 

should be determined, for instance using a calcein efflux assay or by calorimetry.  

A second possible cause for intrinsic membrane permeability is an osmotic pressure. If 

particularly high concentrations of RNA polymerase or DNA occur in some liposomes [24, 36], 

the higher internal osmolarity may generate transient defects in the membrane.   

Another factor that may have made the liposomes permeable to rNTPs is the presence of 

hydrophobic mismatch in the lipid bilayer. Hydrophobic mismatch is generally defined as the 

mismatch arising from the difference in the length of the hydrophobic segments from a 

transmembrane protein with respect to the lipid bilayer it spans. Consequently, both the peptide 

and the membrane suffer structural changes, including membrane deformation [37]. Though 

the effects of hydrophobic mismatches between two lipids of different length on bilayer 

permeability have been less characterized than the influence on membrane deformation, we 
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hypothesize that defects may arise making the lipid bilayer permeable to rNTPs. Though the 

largest fraction of lipids in the formulations used for this study consisted of short C14 chain 

phospholipids (DMPC, DMPG), a small fraction of C18 chain phospholipids (DSPE-

PEG(2000)-biotin) and C16 phospholipids (DHPE-TexasRed) was present in the lipid 

formulation. This small fraction might have been enough to induce a certain level of membrane 

permeability through hydrophobic mismatch. Additionally, membrane curvature is known to 

generate lipid-packing defects [38]. Together with hydrophobic mismatches, these packing 

defects inherent to highly curved membranes may have enhanced membrane permeability. 

Importantly, the fact that most lipids in the composition have short C14 acyl chains may have 

contributed to the occurrence of the higher membrane permeability compared for instance with 

full C16 or C18 bilayers.  

Moreover, our results suggest that α-hemolysin incorporation did not further enhance the 

permeability of liposomes (Fig. 9d). However, in this study, the formation of α-hemolysin pores 

was not confirmed. α-hemolysin can form membrane pores at extraordinarily low 

concentrations. Moreover, these pores are stable and do not induce membrane destabilization 

[1, 9]. Thus, the high molar excess of α-hemolysin with respect to the liposomes ( ̴ 450 fold), 

was assumed to conclude on optimal pore formation.  

Importantly, the formation of α-hemolysin pores depends on the lipid composition of the 

membrane [39], where choline-containing phospholipids are necessary for the establishment of 

the protein-membrane interaction and cholesterol facilitates the interaction. In this work, the 

choline-containing phospholipid DMPC represents ̴ 66% of the total molar percentage, while 

cholesterol represents ̴16%. Thus, according to the mentioned study, our lipid formulation 

should be favorable for the optimal formation of α-hemolysin pores. However, other factors 

related to the properties of our liposomes may have impeded the formation of α-hemolysin 

pores. A recent study in GUVs of various sizes (1-10 µm diameter), demonstrated that α-

hemolysin nanopore assembly is curvature-dependent, decreasing as membrane curvature 

increases [40]. Thus, it is reasonable to hypothesize that the high membrane curvature of the 

fed-SUV reactors may have hampered the formation of α-hemolysin pores. Finally, a possible 

inhibitory effect may result from membrane pegylation.  

Altogether, confirming the formation of α-hemolysin pores onto the membrane of our fed-

vesicle bioreactors is of most importance. For this, the α-hemolysin protein can be fused 

through its C-terminus to the reporter protein eGFP, to visualize and quantify pore formation 

in the liposomes by fluorescence microscopy, as already done by Noireaux & Libchaber [1]. 

Further, to confirm that incorporation of α-hemolysin into the membrane leads for the 

formation of functional nanopores, fluorescence leakage assays can be performed using 

membrane-impermeable fluorescent probes that are smaller than α-hemolysin’s pore size. 

Calcein (622 Da), a dye that self-quenches at high concentrations, has been successfully used 

for this purpose [41, 42]. An alternative scenario is to consider that the limiting factor for 
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transcription is not the amount of rNTPs but the activity of the T7 RNA polymerase or the 

stability of DNA. Hence, improving permeability would not increase the yield of RNA 

production.  

The results from this study show that, unlike our initial hypothesis, transcription in fed-vesicle 

bioreactors (Fig. 14b) does not yield liposomes with enriched RNA concentrations compared 

to RNA pre-loaded liposomes (Fig. 14a). Further investigations are required to determine what 

step in the whole process is limiting: partial inactivation of components, diffusion of rNTPs 

across the membrane, amount of DNA:RNA polymerase complexes in liposomes or 

accumulation of pyrophosphate, that can inhibit transcription at the elongation step [43].   

Moreover, low percentages of RNA-containing liposomes are found for RNA pre-loaded 

liposomes (Fig. 13a) and fed-vesicle bioreactors (Fig. 13b) compared to predicted values 

assuming a Poisson distribution. Several factors may contribute to this deviation. First, RNA 

encapsulation might not follow a classical statistic Poisson distribution. Instead, anomalous 

encapsulation may occur, such as spontaneous crowding observed by Lohse et al. [23] and Luisi 

et al. [24]. The same crowding effect might govern the encapsulation of DNA and T7 RNA 

polymerase in fed-vesicle bioreactors. Moreover, RNA encapsulation in the case of RNA pre-

loaded liposomes and DNA encapsulation in that of fed-vesicle bioreactors might have been 

partially inhibited due to the presence of negatively charged lipids (DMPG) [27]. In this regard, 

the implementation of a completely neutral liposome composition could be evaluated to 

improve RNA or DNA encapsulation. Neutral formulations already known to allow in vesicle 

gene expression should be evaluated such as DPPC:CHOL:DOPE-Rhod (13:6:1 molar ratio) 

[44] or complete DOPC [29] should be evaluated. Moreover, the investigation of RNA 

expression in liposomes composed by DOPC:DOPE (75:25 molar ratio) could be considered, 

since this formulation is used in two out of the fifteen liposome formulations currently 

marketed, that encapsulate inactivated viral antigens [45].  

Until recently, flow cytometry systems could not characterize vesicles with a diameter <300 nm 

[46]. However, a novel flow-cytometry-based set-up developed by Hoen et al. [47], allows 

detection of fluorescent nanoparticles of 100 nm and 200 nm in diameter. Using this system, 

we were able to detect empty fluorescently labelled liposomes of 200 nm and 800 nm in diameter 

(data not shown). In combination with sorting, this flow-cytometry system could allow us to 

develop a homogeneous drug delivery system based on highly RNA-loaded liposomes.  

2.5 CONCLUSIONS 

In conclusion, we have given the first steps towards the assembly of highly yielding RNA-

producing liposomes. Different aspects need to be further characterized to address the 

limitations of our current formulation in order to achieve this. Alternative lipid formulations 

should be explored. Neutral lipid formulations should be a priority. The use of α-hemolysin in 

future formulations should be re-considered, and confirming nanopore formation in each 



 

 

EXPLORING THE THERAPEUTIC POTENTIAL OF RNA-PRODUCING FED-VESICLE BIOREACTORS 37 

formulation should be the first key step before discarding its use. Further, our method for single 

vesicle analysis shows that liposome encapsulation is highly heterogenous and remarks the 

importance of high-throughput single-vesicle characterization within preparations. Key 

improvements can be made on this method that allow the precise size determination of all 

analyzed vesicles, and the automatic background subtraction during image analysis based on 

the findings from this study.   This method should be used to study how RNA content and 

liposome volume relate to each other. The outcomes from this study may allow us to better 

understand the processes behind the heterogeneity in RNA content observed, confirming 

whether RNA encapsulation follows a Poisson distribution, and whether a confinement effect 

or a crowding effect take place in these preparations. Finally, a sorting platform should be 

implemented for the selection of highly yielding RNA-producing liposomes.  

2.6 SUPPLEMENTARY INFORMATION 

GGGAGAAAGCUUCCCGGGAAAGUAUAUAUGAGUAAAGAUAUCGACGCAACUGA

AUGAAAUGGUGAAGGACGGGUCCAGGUGUGGCUGCUUCGGCAGUGCAGCUUGU

UGAGUAGAGUGUGAGCUCCGUAACUAGUCGCGUCGAUAUCCCCGGGCUAGCAU

AACCCCUUGGGGCCUCUAAACGGGUCU UGAGGGGUUUUUUG 

Fig. S1. RNA sequence (5’ → 3’) of Spinach RNA aptamer transcribed from the DNA template 

T7-Spinach(221).    
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3.  
DEVELOPING AN OPTOGENETIC 

SWITCH FOR THE 

SPATIOTEMPORAL CONTROL OF 

THERAPEUTIC RNA 

PRODUCTION IN SMALL VESICLES 
 

Despite the remarkable advances in targeted liposomal delivery systems during the last decades, 

the precise biodistribution of a therapeutic molecule is still limited by factors such as premature 

drug release or degradation. The implementation of delivery systems with stimuli-responsive 

ability can improve the biodistribution profile of a drug and even allow its delivery on demand. 

Optogenetic tools are particularly interesting due to their non-invasive nature and their high 

spatiotemporal precision. Here, the assembly of a light-inducible RNA-producing vesicle 

bioreactor was attempted. A light-activated T7 promoter (LA-T7) based on a photocleavable 

linker between chemically modified nucleotides in the promoter region and a bulky protein that 

inhibits the docking of the T7 RNA polymerase, was prepared and characterized by high-

performance liquid chromatography. The LA-T7 promoter was incorporated into a Spinach-

encoding DNA template (LA-Spinach DNA). Light-inducible Spinach RNA production was 

demonstrated in bulk by monitoring the Spinach fluorescence. However, leaky expression in the 

off state impeded the realization of light-activated Spinach RNA production in vesicle bioreactors. 

The remaining steps for the assembly of a fully repressed LA-Spinach are described in this work. 

Moreover, the potentials of alternative optogenetic systems to control the production and delivery 

of therapeutic RNA molecules are discussed.  
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3.1 INTRODUCTION  

An ideal drug delivery system could be defined as that in which a drug agent is: (i) encapsulated 

in a delivery carrier; (ii) introduced into the human body with minimal distress; (iii) transported 

to a targeted location avoiding harm to the neighboring tissue or organs; and (iv) released only 

at the targeted site with a controlled concentration-time delivery profile [1].  

Regarding the latter, the implementation of targeting devices with stimuli-responsive capability 

can enable on-demand drug delivery [2]. Two main types of triggered drug release from 

liposomes have been explored [2, 3]: physiology-dependent triggers such as pH [4]  or enzymes 

[5], and external-stimuli dependent triggers such as light [6, 7], heat [8], magnetism [9] and 

ultrasound [10, 11].   

Physiology-based drug release strategies are highly affected by the heterogeneity of cells, tissue 

types, and microenvironments.  Remotely controlled delivery systems, on the contrary, have 

the merit of being unaffected by these factors, thus overcoming these limitations [12].  Among 

these, light has emerged during the last decade as external regulator for biological systems due 

to its precise spatiotemporal resolution and minimal invasiveness [13].  

3.1.1 LIGHT-ACTIVATED PRODUCTION OF GENE-ENCODED THERAPEUTIC 

MOLECULES IN LIPOSOMES 

A further innovation for the creation of an on-demand delivery system involves merging the 

fields of synthetic biology and drug delivery to create a therapeutic nanofactory that synthesizes 

a drug in-situ in the patient’s body as a response to a physiological or an external stimulus from 

inert precursors.  

We, in particular, were interested in the assembly of a nanofactory with light-regulated 

production of gene-encoded therapeutic molecules, such as siRNA. Different optogenetic 

systems have been developed during the last years to control different cellular processes. Two 

main engineering approaches for the construction of an optically regulated gene or “optogen” 

have been used: one based on chemical modifications, the other on photoresponsive proteins. 

The earlier relies on the chemical incorporation of small light-sensitive moieties such as UV-

responsibe nitrobenzyl groups to a molecular element essential for gene expression.   

Several studies have reported strategies for the development of light-triggered gene-expressing 

liposomes [14–16]. These systems were engineered using chemical modifications as optogenetic 

tool onto the bacteriophage T7 expression system.  

In 2012, Schroeder et al. [14] developed liposomes controllably triggered by light to synthesize 

proteins. For this, liposomes with sizes between 170 nm and 15 µm were filled with a circular 

DNA caged by a photolabile protecting group and the cellular machinery responsible for 

transcription and translation. DNA strands were caged by phosphate esterification with 1-(4,5-
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dimethoxy-2-nitrophenyl) diazoethane (DMNPE) and uncaged with UV irradiation at 365 nm, 

enabling transcription and subsequent protein synthesis (Fig. 1). 

 

Fig. 1.  Protein synthesizing particles. A) Scheme of a liposome loaded with an in vitro transcription and translation 

machinery. DNA, tRNA, ribosomes, amino acids, rNTPs and ions were encapsulated. B) Confocal image of light-

triggered GFP-expression inside a vesicle, taken from [14].  

A similar strategy was adopted by Chan et al. [15]. They developed light-inducible mRNA-

synthesizing liposomes with an average size of 220 nm, by encapsulating a linear DNA and all 

the components for RNA production, where one of the ribonucleotides, ATP, was photocaged 

by esterification of the terminal phosphate with a blocking group. As in Schroeder et al. [14], 

UV illumination at 360 nm photolysed the caging group and rendered ATP available for DNA 

transcription. This study demonstrated the light-triggered in-situ transcription of an mRNA 

inside liposomes internalized by anucleated cells (platelets) (Fig. 2).  

 
     

Fig. 2. A) Transcriptional components (dark green), including caged-ATP (light green), were encapsulated inside 

liposomes (light blue and orange). Upon irradiation, liposomes synthesized RNA (red lines). B) RNA-expressing 

liposomes allow transcription in anucleated cells [15].   

An alternative strategy was adopted by Booth et al. [16], who developed a light-activated (LA) 

T7 DNA promoter to control gene expression of a fluorescent protein inside water in oil 

droplets around 100 µm in diameter (Fig. 3). The promoter was designed in such a manner that 

it could be placed upstream of any gene of interest. For its construction, seven C6-aminodT-

modified nucleotides were incorporated across a single-stranded (ss) T7 promoter DNA 
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sequence (Fig. 3a). The amino-modified bases were then covalently atttached to small biotin 

molecules modified with a photocleavable (PC) 2-nitrobenzyl ester linker. The position of the 

amine modifications was designed such that when the modified promoter would be used as 

primer for PCR amplification of a gene of interest, the PC-biotin moieties would protrud from 

the major groove at the T7 polymerase binding site. After PCR amplification,  the creation of 

the LA-DNA was accomplished by attaching each biotin in the T7 promoter of the double-

stranded DNA PCR product to a single monovalent streptavidin protein, which has a high 

affinity for biotin (KD ∼10−14 M), similar to that of wild-type streptavidin (KD ∼10−15 M) [17, 18]. 

Thanks to its large size, streptavidin acts as sterical blocker of the modified promoter, 

preventing RNA polymerase from binding and inhibiting transcription. Low-energy 365-nm 

ultraviolet (UV) irradiation allowed rapid and efficient cleavage of the 2-nitrobenzyl PC-linker, 

enabling access of RNA polymerase to the promoter and consequent activation of protein 

expression (Fig. 3b). Importantly, this promoter had a tightly regulated off-state, with negligible 

RNA transcription and protein expression prior to UV activation (Fig. 3c).  

   

Fig. 3. Scheme of the construction of the T7 light-activated promoter. A) Amino modified T7 promoter sequence 

with amino-C6-dT modifications (pink) and chemical structures of the amino-C6-dT and PC-biotin groups. B) 

Mechanism of the LA-T7 technology. C) Light-activated expression of LA-mVenus protein in water-in-oil 

droplets. Taken from [16].   

3.1.2 IN-SITU DRUG SYNTHESIS IN NANOCARRIERS NOURISHED BY THEIR 

SURROUNDING ENVIRONMENT 

The ability of liposomes to interact with their environment and exchange nutrients by diffusion 

is an important step in the development of future therapeutic nanocarriers.  

A recent study from Krinsky et al. [19] showed how therapeutic proteins can be produced inside 

micron-sized (median 2 µm) liposomes that source nucleotides and amino acids from their 

outer environment in cell-free reactions (Fig. 4a-4b). Further, they demonstrated that 

liposomes with the same lipid composition, but encapsulating the whole machinery and 

nutrients for in vitro transcription and translation (IVTT), produced therapeutic proteins in-
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situ in cultured cancer cells (Fig. 4c) and inside tumors in vivo. Their next step should be 

achieving in-vesicle protein production in-situ in cultured cells and in vivo using the external 

environment as sole nutrient supplier.   

 

Fig. 4. A) Scheme and B) confocal microscopy images of in-vesicle cell-free expression of GFP, sourcing amino 

acids and nucleotides from their surrounding environment. C) Confocal microscopy image of the therapeutic 

Pseudomonas exotoxin A (PE)-producing liposomes in 4T1 breast cancer cells expressing a reporter mCherry gene, 

taken from [19]. PE-producing particles encapsulated the whole in vitro transcription and translation machinery 

(IVTT), and were kept in ice to avoid the start of protein expression until their addition to cells.  

In the future, systems that can source nutrients from their surrounding environment could 

prolong the production of therapeutic compounds in situ. More importantly, such ability is a 

milestone for the development of on-demand nanoparticles, capable of controlled production 

and direct administration to the disease site when and where their function is required. Such 

platforms hold also potential for the development of personalized therapeutics.   

3.1.3. ADAPTING THE T7 LA-DNA TECHNOLOGY FOR TRIGGERED IN-SITU 

PRODUCTION OF THERAPEUTIC SIRNA IN LIPOSOMES 

We set out to adapt the T7 LA-DNA technology described above for the engineering of a 

remotely-activated 200-nm liposome bioreactor that produces therapeutic RNA sourcing 

nutrients by diffusion from its environment. As a proof of principle, we implemented the 

Spinach technology used in Chapter 2 with the LA-T7 promoter, allowing us to report light-

triggered transcription through fluorescence. For this, the modified promoter was incorporated 

upstream of a Spinach DNA construct, encoding the Spinach RNA aptamer that is able to bind 

DFHBI-1T (Fig. 5). Tetravalent NeutrAvidin was used instead of monovalent streptaviding for 

the assembly of the caged DNA.  
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Fig. 5. Scheme of the construction of the LA-Spinach DNA construct.  T7 RNA polymerase is blocked by 

tetravalent NeutrAvidin on the promoter. UV photocleavage of the biotin moiety allows the binding of T7 RNA 

polymerase for production of the Spinach RNA aptamer. hν = light.  

3.2 MATERIAL AND METHODS 

3.2.1 AMINO T7 OLIGO CONJUGATION TO PC BIOTIN 

All conjugation steps were performed in darkness as described by Booth et al. [16]. Briefly, 

amino T7 oligo (5 µl, 100 µM; ATDBio) (Table 1) was added to PC biotin (25 µl, 10 mM in 

DMF) with 100 mM NaHCO3 in a total volume of 50 µl DMF in a 0.5-ml Protein LoBind tube 

(Eppendorf). The reaction mixture was kept at room temperature, vortexed and centrifuged 

every 15 min for 1 h and subsequently incubated at 4 °C overnight. Tris-HCl (350 µl, 10 mM, 

pH 8.0) was added to stop the reaction. The product was purified with a 3-kDa Amicon Ultra 

column by washing the column four times with 450 µl of 10 mM Tris-HCl (pH 8.0) according 

to the manufacturer’s protocol. The Amicon-purified product was named amino T7-PC biotin. 

As negative control, the same procedure was carried out in parallel in the absence of PC biotin.   

Table 1. Sequence of the amino T7 DNA oligo. 

DNA name Sequence (5’- 3’) Modification 

T7-amino modified promoter  GAATXAAXACGACXCACXAXAGGGXCXAG X = C6-amino-dT 

3.2.2 HPLC EXAMINATION OF THE AMINO T7-PC BIOTIN OLIGO 

The efficiency of the conjugation reaction and of the purification of the modified T7 oligo were 

analyzed with high-performance liquid chromatography (HPLC, Agilent 1260 Infinity 

Quaternary LC). 3 µl of amino T7-PC Biotin were separated on a Waters CSH 130 C18 column 

(100x2.1mm, 2.1 µm) with a flow speed of 0.45 ml/min. Eluting buffers were buffer A (25 mM 

ammonium acetate, pH 7) and buffer B (acetonitrile) with a gradient of 0 min, 0% B; 3 min, 

28% B; 11 min, 29% B; 12 min, 80% B; 13 min, 80% B; 14 min, 100% B; 19 min, 100% B. Peaks 

were measured by absorbance at 260 nm. When a steeper gradient was used, the gradient was 

modified as follows: 0 min, 0% B; 3 min, 28% B; 11 min, 35% B; 12 min, 80% B; 13 min, 80% B; 

14 min, 100% B; 19 min, 100% B. 
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3.2.3 HPLC PURIFICATION OF THE AMINO T7-PC BIOTIN OLIGO 

Further purification of the amino T7-PC biotin oligo was performed by HPLC on a Waters CSH 

130 C18 column (150x10 mm, 5 µm) with a flow speed of 5 ml/min. Eluting buffers were buffer 

A (25 mM ammonium acetate, pH 7) and buffer B (acetonitrile) with a gradient of 0 min, 0% 

B; 3 min, 28% B; 11 min, 29% B; 12 min, 80% B; 13 min, 80% B; 14 min, 100% B; 19 min, 100% 

B. Peaks were measured by absorbance at 260 nm. The peak corresponding to the T7 oligo was 

collected from different fractions in light-safe microcentrifuge tubes. Fraction volumes were 1 

ml/fraction, 0.5 ml/fraction and 0.25 ml/fraction for the first, second and third purification, 

respectively. Injection volume was 100 µl for the first purification and 40 µl for the second and 

third purification.  

All collected fractions were immediately frozen in liquid nitrogen and lyophilized overnight. 

Lyophilized fractions were re-dissolved in 50 µl Tris-HCl 10 mM, vigorously vortexed, and spun 

at 13200 rpm for 10 min to remove excess salt. The re-dissolved DNA was further purified with 

the Wizzard PCR-clean up System (Promega). Alternatively, lyophilized fractions were either 

stored at -80 °C until use or re-dissolved in 50 µl Tris-HCl 10 mM.  

3.2.3 PREPARATION OF A SPINACH-ENCODING DNA TEMPLATE  

A linear DNA template encoding meYFP-Spinach was used to isolate the Spinach aptamer 

DNA sequence flanked by a T7-promoter and terminator sequence with the forward and 

reverse primers CHD91 and CHD658, respectively (Table 2), creating the linear DNA construct 

T7-Spinach(224). The reaction product was analyzed with a 1.2% agarose gel in TAE buffer 

using a 50-bp DNA ladder (NEB) and further purified with the Wizzard PCR-clean up System 

(Promega).   

Table 2. DNA primers for the amplification of a T7-Spinach(224) compatible with the T7-amino oligo.  

DNA name Sequence (5’- 3’) Modification 

CHD658 GAATTAATACGACTCACTATAGGGTCTAGAAAGCTTCCCGGGAAAGTA FW Spinach - T7 
promoter 

CHD91 AAAAAACCCCTCAAGACCCGTTTAGAGG RV Spinach - T7 
terminator 

3.2.4 PCR OF SPINACH-ENCODING DNA WITH THE AMINO T7-PC BIOTIN OLIGO  

The amino T7-PC biotin primer was directly used as forward primer for the amplification of 

T7-Spinach(224). Briefly, 2 µl of a 10x dilution of the amino T7-PC biotin oligo were mixed 

with 10 µl Phusion HF buffer (5x), 1 µl dNTPs (10 mM stock), 1.25 µl reverse primer CHD91 

(10 µM stock; table 2), 0.5 µl of 2 U/µl Phusion®HF DNA polymerase (Thermo Fisher Scientific) 

and 2 µl of DNA T7-Spinach(224) DNA (10 ng/µl) in a total volume of 50 µl. The PCR was run 

with the following thermal cycles: 95 °C for 3 min, 30x (95 °C for 30 sec, 52.5 °C for 30 sec and 

72 °C for 1 min 15 sec) and 72 °C for 5 min. The reaction product was analyzed with a 1.2% 

(w/v) agarose gel in TAE buffer using a 1kb DNA Ladder (Promega) and purified with the 

Wizzard PCR-clean up System (Promega). This DNA construct was named biotin Spinach 
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DNA.  As negative control, Amicon-purified amine-only T7 oligo was used to amplify the T7-

Spinach(224) DNA. This DNA construct was named amine-only Spinach DNA. When the 

HPLC-purified T7-PC biotin oligo was used for amplification, 1.5 ng/µl of this oligo were added 

to the PCR reaction.  

3.2.5 LA-SPINACH DNA FORMATION THROUGH BINDING OF TETRAVALENT 

NEUTRAVIDIN 

To create the LA-Spinach DNA, tetravalent NeutrAvidin (Sigma Aldrich) was bound to the T7-

amino-PC biotin Spinach DNA PCR product. Briefly, biotin Spinach DNA or the same DNA 

construct assembled with the HPLC-purified promoter was incubated with a 50x molar excess 

of tetravalent NeutrAvidin in 10 mM Tris-HCl (pH 8.0) in Protein LoBind tubes for 3 h at room 

temperature and overnight at 4 °C. As negative control, amine-only Spinach DNA was 

incubated in parallel with tetravalent NeutrAvidin.  

3.2.6 UV PHOTOCLEAVAGE OF LA-SPINACH DNA IN BULK SOLUTION  

UV photocleavage of LA-Spinach DNA was carried out by using a UV lamp (365 nm, 

Professionele 36 watt UV Tunnellamp). 4 µl of 100 nM LA-Spinach DNA were held in darkness 

or under the UV lamp at a distance of 3 cm for 0 sec, 10 sec, 30 sec, 45 sec, 60 sec, 90 sec, 2 min, 

5 min, 15 min, 22 min or 30 min, with UV directly illuminating the solution in the open tubes. 

As negative controls, the same procedure was performed with the amine-only Spinach DNA, 

the neutravidin-incubated amine-only DNA or biotin Spinach DNA. Photocleavage reaction 

products were analyzed with a 1.2% (w/v) agarose gel in TAE buffer using a 1kb DNA Ladder 

(Promega).  

3.2.7 TRANSCRIPTION OF THE LA-SPINACH DNA  

Briefly, 10 or 50 nM of LA-Spinach DNA were transcribed in a mixture containing 0.55 µl 10-

20 U/µl T7 RNA polymerase (Promega), 2.75 mM ribonucleotide triphosphate (rNTPs; 

RiboMAX Large Scale RNA Production System-T7, Promega), transcription buffer and 60 µM 

DFHBI-1T (Lucerna, Inc) in a final volume of 20 µl. As negative control, the neutravidin-

incubated amine-only Spinach DNA, amine-only Spinach DNA or biotin Spinach DNA were 

transcribed. Solutions were kept on ice until transcription was started. 

3.2.8 BULK TRANSCRIPTION MEASUREMENTS BY SPECTROFLUOROMETRY  

Real-time monitoring of Spinach production through fluorescence was carried out on a 

CLARIOstar Microplate reader (BMG LABTECH’S). Briefly, 20 µl of the transcription reactions 

were pipetted into a 384-well glass bottom microplate (Greiner Bio One). Real-time monitoring 

of Spinach production at 37 °C was recorded every 30 sec with 482/505 nm excitation/emission 

wavelengths. 
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3.2.9 LIGHT-TRIGGERED TRANSCRIPTION INSIDE LIPOSOMES  

To prepare lipid-coated beads, a mixture of chloroform-dissolved lipids consisting of DPMC 

(66.2 mol%), DMPG (16.6 mol%), Cholesterol (16.6 mol%), DSPE-PEG(2000)-biotin (0.5 

mol%), DHPE-TexasRed (0.2 mol%) and DSPE-PEG(5000)-Folate (0.1 mol%) for a total mass 

of 1 mg, was assembled in a 25-ml round-bottom glass flask. All lipids were purchased at Avanti 

Polar Lipids, except the DHPE-TexasRed membrane dye that was from Invitrogen. 0.75 g of 

212-300-µm acid-washed glass beads (Sigma-Aldrich) were added to the lipid mixture, and the 

organic solvent was removed by overnight rotary evaporation at 400 mbar. The dried lipid-

coated beads were stored under argon at -20 °C and desiccated for at least 20 min or flushed 

with argon for 30 sec before use. Each lipid-pipetting tip was washed three times with 

chloroform, and the washing volumes were added to the mixture.  

A 100-µl pre-transcription reaction consisting of 10 nM LA-Spinach DNA, 4 µl of 10-20 U/µl 

T7 RNA polymerase (P207B, Promega), 60 µM DFHBI-1T and transcription buffer (P207B, 

Promega) was assembled. When large unilamellar vesicles (LUVs) were produced, 34 mg of 

lipid-coated beads were swelled with 100 µl of pre-transcription reaction overnight at 37 °C and 

the resulting liposome samples were downsized by 13 extrusion passages with a 0.8-µm filter 

membrane (Avanti Polar Lipids) and two 10 mm filter supports (Whatmann) on a mini-

extruder (Avanti Polar Lipids). When small unilamellar vesicles (SUVs) were produced, 

swelling was performed for 2 h at 37 °C and gentle manual swirling every 15 min, and a 0.2-µm 

(Avanti Polar Lipids) filter membrane was used for extrusion. Prior to each extrusion, the 

assembled extruder was pre-washed with 60 µM DFHBI-1T in transcription buffer.  

Unencapsulated DNA was removed by addition of 1 µl of 1U/µl DNAse (RQ1, Promega) 

followed by an incubation step at 37 °C for 20 min. Photocleavage of the LA-Spinach DNA 

encapsulated in the extruded liposomes was performed by 5 min UV irradiation as for the bulk 

solutions. DNA transcription took place by addition of 5 mM rNTPs to the liposome samples, 

followed by an incubation step for 3 h at 37 °C. Spinach RNA produced outside liposomes was 

removed by addition of 0.5 U/µL of 10 U/µl RNAseONE (Promega) followed by an incubation 

step for 20 min at 37 °C. 

The liposome solution was diluted 20x in 60 µM DFHBI-1T in transcription buffer and 4-10 µl 

of sample were transferred to a custom-made imaging chamber. A glass coverslip was 

functionalized with BSA-biotin (Thermo Fisher Scientific) and NeutrAvidin for liposome 

immobilization. Briefly, chambers were incubated with 10 µl of 1 mg/ml BSA-biotin and 10 µl 

of 1 mg/ml NeutrAvidin for 5 min at room temperature. Chambered coverslips were washed 

three times with MiliQ water after each incubation. Prior to liposome immobilization, the 

functionalized chambers were pre-washed with transcription buffer (1x) containing 60 µM 

DFHBI-1T. In order to avoid sample evaporation during imaging, the 7-mm hole was filled 

with 15 μl MiliQ water. After sample addition, chambered coverslips were sealed with a 1 mm 

thick silicone spacer (Press-to-seal silicone sheet, Life technologies) and a coverslip, as shown 
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in Fig. 6. The sample of immobilized liposomes was imaged with a Nikon A1+ laser scanning 

confocal microscope with a 100x oil immersion objective, using the 488 nm (DFHBI-1T) and 

561 nm (Texas Red) laser lines with appropriate emission filters. Microscopy images were 

analyzed with MATLAB (MathWorks). As negative control, the same procedure was followed 

with amine-only Spinach DNA. Aside from the UV photocleavage step, all steps in this 

procedure were performed in darkness.  

 

Fig. 6. A) Front-view and B) top view of custom-made chambered coverslips for liposome immobilization and 

visualization by fluorescence microscopy. Two spherical holes with diameters 5 mm and 7 mm were drilled onto 

a coverslide (76 x 26 mm, Menzel-Gläser) (2) with a Sand Blaster. After briefly washing the chambers with MiliQ 

water, coverslides were consecutively sonicated with 2% Hellmanex and MiliQ water for 10 min and washed with 

100% ethanol. Dried coverslides were plasma cleaned on a Harrick Plasma PDC-002. In parallel, coverslips (24x60 

mm, Menzel-Gläser) were consecutively sonicated with 2% Hellmanex and MiliQ water for 10 min and washed 

with 100% ethanol. A drop of Norland optical adhesive (NOA 81, Ultraviolet curing) was applied to the 

surroundings of the perforated holes on a single side of the coverslides, and a clean coverslip was immediately 

sealed on top by 5 min irradiation with a 365-nm light with a Promed UVL 36 lamp (1). Newly formed chambered 

coverslips were incubated for 48 h at 55 °C. Dried chambered coverslips were consecutively sonicated with 2% 

Hellmanex and MiliQ water for 10 min, washed with 100% ethanol, and stored in clean Petri dishes until usage. 

After sample addition, chambered coverslips were sealed with a 1 mm thick silicone spacer (Press-to-seal silicone 

sheet, Life technologies) (3) and a coverslip (4).  
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3.3 RESULTS  

3.3.1 AN LA-SPINACH DNA CAN BE SUCCESSFULLY ASSEMBLED  

In order to create a DNA template encoding a Spinach RNA aptamer, the Spinach DNA 

sequence was isolated by PCR from the fusion DNA construct encoding meYFP-Spinach.  To 

make the aptamer transcribable by T7 RNA polymerase, an overhanging Fw primer 

incorporating the T7 promoter sequence and a Rv primer encompassing the T7 terminator were 

used (Fig. 7a). As seen on Fig. 7b, a band corresponding in size to the expected amplified T7-

Spinach(224) DNA fragment was obtained.  

 

Fig. 7. A) DNA template encoding T7p-meYFP-Spinach-T7t and the isolated PCR product CHD658/91 using 

primers CHD658 and CHD91 to isolate the Spinach aptamer encoding sequence. B) PCR amplification of T7p-

Spinach-T7t; M: DNA ladder.  

To create a LA-T7 promoter, the amino-C6-dt modified bases from the amino T7 oligo were 

coupled to PC biotin groups, as described by Booth et al. [16]. HPLC analysis of the reaction 

products revealed a single peak for the unmodified amino T7 DNA primer at retention time 4 

min (Fig. 8a). Alongside, the HPLC profile of the conjugated promoter showed several peaks 

eluting at retention times between 4 and 7.9 min (Fig. 8b), indicating that PC-biotin conjugation 

led to different degrees of modifications. The peak with retention time 7.9 min was assumed to 

correspond to the T7 amino primer species incorporating the PC-biotin in all seven amino-C6-

dT modified bases. This species represented   ̴44% of the total amino T7 primer present in the 

sample. All intermediate species between the unconjugated and the fully conjugated T7 amino 

primer are associated to partial modifications, where PC-biotin was incorporated in one to 

seven C6-amino groups. A 3% of T7 amino DNA remained fully unmodified. Similar results 

were obtained in repeated conjugations (data not shown).  
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Fig. 8. HPLC chromatogram of A) amino T7 oligo; B) the reaction product of PC-biotin conjugation to the amino 

T7 oligo.   

The conjugated oligo, amino T7-PC biotin, was used as forward primer to create a light-

activated Spinach DNA sequence by PCR. In agreement with the results from Booth et al. [16], 

the product of amplification showed a mobility shift compared to the DNA product obtained 

by amplification with unmodified amino T7 oligo (Fig. 9). This shift is attributed to a structural 

re-arrangement of the DNA molecule due to its labelling to biotin. Band intensity analysis 

indicated that the upper band represented 41% of the amplified DNA. This result agreed with 

the 44% of fully modified oligo found by HPLC, further indicating that the higher band on gel 

at 0.6 kb corresponds to DNA with a fully biotinylated promoter. PCR amplification with the 

conjugated oligo resulted in lower amplification yield, indicating that the presence of biotin 

partially hinders DNA amplification. 

 

Fig. 9. PCR amplification of Spinach-encoding DNA with the amino T7-PC biotin oligo. M: DNA ladder.   
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3.3.2 PHOTOCLEAVAGE OF LA-SPINACH DNA LEADS TO A FOUR-FOLD INCREASE 

ON SPINACH RNA PRODUCTION 

After coupling the PCR-amplified products to NeutrAvidin, their transcription kinetics after 

UV irradiation for different time intervals between 0 and 30 sec were investigated (Fig. 10).  

To assess the possible DNA damage provoked by these irradiation intervals, their effect over 

amine-only DNA transcription was tested. Similar RNA levels were produced from this 

construct in all conditions, suggesting that these irradiation intervals did not harm the DNA 

(Fig. 10a). Moreover, similar transcription levels were observed when amine-only DNA was 

pre-incubated with (Fig. 10b) or without NeutrAvidin (Fig. 9a) indicating that, as expected, in 

the absence of biotin, NeutrAvidin does not bind the DNA and does not interfere with 

transcription.  

RNA was produced from LA-Spinach DNA in all conditions (Fig. 10c). Full repression of 

transcription in the unirradiated sample did not occur. However, a 1.4 and a 2.5-fold increase 

on transcription was achieved after 10 and 30 sec irradiations compared to the unirradiated 

control, suggesting that UV successfully liberated at least a fraction of the DNA molecules. 

Moreover, no significant differences in transcription levels were observed between the different 

irradiation intervals when the DNA was not coupled to NeutrAvidin (biotin Spinach DNA, Fig. 

10d). These results indicated that the promoter biotinylation alone does not hamper RNA 

transcription and therefore, the bounded NeutrAvidin is the only responsible for the partial 

repression of transcription observed in Fig. 10c.  

Importantly, though the DNA concentrations in all transcription reactions was theoretically the 

same, the transcription levels reached on unirradiated amine-only DNA samples were on 

average 5.5 ± 0.4 times and 9.8 ± times higher than those obtained from unirradiated biotin 

Spinach DNA and LA-Spinach DNA, respectively. These unexpected differences suggest that 

the DNA concentration of LA-Spinach DNA and biotin Spinach DNA were overestimated prior 

to the preparation of the transcription reactions.  
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Fig. 10. Time traces of Spinach fluorescence produced from A) amine-only Spinach DNA, B) neutravidin-

incubated amine-only Spinach DNA, C) LA-Spinach DNA and D) biotin Spinach DNA constructs after UV 

irradiation for 0 (red), 10 (blue) or 30 (green) sec.  

To find the duration of UV irradiation necessary to reach maximum de-caging of the LA-

Spinach DNA, we investigated the Spinach transcription levels obtained when using longer 

irradiation intervals up to 30 min (Fig. 11).   

To control DNA damage, the same conditions were tested for non-caged DNA (amine-only 

Spinach DNA). The yields of Spinach RNA produced from this construct were similar for all 

illumination intervals, indicating UV irradiation did not harm the DNA even after a 30 min 

interval (Fig. 11a-11b).  

As shown in Fig. 11c, the final levels of Spinach RNA produced from LA-Spinach DNA 

increased linearly with the duration of UV irradiation between 0 and 2 min (y = 477,02x + 

332,02; R² = 0,9904). When the DNA was irradiated for 5 min, a 4.3-fold increase on 

transcription levels was observed (Fig. 11d). Extending this interval from 5 to 30 min, improved 

transcription levels only by a 1.2-fold (Fig. 11e). 5 min was chosen as key irradiation interval 

between transcription efficiency and DNA stability for further experiments.  
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Fig. 11. A) Time traces of Spinach fluorescence produced from the amine-only Spinach DNA for UV irradiation 

intervals between 0 and 5 min. B) Time traces of Spinach fluorescence produced from the amine-only Spinach 

DNA for UV irradiation intervals between 0 and 30 min. C) Spinach RNA fluorescence as a function of the 

duration of UV irradiation measured after 46.5 min of transcription. D) Time traces of Spinach fluorescence 

produced from the LA-Spinach DNA for UV irradiation intervals between 0 and 5 min. E) Time traces of Spinach 

fluorescence produced from the LA-Spinach DNA for UV irradiation intervals between 0 and 30 min.  

3.3.3 TRIGGERED IN-VESICLE TRANSCRIPTION FROM THE LA-SPINACH DNA 

SHOWS NO ADVANTAGE OVER UNIRRADIATED LIPOSOMES  

To create an in-situ light-regulated therapeutic nanofactory, the LA-Spinach DNA construct 

and T7 RNA polymerase were co-encapsulated in liposomes and externally fed by rNTPs. In 

view of the results obtained in bulk (Fig. 11), we hypothesized that upon light stimulation, 

liposomes could have a higher fraction of transcriptionally active liposomes or that higher 

Spinach fluorescence could be measured in some vesicles compared to a non-irradiated sample. 

In-vesicle Spinach transcription was studied in LUVs and SUVs. Liposomes were produced, 

imaged (Fig. 12a) and their Spinach fluorescence analyzed (Fig. 12b). As shown in Fig. 12c, no 

significant differences were observed between the samples where the DNA was irradiated for 5 

min and the negative control for both liposome sizes. Regarding the transcription levels, the 
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average Spinach fluorescence intensity were 178 and 239 a.u. respectively for irradiated and 

non-irradiated LUVs. Thus, even the non-irradiated liposomes showed a 25% higher average 

fluorescence signal compared to the irradiated sample. These values were 147 and 157 a.u. for 

SUVs.  

 

Fig. 12. Analysis of light-induced Spinach RNA transcription inside liposomes entrapping the LA-Spinach DNA 

construct. A) Fluorescence confocal microscopy image of LUVs, tethered through a biotin-NeutrAvidin linker to 

a BSA-biotin passivated glass (scale bar: 10 µm). B) Liposome selection in one field of liposomes. C) Normalized 

percentage of DFHBI-1T integrated intensities in selected liposomes.  

3.3.4 HPLC PURIFICATION OF THE LA-SPINACH DNA  

To create a DNA construct that allows the total off-state regulation of Spinach DNA 

transcription, we isolated the fraction of oligo containing all seven biotin modifications. For 

this, a new biotin-conjugated T7 oligo was assembled (Fig. 13a). After Amicon-column pre-

purification, the biotin-conjugated T7 oligo was subjected to consecutive rounds of HPLC-

purification, to isolate the peak eluting at 8 min. During purification, all modified T7 oligo 

species eluted together as one single peak at elution time 4.7 min (Fig. 13b). The shift on the 

elution time compared to the analytical column was due to the wider diameter of the 

purification column. Analytical HPLC after a first purification round showed that most of the 

partially modified T7 oligos could be separated from the fully modified oligo in the fractions F1 

and F2, respectively (Fig. 13c). Fraction F2 contained two overlapping peaks at 7.93 and 8.08 

min. At this point of the purification process, the earlier eluting peak at 7.93 was assumed to 

contain a partially modified T7 oligo. Thus, two additional rounds of purification were 

performed to isolate the last eluting peak at 8.08 min. Each peak was fractionated in at least 

three independent fractions and their volumes were lowered from 1 ml/fraction in the first 
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purification, to 0.5 ml/fraction and 0.25 ml/fraction in the second and third purifications. After 

the third purification round, two twin overlapping peaks with equal height were found at 7.7 

and 7.9 min (Fig. 13d). The same fraction analysed applying a steeper gradient resembling the 

HPLC method used by Booth et al. [16], showed a single narrower peak eluting at 6.6 min (Fig. 

13e). This result, together with the fact that peak fractionation was intensive through three 

consecutive purifications, suggested that the two peaks observed in Fig. 13d are most likely the 

same component, splitted in two twin peaks due to reasons inherent to sample preparation or 

the HPLC method in use. Importantly, substantital sample loss was observed at each 

purification round. Consequently, no further purifications were carried out.  

 

Fig. 13. A) HPLC analysis of amino T7-PC biotin oligo. B) 1st HPLC purification of fully biotinylated amino T7-

PC biotin oligo. Target fractions F1, F2 and F3 were collected in the indicated intervals. C) HPLC analysis of 

fractions from 1st purification. D) HPLC analysis of fractions from 3rd purification. E) HPLC analysis of fractions 

from 3rd purification with steeper HPLC gradient.  

3.3.5 CHARACTERIZATION OF THE TRANSCRIPTION ABILITY OF THE HPLC-

PURIFIED LA-SPINACH DNA  

Following HPLC-purification, the amino T7-PC biotin oligo was re-purified through a PCR 

clean up column and used as Fw primer for the amplification of T7-Spinach(224) DNA. As seen 

on Fig. 14a, PCR amplification produced one upper thick band at around 0.70 kb, 

corresponding to the DNA containing the fully biotinylated T7 promoter. Surprisingly, three 

additional faint bands were found at sizes 0.25, 0.30 and 0.5 kb. While the band at 0.5 kb could 

correspond to the twin peak found by HPLC at 7.7 min, the source of the lower bands is unclear. 

The lowest band, appearing at 0.25 kb, had the size of the fully unmodified DNA.  
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After binding this PCR product to tetravalent NeutrAvidin, we studied the cleavage of the PC 

group from the resulting HP-LA-Spinach DNA through a band shift assay (Fig. 14b). Based on 

the results from Booth et al. [16], we expected to observe biotin photocleavage as a gel shift, 

where HP-LA-Spinach DNA and biotin Spinach DNA would be reduced to the same apparent 

mass as the amine-only T7 Spinach DNA. Unexpectedly, no shift on the DNA band patterns 

were observed after irradiating HP-LA-Spinach-DNA for 5 min with respect to the non-

irradiated DNA. This result suggested that no photocleavage of the biotin moiety took place 

upon irradiation. As well, no gel shift was observed on the DNA when this was not bound to 

NeutraVidin, discarding a relation between failed photocleavage and this protein.  

To further address this, we carried out light-activated transcription from these DNA templates 

(Fig. 14c). As expected from the result obtained on gel, no Spinach RNA was produced from 

the HP-LA-Spinach DNA after irradiation. Surprisingly, however, no Spinach transcription was 

observed when the DNA template was not bound to NeutraVidin. Based on the results obtained 

with the non-HPLC-purified biotinylated DNA, where DNA transcription was not hampered 

by the biotin moieties, we expected to observe transcription in this sample, whether irradiated 

or not. Altogether, these results suggested that other factors apart from poor photocleavage 

inhibited transcription from the DNA templates assembled with an HPLC-purified promoter.  

We prepared transcription reactions by increasing the irradiation period to 22 min (Fig. 14d) 

and the final DNA concentration by 5-fold (Fig. 14e). Extending the UV irradiation interval to 

22 min did not seem to favor photocleavage on gel (Fig. 14d). Spinach fluorescence after 73 min 

was higher on the irradiated sample compared to the non-irradiated one (Fig. 14e). However, 

this difference was considered negligible since it remained within the regular variability of 

measurements and the signal to noise ratio was low.  
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Fig. 14. A) PCR amplification of biotin Spinach DNA with HPLC-purified oligo. B) Photocleavage of HP-LA-

Spinach DNA, biotin Spinach DNA and amine-only T7 Spinach DNA after 5 min UV irradiation. C) Time traces 

of Spinach fluorescence produced from HP-LA-Spinach DNA after UV irradiation for 5 min. D) Photocleavage of 

HP-LA-Spinach DNA after 5 min UV irradiation. E) Spinach fluorescence intensity after 73 min of bulk RNA 

transcription of 50 nM Spinach HP-LA-Spinach DNA irradiated for 22 min with UV. M: DNA ladder.  
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3.4 DISCUSSION 

Light can allow precise spatiotemporal control of biological systems [13]. In the field of 

therapeutic nanocarriers, the use of light has been heavily investigated mainly for remote 

control of drug release [12]. Going one step forward, a few studies have reported the 

development light-controlled drug synthesis inside nanocarriers (see Introduction). In this 

work, we set out to implement the LA-DNA technology developed by Booth et al. [16] onto the 

liposome nanofactory presented in Chapter 2. Our ultimate goal is to create a liposome 

nanofactory whose therapeutic RNA synthesis is externally controlled by light.  

HPLC purification of the LA-T7 promoter was not necessary to prove its regulatory power over 

Spinach DNA transcription (see Fig. 10-11). Although RNA production was partially regulated 

by UV illumination in bulk, such an effect was not observed when Spinach production was 

carried out in-vesicle (Fig. 11). Several factors may explain these different experimental 

outcomes. A sample of LA-Spinach DNA assembled with a non-HPLC purified LA-T7 

promoter is composed by a mixture of caged and uncaged DNA molecules. Accordingly, the 

type of LA-Spinach DNA species that are encapsulated in liposomes is arbitrary, altering the 

proportions of the different DNA species in-vesicle in comparison to bulk. In addition, vesicles 

need to co-encapsulate both DNA and RNA polymerase to be transcriptionally active. The 

formation of transcription pre-initiation DNA-polymerase complexes prior to and during 

swelling, is hampered when the promoter is caged (not sterically accessible), which may bias 

the proportion of transcriptionally active liposomes towards those uncaged Spinach DNA 

species. In line with these considerations, we concluded that light regulation of RNA-expression 

cannot be efficiently achieved in-vesicle unless the LA-T7 promoter is fully repressed.  

Our results show that a single HPLC-purification would suffice to isolate an LA-T7 promoter 

that, upon Neutravidin binding, fully represses transcription in the off state. The two peaks 

observed through the three consecutive purifications (Fig. 13c-13d), appeared as a single peak 

when the HPLC method of Booth et al. [16] was reproduced (Fig. 13e), indicating that their 

purified T7-oligo would likely show the same HPLC profile if it had been run with our protocol. 

Thus, whether the two peaks observed on our purifications corresponded to a single, fully 

biotinylated, T7-oligo species, or to a mixture of two different species, composed by T7-oligos 

with six or seven biotin modifications, using the first purification product would have very 

likely enabled the successful assembly of a fully repressed LA-T7 promoter.  The minimum 

number of biotin modifications necessary to assemble a fully repressed promoter was not shown 

in Booth’s study. Possibly, seven biotin modifications are not necessary to achieve full promoter 

repression.  

Additionally, PC-biotin photocleavage and transcription appeared to be inhibited, even when 

NeutrAvidin was not coupled to the biotin groups (Fig. 14). After each purification step, the 

DNA was frozen in liquid nitrogen and lyophilized overnight to be re-dissolved and purified 
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again. This intensive manipulation carried out through the three HPLC purification cycles 

rendered, perhaps, the DNA molecules inactive.  

A single HPLC-purification would have possibly avoided the great DNA loss and inactivation 

experienced in this study. Thus, in the next step, LA-Spinach DNA should be assembled with a 

one-time HPLC-purified T7 oligo. Nevertheless, the photocleavage and transcribability of this 

DNA should be first characterized via gel shift assay and bulk transcription prior to performing 

in-vesicle experiments.  

Moreover, the illumination interval to achieve maximum DNA de-caging should be determined 

once again, since it might be different to the one found for the LA-Spinach DNA assembled 

with a non-HPLC purified LA-T7 promoter in this study (Fig. 11c).  

In Booth’s work, monovalent streptavidin was used instead of the wild type tetravalent 

streptavidin, avoiding crosslinking between different DNA molecules. Though we believe that 

such crosslinking should not alter photocleavage efficiency or the transcribability of de-caged 

DNA molecules, future studies should attempt to produce and purify monovalent streptavidin 

following the procedure described in the work of Howarth et al. [17].  

Definitely, we are close to achieve the assembly of a fully repressed LA-Spinach DNA, which 

will allow us to demonstrate that DNA transcription inside nanometric vesicles can be 

controlled through light using the LA-T7 promoter technology. Once this step is achieved, the 

LA-T7 technology should be implemented onto therapeutic shRNA-encoding DNA templates 

(Chapter 4).  

The therapeutic potential of this system for the creation of an in-situ light-regulated liposome 

nanofactory, is, however, limited by the irreversible nature of biotin photocleavage, which 

impedes the dynamic control of gene expression. When implemented in vivo, such shRNA 

liposome nanofactory would only allow a one-time irreversible activation of RNA production. 

Thus, the implementation of a reversible ON and OFF light-inducible transcription system 

would be of great therapeutic value.  

The impressive evolution of tools in optogenetics during the last five years open great 

possibilities for this implementation  [20]. For the creation of reversible T7 light-regulated gene 

switches, the use of engineered systems based on photoresponsive proteins has been proposed. 

A possible strategy to create a nanofactory with a reversible switch, is the use of a light-

responsive T7 RNA polymerase, as the one engineered by Baumschlager et al. [13], 

denominated Opto-T7RNAp. It consists of a T7 RNA polymerase split in two domains, C-

terminal (T7CT) and N-terminal (T7NT), fused to blue light-responsive heterodimerizers called 

positive magnet (pMag) and negative magnet (nMag) (see Fig. 15). pMag and nMag are two 

engineered variants of the Light-oxigen-voltage (LOV) photoreceptor Vivid (VVD) from the 

filamentous fungus Neurospora crassa. Upon blue light-irradiation (460 nm), these VVD 

variants use electrostatic interactions to prevent homodimerization (repulsion) and selectively 
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induce heterodimerization (attraction) (Fig. 15a), leading to the reconstitution of the functional 

polymerase [21] (Fig. 15b). This photoreceptor-based photoswitch allowed a high expression 

strength, with an inducible range of more than 300-fold, and low leakiness (<2% of total 

expression). In the absence of blue-light, Opto-T7RNAp returned to the inactive state within 

minutes, allowing precise dynamic control of gene expression.  

 

Fig. 15. Mode of function of the blue light-inducible Opto-T7RNAp. A) Interactions between Magnets. Upon blue-

light irradiation, pMag (red) and nMag (blue) form heterodimers, taken from [21]. B) Light-dependent gene 

expression Opto-T7RNAp system. Opto-T7RNAp activity was measured through mCherry reporter fluorescence, 

taken from [13].  

A shared limitation of the LA-T7 and the Opto-T7RNAp systems for their implementation as 

transcription trigger in vivo is the high energy wavelength with which they function. To induce 

PC-biotin photocleavage, a light wavelength of 365 nm is required, whereas the Opto-T7RNAp 

system is triggered with blue light at 460 nm. These high energy wavelengths propagate poorly 

through organs. Maximum penetration depth of light is   ̴1 mm at 365 nm and   ̴2 mm at 460 

nm in skin tissue. Ranges of near-to-infrared (NIR) wavelengths between 650 and 1000 nm 

allow maximum tissue penetration (  ̴5 mm), thanks to the reduced light absorption by tissues 

and decreased light scattering. Also, at this wavelength range, photodamage is minimized. For 

this reason, NIR wavelength is known as the “phototherapeutic window” [22]. Therefore, 

shifting the wavelength of light activation towards this region of the spectrum would be most 

beneficial [23]. 

A unique class of photoreceptors, called phytochromes, has the ability to absorb far-red or NIR 

light. Phytochromes use heme-derived tetrapyrrole compounds as light-sensing chromophores 

[24].  In 2013, Müller et al. [25] developed the first NIR light responsive system for 

spatiotemporal control of gene expression in mammalian cells, using the photoreceptor 

phytochrome B (PhyB) and the phytochrome-interacting factor 6 (PIF6) from Arabidopsis 

thaliana.  As seen on Fig. 16a, this system was reversibly switched between ON- and OFF-states 

with short light pulses at 660 or 740 nm. Very recently, a different NIR optogenetic system for 

gene transcription regulation in mammalian cells was developed by Redchuk et al. [24]. This 

light-sensing system was based on the optogenetic pair from Rhodopseudomonas palustris 

formed by a bacterial phytochrome (BphP1) and Q-PAS1, an engineered variant of its original 
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protein partner PpsR2. As shown in Fig. 16b, transcription was light-controlled and reversibly 

activated by wavelengths between 740-780 nm [26].  

 

Fig. 16. Mode of function of two different NIR-light-inducible gene expression systems for mammalian 

transcription machinery. A) Plant-derived optogenetic pair: Illumination at 660 nm converts the PhyB into the 

biologically active FR form (PhyBfr) and induces heterodimerization with PIF6 that binds the TetOn operator site 

via TetR. The PhyB-fused VP16 domain recruits the polymerase II transcription initiation complex, that induces 

phCMV promoter activation and activates transcription by mammalian RNA polymerase II. Illumination at 740 

nm, converts PhyB into the biologically inactive R form (PhyBr), terminating the interaction with PIF6, and thus 

inactivating the promoter and silencing transcription, taken from [25]. B) Bacteria-derived optogenetic pair: in the 

dark, BphP1 is in the inactive Pfr state in the cytoplasm and Q-PAS1 is bound to the upstream activation sequence 

(UAS) in the nucleus. NIR light irradiation (740 nm) converts BphP1 to its active Pr state, which travels to the 

nucleus and binds Q-PAS1. The complex BphP1-Q-PAS1 acts as transactivator of gene expression and 

transcription is carried out by mammalian RNA polymerase II, taken from [27].  

NIR photocontrol of gene expression has also been achieved in E. coli [28]. For this, a bacterial 

phytochrome with diguanylate cyclase activity was engineered (BphS), which converts GTP 

into c-di-GMP upon NIR light irradiation. This photocontrol module regulated gene 

expression via a c-di-GMP-responsive transcription factor in E. coli (Fig. 17).  

 

Fig. 17. Mode of function of an NIR-light-inducible gene expression system in E. coli, taken from [28].  

Among the phytochromes available in nature, optogenetic tools based on bacterial 

phytochromes are particularly suited for use in mammalian cells, tissues and whole animals. 

The main reason behind this is that bacterial phytochromes use biliverdin (BV) as 

chromophore, which is naturally available in all mammalian cells and tissues, though levels vary 

depending on the type of cell and tissue. Plant-derived phytochromes like PhyB, in comparison, 

use chromophores that are not available in eukaryotic cells (phycocyanobilin), thus requiring 
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exogenous delivery. Moreover, bacterial phytochromes are activated by NIR light at 740 nm, 

that penetrates deep into mammalian tissues. Instead, plant-derived PhyB, is activated with 

light at 660 nm, which has poorer tissue penetration [27].  

Hitherto, NIR light-control of gene expression systems have been developed for the mammalian 

(Fig. 15) and the bacterial transcription machineries (Fig. 16). To our knowledge, no NIR gene 

switch system has been implemented for the T7 RNA polymerase transcription system.  

Since its discovery five decades ago, the T7 RNA polymerase transcription system has been 

adopted with success as a robust RNA and protein expression tool in various hosts, including 

prokaryotic, eukaryotic and cell-free systems. Recently, this system has become an essential 

component in synthetic biology [29]. Due to these reasons, the implementation of the T7 RNA 

polymerase transcription system with an NIR optogenetic tool for light regulated expression 

will be a very valuable tool in the fields of synthetic biology, synthetic tissue engineering and 

regenerative medicine.  

In the future, bacterial phytochrome-based optogenetic pairs such as the one described in Fig. 

15b could be adapted for the regulation of gene expression systems that use the bacteriophage 

T7 RNA polymerase. Such adaptation would enable the implementation of our liposome 

nanofactory with light-regulated production of therapeutic RNA in vivo.   

3.5 CONCLUSIONS 

The objective of this work was to develop the first light-regulated RNA-producing nanofactory 

in therapeutically sized fed-vesicle bioreactors that can source nutrients from their environment 

in-situ. Though the LA-T7 technology chosen has limited therapeutic potential, its 

implementation for the assembly of a light-regulated therapeutic RNA liposome nanofactory 

is, nonetheless, of great value to prove that RNA production can be precisely controlled by light 

in time and space in mammalian cells. In this study, the assembly of a fully repressed LA-

Spinach DNA was nearly achieved, and the few remaining steps for this accomplishment have 

been described. On the whole, the development of different optogenetic tools will foster the 

progress of biomedicine due to their noninvasiveness and precise spatiotemporal resolution. 
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4. 
A PLATFORM FOR THE 

PRODUCTION OF THERAPEUTIC 

SHRNA INSIDE CELL-TARGETING 

VESICLES 
 

Currently, RNA interference-based drugs are the most promising strategy relying on therapeutic 

RNA, with the first marketed formulation in 2018, and several others on their way. In this study, 

we explored the potential of fed-vesicle bioreactors described in Chapter 2 for the in-situ 

production of therapeutic shRNA. We designed DNA templates that generate different shRNA 

molecules upon in vitro transcription in bulk or directly inside liposomes. The gene silencing 

efficacy of the shRNA was tested in mammalian cells. The activity of in vitro-transcribed shRNA 

was demonstrated when conventional transfection methods were used. However, attempts to 

silence gene expression through liposomal delivery of shRNA failed. To improve delivery, folic acid 

was incorporated to the surface of liposomes as a ligand targeting cells with high expression levels 

of folate receptors, like most cancer cells. Although enhanced liposomal uptake by the targeted 

cells was shown, lysosomal entrapment impeded the successful delivery of shRNA into the 

cytoplasm. To tackle this problem, the use of the pH-activated melittin peptide to disrupt 

endosomal membranes was investigated. The lack of evidences for successful production of shRNA 

in liposomes and for melittin-assisted membrane destabilization prompted us to propose major 

modifications in the design of a new generation of liposome-based shRNA carriers.  
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4.1 INTRODUCTION 

4.1.1 RNA INTERFERENCE (RNAi)  

RNA interference (RNAi) is a cellular process in which non-coding double-stranded RNA 

(dsRNA) molecules inhibit gene expression [1]. This inhibition allows RNAi to regulate 

endogenous gene expression and is a mean of innate defense against invading viruses [2]. RNAi 

occurs naturally in a wide range of organisms, including mammals, plants and fungi [3]. Since 

its discovery, researchers have intended to harness this process for therapeutic purposes [1]. 

Theoretically, this process can be harnessed to target any gene of interest [1], providing it an 

incredibly wide therapeutic utility. Moreover, RNAi allows acting on different targets than 

conventional drug molecules, such as dysfunctional enzymes [2]. RNAi-based therapeutic 

applications under pre-clinical and clinical trials include cancer, respiratory diseases, metabolic 

diseases, viral infections, inherited skin and neurological diseases and ophthalmological 

disorders [1].   

4.1.2 RNAi MECHANISMS 

The successful development of RNAi for therapy highly depends on our understanding of the 

biogenesis pathways of the small RNA molecules that carry out this process. Two main types of 

RNA molecules, small interfering RNA (siRNAs) and microRNA (miRNA), are directly 

responsible for gene silencing [1] (Fig. 1).  

 

Fig. 1. Simplified scheme of the two main RNAi pathways: siRNA and miRNA. Taken from [2].  
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siRNAs are short double-stranded RNA molecules, between 21-23 nucleotides in length, with 

3’ two-nucleotide overhangs. In nature, siRNAs are generated in cells from a long dsRNA 

molecule originating from infecting pathogens [2]. A ribonuclease (RNAse) III enzyme called 

Dicer is in charge of this process in the cytoplasm.  Subsequently, siRNA associates and activates 

the multiprotein RNA-induced silencing complex (RISC). Then, the endonuclease argonaute 2 

(AGO2) present in this complex degrades the passenger strand (sense strand) of the siRNA 

while the guide strand (antisense strand) remains bound to the RISC. Finally, the guide strand 

associated to RISC binds to mRNA with full base complementarity (Fig. 2a) and induces mRNA 

cleavage by AGO2, leading to specific gene silencing. As a result, siRNA induces specific gene 

silencing through mRNA cleavage [2].  siRNA plays an important role in the innate cellular 

defense against foreign nucleic acid generally posed by viral infections and in endogenous 

regulation of gene expression [2].  

Conversely, miRNAs originate from endogenous genomic transcription. miRNAs are stem-

loop RNA duplexes of 18–25 nucleotides [2]. Like siRNA, miRNA regulates gene expression at 

the post-transcriptional level. Initially, a primary microRNA (pri-miRNA) is transcribed. pri-

miRNA is processed into a precursor microRNA (pre-miRNA) by Drosha, an RNAse-III family 

nuclease. Pre-miRNA is then translocated into the nucleus where it is further processed by 

Dicer into miRNA. Thus, the conversion of pre-miRNA into miRNA and of long dsRNA into 

siRNA biogenesis rely on the same cellular machinery [4]. Through its incorporation into the 

RISC, miRNA triggers mRNA degradation, cleavage or translational repression, depending on 

the degree of basepair complementarity between both molecules [4, 5]. Differently from siRNA, 

base pair complementarity between miRNA and their target mRNAs is only partial, relying on 

a ‘seed’ region of 2-7 bases with high complementarity (Fig. 2b). miRNAs are mainly involved 

in the endogenous regulation of gene expression [1].   

 

Fig. 2. mRNA sequence recognition and binding in A) siRNA and B) miRNA. Taken from [2].  

Though their silencing effects may be different, it is known that the functions of miRNA and 

siRNA partially overlap. The main functional difference between these molecules is that siRNA 

silences or regulates the expression of a single specific target mRNA, while miRNA has multiple 

mRNA targets [2].   

4.1.3 HARNESSING THE RNAi NATURAL PROCESS FOR THERAPY  

Therapeutically, RNAi has been approached by hacking the natural RNAi-processing 

machinery at different levels of the process (Fig. 3) [6].  
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Initially, efforts were focused on the use of long dsRNA (>30 nucleotides). However, the 

delivery of long dsRNA triggered strong immune responses, inducing the interferon (IFN) 

pathway [2, 7], as part of the innate defense against viral infection. These undesired responses 

concluded in nonspecific mRNA degradation and apoptosis [8]  and thus impeded the use of 

long dsRNA molecules for therapy.  

Instead, the use of synthetic 21-mer siRNAs has been widely explored [2], since initially it was 

shown to induce efficient specific gene silencing without triggering IFN responses [9], though 

later studies showed that siRNA triggered a partial induction of IFN response [10, 11]. However, 

the induction of IFN responses by siRNA has shown to depend no only on the length of the 

duplex, but also on the cell type [12]. Additionally, the use of Dicer-substrate siRNAs (DsiRNA), 

which are synthetic 27mer RNA duplexes, has been explored. DsiRNAs have shown increased 

RNAi efficacy in comparison with conventional siRNAs [13]. In general, synthetic siRNA has a 

short lifespan in vivo, lowering its therapeutic power [4]. To overcome this bottleneck, the 

incorporation of chemical modifications on the backbone of these RNA molecules is 

introduced.  

As an alternative strategy to bypass this bottleneck, short hairpin RNA (shRNA) is used, because 

it enables the production of siRNA in situ in the cell [14–16]. shRNAs are stem-loop RNAs, that 

are typically expressed in the nucleus of cells through the delivery of viral DNA vectors. shRNAs 

can induce specific gene silencing by harnessing the natural RNAi mechanism. After nuclear 

expression, shRNA is transported to the cytoplasm, where it is processed into siRNA by Dicer 

and loaded into the RISC for specific gene silencing in the same fashion as long dsRNA [2]. 

shRNAs can be designed as pre-miRNA-like, pri-miRNA-like or as Ago-shRNA [4]. However, 

efficient nuclear delivery of DNA has proved challenging through non-viral vectors [17, 18], 

while viral vectors present safety concerns related to immunogenicity, insertional mutagenesis 

[19] and long-term effects [20].  

 

Fig. 3. Main current approaches for RNAi therapeutics. Taken from [6].  
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4.1.4 FOLATE AS A LIGAND FOR LIPOSOMAL TARGETED DELIVERY 

As described on Chapter 2, nuclear delivery is not the only obstacle that non-viral delivery 

vectors like liposomes need to overcome to achieve gene delivery. Though drug 

liposomalization can enhance its solubility and stability, and reduce toxicity compared to free 

drugs, insufficient uptake at target tissues decreases their therapeutic effect. Moreover, their 

nonspecific association to healthy tissues provokes harmful side effects [21]. Active targeted 

delivery increases tissue selectivity and thus, decreases side effects. Moreover, it also increases 

cellular internalization and prolongs the duration of exposure [22].   

Folic acid is an interesting ligand for targeted drug delivery because their receptors (FR) are 

overexpressed on the surface of the cells of a variety of malignant tumors, while minimally 

distributed in healthy tissues. Consequently, folic acid has been extensively investigated for this 

purpose. Folic acid is a vitamin essential for the biosynthesis of nucleotide bases [23]. Thus, it 

is highly consumed by fast growing cells like cancer cells. Normal cells have two folate 

transporters: a low affinity reduced folate carrier (Km ~ 1 µM) and high affinity folate receptor 

FR (KD ~ 100 pM) [24]. While the reduced folate carrier is found in all cells and represents the 

primary pathway for the uptake of physiological folates, the FR exhibits a highly limited 

distribution and is mainly found on activated macrophages and polarized epithelial cells, and 

preferentially internalize oxidized folates. Additionally, FR is overexpressed on different cancer 

cells, such as brain, endometrium, kidney, head and neck, mesothelium, ovary or uterus [25]. 

Probably, this overexpression allows malignant cells to compete for folic acid when the supplies 

are limited. In addition, FR become accessible to targeted drugs in circulation when epithelial 

cells undergo malignant transformation, further favoring the tumor-specific targeting 

properties of this receptor [25]. At the same time, the degree of FR overexpression is positively 

correlated with a more advance stage and a higher histological grade of the cancer [25]. 

Additionally, chemotherapy-resistant cancers have been reported to express higher levels of FR 

[25]. All together, these favorable properties make FR an ideal tumor-specific delivery target.  

FR internalizes folic acid into cells via receptor-mediated endocytosis [25]. Folic acid maintains 

its receptor-binding and endocytosis properties even when covalently linked to a wide range of 

molecules [26]. The combination of liposomes with folic acid for targeted delivery can 

potentially allow the delivery of large amounts to specific cells, facilitating the use of drugs with 

less potency, but higher efficacies due to a better pharmacokinetic behavior [27]. Folate-

conjugated lipidic nanocarriers have been shown to increase the tumor accumulation and 

enhance the antitumor effect of drugs on FR-overexpressing tumors [26, 28, 29]. However, a 

lipidic composition that favors a prolonged circulation in blood is necessary for these carriers 

since ligand-modified formulations experience an accelerated clearance from blood. The 

incorporation of polyethylene glycol (PEG) protects the surface from nanocarriers and reduces 

their clearance. Note that PEG can be modified with multiple different ligands [30].  
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Different chemotherapeutic agents have been delivered with liposomes conjugated to the folate 

ligand via a polyethylene glycol (PEG) spacer [26]. For the creation of folate-targeted liposomes, 

a folate conjugate called DSPE-PEG-folate can be incorporated into the lipid bilayer during 

their preparation. In this derivative, folate is covalently attached to a phospholipid via a long 

PEG linker (see Fig. 4). A study showed that the incorporation of a small molar ratio of DSPE-

PEG-Folate (0.03%) with a long PEG chain of molecular weight 5000 Da improves the targeting 

ability of folate-modified liposomes by more than a 100-fold compared to unmodified 

liposomes. Results indicate that the delivery efficiency of these vesicles is also influenced by the 

amount of folate-PEG-lipid included in the liposome formulation, where a higher molar ratio 

reduces uptake into cells but increases cytotoxicity [31].  

 

Fig. 4. Example of liposomes labeled with a DSPE-PEG-Folate ligand. Taken from [32].  

The human cell lines KB and HeLa have significant FR surface expression levels and are thus 

used as in vitro cell models for the study of the interaction between folate-conjugated drugs and 

FR expressing cells. However, KB cells have become the standard study model due to their 

higher FR surface expression which can be more than ten times greater than in HeLa cells due 

to the higher availability of FR on their membrane [33].  

4.1.5 THE LOGISTICS OF THE ENDOSOMAL SYSTEM AND THE ENDOSOMAL 

ESCAPE PROBLEM 

The first step in the delivery of liposomes by active targeted delivery through folate receptor-

mediated endocytosis is the bypassing of the plasma membrane barrier by endocytosis via 

intracellular entrapment inside endosomes. Endocytosis is a basic biological process through 

which cells internalize biomolecules via the formation of primary-endocytic vesicles or vacuoles 

by invagination of the plasma membrane followed by membrane fission [34]. Endocytic 

pathways are energy dependent-processes, since they require exhaustive rearrangements of 

cellular adaptors and the cytoskeleton [35]. Typically, endocytosis pathways are classified into 

five major categories (Fig. 5): phagocytosis, micropinocytosis, clathrin and caveole mediated 

endocytosis, and clathrin- and caveolin- independent pathways [36].  
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Fig. 5. Cellular entry mechanisms in mammalian cells. Taken from [36].   

Large particles (> 0.5 µm) are internalized through phagocytosis (endocytosis and exocytosis of 

nanoparticles in mammalian cells), while fluid uptake is carried out through macropinocytosis. 

Phagocytosis and micropinocytosis are dependent on the actin-induced rearrangement of the 

plasma membrane [36].   

Except in the case of phagocytosis, in all other endocytic pathways, primary endocytic vesicles 

deliver their cargoes (ligand and receptor in the case of receptor-mediated endocytosis) and 

their membrane to early endosomes (pH 6.8-6.1), also called sorting endosomes, in the 

peripheral cytoplasm (Fig. 6). From early endosomes, cargo can follow different fates. First, it 

can be recycled back to the plasma membrane through recycling endosomes. Second, it can 

remain on the early endosomes, that will maturate into late endosomes (pH in range 6-4.8) 

through a pH acidification-dependent process while moving towards the perinuclear area of the 

cell with the help of microtubules. After continuing the pH-dependent maturation process, late 

endosomes fuse with lysosomes, where pH can drop to values around 4.5, generating a hybrid 

organelle called endolysosome, in which the cargo is destroyed through an active process of 

degradation [34]. Alternatively, some cargoes may be released into the cytosol by formation of 

intraluminal vesicles (ILVs) inside the endosomes. ILVs induce this delivery through 

membrane fusion with the endosomal membrane [35].  
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Fig. 6. The endolysosomal system. Taken from [34]. EE: early endosomes; LE: late endosomes; MT: microtubules; 

TGN: trans-Golgi network.  

Understanding nanoparticle endocytosis mechanisms is essential to develop effective drug 

delivery systems [37]. Endosomal entrapment is known to be the major obstacle for intracellular 

delivery with non-viral nanodelivery systems. Most particles entering cells through endocytosis 

end up in lysosomes, where they undergo degradation, resulting in limited success from the 

delivery of therapeutic particles [38]. For successful delivery, it is essential that their cargo is 

released into the cytoplasm prior to their degradation in the endolysosomal compartment [38–

40]. 

4.1.6 CELL PENETRATING PEPTIDES (CPPS) TO TRIGGER ENDOSOMAL ESCAPE 

To overcome this bottleneck, endosomolytic peptides or cell penetrating peptides (CPPs) are 

commonly coupled to the nanocarrier as an approach to enhance early endosomal escape and 

release of therapeutic cargos into the cytosol, preventing their degradation in lysosomes [38, 

39]. The use of engineered pH-responsive CPPs whose activity is triggered by the endosomal 

environment (pH 5.5-6.5), but are inactive in the bloodstream (pH 7.4), is of special interest 

since their use can minimize the toxicity side effects provoked by natural CPPs, as they interact 

nonspecifically with all biological membranes [39, 41].   

Melittin, the major component of bee venom, is a cationic peptide with strong membranolytic 

activity. Its amphipathic alfa-helical structure in aqueous solution in combination with its 

positive charge enable its insertion into the lipid membrane, provoking its destabilization [38]. 

Like all other natural CPPs, its membranolytic activity is not specific to the endosomal 

environment. Acid melittin, a modified variant of the melittin peptide, is known to exhibit 

lower membranolytic activity at physiological pH, but optimal activity at endosomal pH [39, 

42]. In this variant, all positively charged amino acids are replaced with glutamic acid to make 

the peptide pH-responsive through a conformational change induced by the protonation of 

these residues (see Table 1). Recently, a derivative from acid melittin called azido acid melittin 

was engineered, that incorporates an azido group at the N-terminus thanks to which the peptide 

can be chemically conjugated to the surface of liposomes [39]. Acid melittin and azido acid 
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melittin have shown similar pH-responsive membranolytic activities when assayed as free 

peptides in calcein leakage assays with SUVs, with up to an 80% higher activity at endosomal 

pH (5.6) compared to physiological pH (7.4).   

Table 1. Melittin peptides. Taken from [39].   

 

4.1.7 VESICLE BIOREACTORS FOR THE EXONUCLEATE PRODUCTION OF 

THERAPEUTIC SHRNA INSIDE MAMMALIAN CELLS 

The need of nuclear delivery for the efficacious expression of therapeutic shRNA in mammalian 

cells could be potentially bypassed through approaches that allow exonucleate transcription 

inside the cells [18]. The development of artificial intracellular organelles is a potential approach 

to overcome this and other obstacles in the field of biomedicine [18, 43]. Although liposomes 

are the most widely studied therapeutic carriers, their potential as intracellular artificial 

organelles has only recently been shown by Chan et al. [18]. This study demonstrated for the 

first time that RNA-producing nanoliposomes were capable of producing exogenous mRNA 

inside anucleate cells (for a detailed description of this study, see Chapter 3).  

In this study, we set out to develop an RNA-producing fed-vesicle bioreactor platform that 

would allow shRNA production inside cells, thus acting as intracellular artificial nano-organelle 

and avoiding the need for nuclear DNA delivery.  

To this end, we designed a standard DNA platform for the production of different shRNA 

molecules under the control of a T7 RNA promoter. The silencing efficacy of the shRNA 

produced was tested in vitro with purified components as well as in different mammalian cell 

types. Bioluminescence assays and RT-qPCR were used as readout of silencing efficacy. The 

delivery of shRNA entrapped in liposomes with a fed-bioreactor-like composition was explored 

through silencing assays. Furthermore, folic acid was incorporated to the surface of these 

liposomes as a ligand to allow targeted delivery of shRNA. The association of liposomes to cells 

and their final destination within them was explored by confocal microscopy. Moreover, we 

studied the use of acid-melittin as a potential tool to induce endosomal escape and release 

shRNA cargo from liposomes through single vesicle assays by confocal microscopy. Finally, we 

intended to implement the fed-vesicle bioreactor described in Chapter 2 for the production of 

shRNA (Fig. 7a), and envisioned the further implementation of this system with the future 

addition of the LA-T7 technology developed in Chapter 3 to provide the system with 

spatiotemporal control capability. Though we only explored the implementation of this DNA 
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platform in fed-vesicle bioreactors, non-fed bioreactors (Fig. 7b) could also be developed on the 

basis of this system.   

  

Fig. 7. A) Fed and B) non-fed vesicle shRNA-producing bioreactors.  

4.2 MATERIALS AND METHODS 

4.2.1 MATERIALS 

HeLa cells were kindly provided by Eric P. van der Veer, Leiden University Medical Center, 

Leiden (The Netherlands). KB cells, a derivative cell line from HeLa, were purchased from 

DSMZ (ACC 136). 

1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) 10 mg/ml, 1,2-dimyristoyl-sn-

glycero-3-phosphoglycerol (DMPG) 10 mg/ml, 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl (polyethylene glycol)-2000] (DSPE-PEG (2000) Biotin) 10 

mg/ml, Cholesterol 50 mg/ml and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[folate(polyethylene glycol)-5000] (DSPE-PEG(5000) Folate) 500 µg were purchased from 

Avanti Polar Lipids. 1 mg of Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine (DHPE-Texas Red) was purchased from ThermoFisher Scientific.  

4.2.2 SHRNA SEQUENCE DESIGN  

shRNA-luc was designed to target a modified version of the luciferase gene from the North 

American Firefly (GenBank Accession No. M15077), Photinus pyralis, encoded by the pGL3-

control vector (Sigma-Aldrich). The sequence of this shRNA was designed on the basis of a 

commercially available shRNA-encoding DNA plasmid (SHC007; Sigma-Aldrich), that targets 
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the positions 159-180 (from ATG) from the coding sequence (CDS) of Firefly luciferase carried 

on the pGL3-Control vector.  

shRNA-men1 was designed to target the endogenous human gene MEN1. The sequence of this 

shRNA was designed on the basis of the commercially available TRCN0000040138 shRNA 

sequence (Open Biosystems), that targets the sequence 5’ CCGAGTACAGTCTGTATCAAAC 

3’, corresponding to the positions 194 to 216 in the 3’ untranslated region (3’ UTR) of the 

human MEN1 gene (GeneBank Accession No. U93236.1).  

Scrambled shRNAs were designed as negative controls for both shRNA-luc and shRNA-men1 

(named shRNA-scr and shRNA-m-scr, respectively). The sequences of scrambled shRNAs were 

BLAST searched in the National Center for Biotechnology Information (NCBI) against all 

human sequences deposited in the GenBank and were not found to have significant homology 

to any gene (<50%) ensuring no off-target gene silencing in in vitro human cell assays.  

4.2.3 SSDNA OLIGOS HYBRIDIZATION TO FORM LINEAR DSDNA TEMPLATES FOR 

SHRNA PRODUCTION  

DNA constructs encoding the shRNA molecules were assembled by hybridization of two fully 

complementary ssDNA oligos (see Table 2). Briefly, 6.67 mM of forward oligo and 6.67 mM of 

reverse oligo were hybridized in T4 DNA Ligase Reaction Buffer (NEB) by an incubation for 5 

min at 90 °C in a water bath followed by overnight cooling at room temperature. The 

hybridization product was analyzed with a 1.2% agarose gel in TAE buffer using a 50-bp DNA 

ladder (NEB) and further purified with the Wizzard PCR-clean up System (Promega).   

Table 2. ssDNA oligos used to assemble shRNA-encoding DNA templates.  

ssDNA 

oligo 

name  

Sequence (5’-3’) Name of 

shRNA 

encoded 

413ChD 
(Fw) 

GAAATTAATACGACTCACTATAaGGCGCTGAGTACTTCGAAATGTCCbTCGAcGGACATTTCGAAGTACTCAGCGdTTT shRNA-luc 

414ChD 
(Rv) 

AAACGCTGAGTACTTCGAAATGTCCTCGAGGACATTTCGAAGTACTCAGCGCCTATAGTGAGTCGTATTAATTTC shRNA-luc 

568ChD 
(Fw) 

GAAATTAATACGACTCACTATAGGGCTGCCTCTAACGGGATATTCATCGATGAATATCCCGTTAGAGGCAGCTTT shRNA-scr 

569ChD 
(Rv) 

AAAGCTGCCTCTAACGGGATATTCATCGATGAATATCCCGTTAGAGGCAGCCCTATAGTGAGTCGTATTAATTTC shRNA-scr 

698ChD 
(Fw) 

GAAATTAATACGACTCACTATAGGGCTGTACCTGAAAGGATCATACTCGAGTATGATCCTTTCAGGTACAGCTTT shRNA-
men1 

699ChD 
(Rv) 

AAAGCTGTACCTGAAAGGATCATACTCGAGTATGATCCTTTCAGGTACAGCCCTATAGTGAGTCGTATTAATTTC shRNA-
men1 

726ChD 
(Fw) 

GAAATTAATACGACTCACTATAGGGTAGCTATTCGAAGCACTAGACTCGAGTCTAGTGCTTCGAATAGCTACTTT shRNA-m-
scr 

727ChD 
(Rv) 

AAAGTAGCTATTCGAAGCACTAGACTCGAGTCTAGTGCTTCGAATAGCTACCCTATAGTGAGTCGTATTAATTTC shRNA-m-
scr 

aT7 promoter 
bSequence encoding shRNA sense strand in coding strand of hybridized DNA template 
cSequence encoding shRNA loop in coding strand of hybridized DNA template 
dSequence encoding shRNA antisense strand in coding strand of hybridized DNA template 
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4.2.4 BULK SHRNA PRODUCTION 

1.34 mM dsDNA prepared as described above was transcribed in a mixture containing 10 µl T7 

RNA polymerase, 5 mM ribonucleotide triphosphate (rNTPs) and transcription buffer in a final 

volume of 100 µl, by overnight incubation at 37 °C. All components for DNA transcription were 

obtained from RiboMAX Large Scale RNA production System-T7 (Promega). For the synthesis 

of fluorescently labelled shRNA, the rNTP composition of the transcription reaction was 200 

µM ATP, 200 µM CTP, 200 µM GTP, 160 µM UTP and 40 µM of aminoallyl-UTP-ATTO-488 

(Jena Bioscience). Following transcription, the DNA template was removed by digestion with 3 

µl of DNase (Q1, Promega) for 30 min at 37 °C. shRNA was subsequently purified with a 

RNeasy® MinElute® Cleanup Kit (Qiagen) and its concentration and quality were determined 

with a Nanodrop 2000 UV-Vis Spectrophotometer. The size of the fluorescently labelled 

shRNA was analyzed by denaturing acrylamide gel electrophoresis.  

4.2.5 DENATURING UREA POLYACRYLAMIDE GEL ELECTROPHORESIS (UREA 

PAGE) 

RNA-containing samples were incubated at 65 °C for 5 min in RNA loading buffer (NEB, 

containing 50% formamide) and the RNA integrity and size were verified by 7 M urea 

denaturating 12% polyacrylamide gel electrophoresis (120 V, 60 min) followed by gel imaging. 

When the RNA was not fluorescently labelled, gel imaging was performed after ethidium 

bromide staining (1x10-3 mg/mL in TBE) for 15 min. Gel imaging was performed in a Typhoon 

Trio (GE Healthcare Life Sciences) with appropriate settings for ethidium bromide and ATTO-

488 detection. 

4.2.6 CELL CULTURE  

HeLa and KB cells were cultured in folate-deficient RPMI-1640 (no folic acid, ThermoFisher) 

medium supplemented with 10% heat-inactivated FBS (ThermoFisher) with 5% CO2 at 37 °C. 

Cells were discarded after 35 passages. HEK 293T cells were cultured in DMEM 

(ThermoFisher) medium supplemented with 10% heat-inactivated FBS with 5% CO2 at 37 °C.  

4.2.7 CALCIUM PHOSPHATE TRANSFECTION 

3·105 KB, HeLa or HEK 293T cells were seeded in 6-well plates in 3 ml of growth medium and 

incubated for 24 h at 37 °C with 5% CO2 at 37 °C prior to transfection. 0.28 µg of pGL3 control 

vector (5256 bp, Promega) harboring the gene encoding the Firefly luciferase, was mixed 

together with 0.019 µg pRL-SV40 vector (3705 bp, Promega), harboring the gene encoding 

Renilla luciferase at a pGL3:pRL-SV40 ratio of 10:1 (mol:mol). The DNA was added to a 

solution containing 125 mM CaCl2 and 1x HEPES buffer saline (HBS), and subsequently added 

to the cells. After incubation for 5 h (KB, HEK 293T) or 16 h (HeLa), the cells were washed with 

PBS and fresh growth medium was added.  
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4.2.8 LIPOFECTAMINE TRANSFECTION 

6·104 (or 3·104) KB or HeLa cells were seeded in 24-well plates in 600 µl of growth medium and 

incubated for 24 h (or 48 h) with 5% CO2 at 37 °C prior to transfection. For luminescence 

silencing assays, pRL-SV40 and pGL3 Control plasmid were complexed with cationic lipids 

using Lipofectamine® 3000 Reagent (TermoFisher) at a pGL3:pRL-SV40 ratio of 10:1 (mol:mol). 

4 µg of shRNA were transfected using Lipofectamine® 3000 Reagent, 24 h after DNA 

transfection. When no DNA transfection was required (MEN1 silencing assays), cells were 

transfected with 4 µg shRNA using Lipofectamine 3000 Reagent, 24 or 48 h after seeding.  

4.2.9 ELECTROPORATION TRANSFECTION 

KB cells were suspended in RPMI-1640 (ThermoFisher, containing folic acid) medium or 

HEPES buffer (20 mM HEPES, 0.7 mM NaPO4H, 137 mM NaCl, 5 mM KCl and 6 mM 

Glucose) at a concentration of 2·106 cells/ml. 250 µl of cells were transfected with a total of 5 µg 

of pGL3: pRL-SV40 mixed at a ratio of 10:1 (mol:mol). The resulting mix was transfered to an 

electroporation cuvette (0.2 mm gap width; Bio-Rad) and electroporated with a Bio-Rad 

MicroPulser set at different voltages and frequency of pulses. Pulse duration was 0.6 ms. After 

electroporation, the cells were plated on 100 mm x 20 mm poly-lysine coated plates (TC Dish 

100, Standard, Sarstedt) and incubated for 24 h at 37 °C and 5% CO2 before measurements. 

4.2.10 DUAL LUCIFERASE ASSAY  

All dual luciferase assays were performed using the Dual Luciferase Assay Kit (Promega). 24-h 

post RNA transfection, cells were washed with PBS and lysed with 1x passive lysis buffer (PLB) 

and maintained in ice until use according to the manufacturer’s instructions. 25 µl of Luciferase 

Assay Reagent II (LAR II) were added to 5 µl of cell lysate in white, flat bottom 96-well Corning 

plates (3917, Sigma-Aldrich) and the Firefly luciferase luminescence was measured immediately 

for 10 sec.  Subsequently, 25 µl of Stop & Glo reagent was added, and the Renilla luciferase 

intensity measured immediately for 10 sec. All bioluminescence measurements with a 

CLARIOstar Microplate reader (BMG LABTECH’S) were performed at a focal height of 10 mm 

and the monochromator set to detect luminescence wavelengths between 520-620 nm. Each 

sample was measured in triplicate, and the normalized activity intensities of Firefly to Renilla 

luciferase (FF/RL) was calculated.   

4.2.11 RNA ISOLATION FROM CELLS AND RELATIVE QUANTIFICATION BY RT-

QPCR  

Total RNA from KB and HeLa cells was isolated using Tri Reagent (Sigma Aldrich) according 

to the manufacturer’s instructions. The resulting RNA pellets were resuspended in nuclease free 

water and stored at -80 °C until use. RNA concentration and purity was determined using a 

Nanodrop 2000 UV-Vis Spectrophotometer. RT-qPCR mixtures were prepared using Power 

SYBR Green RNA-to-Ct 1-Step Kit (Applied Biosystems) following the manufacturer’s 

protocol. Primers were designed to amplify a 269-bp long region of the human MEN1 gene 
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(FW MEN1, 5’-CAGGGGCCAGACAGTCAATG-3’; RV MEN1, 5’-

GGTGGGCTCCAGCTCCTCTA-3’, [44]) or a 140-bp long region of the human 

glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH; FW GAPDH, 5’-

GCCACATCGCTCAGACAC-3’; RV GAPDH, 5’-GGCAACAATATCCACTTTACCAG-3’; 

[45]). An RNA concentration of 52 ng/µl was used. 10-µl RT-qPCR reactions were pipetted on 

a microplate (Eco Sample Dock, Illumina) and spun for 10 s at 3000 rpm (Eppendorf 5810R 

centrifuge). All samples were loaded in triplicate. RT-qPCR was performed in a Eco Real-Time 

PCR system (Illumina). RT-qPCR conditions were as follows: 30 min at 65 °C (for the 

generation of cDNA), followed by 40 cycles of 30 sec at 63 °C, 45 sec at 72 °C (for PCR 

amplification of cDNA). Melting curves were generated following RT-qPCR amplification. RT-

qPCR amplicon products were analyzed with a 1.2% agarose gel in TAE buffer using the 

BenchTop 1-kb DNA ladder (Promega).  

4.2.12 PREPARATION OF LIPID-COATED BEADS  

A mixture of chloroform-dissolved lipids (see Table 3) for a total mass of 1 mg, was assembled 

in a 25-ml round-bottom glass flask. 0.75 g of 212-300-µm acid-washed glass beads (Sigma-

Aldrich) were added to the lipid mixture, and the organic solvent was removed by overnight 

rotary evaporation at 400 mbar. The dried lipid-coated beads were stored under argon at -20 °C 

and desiccated for at least 20 min or flushed with argon for 30 sec before use. Each lipid-

pipetting tip was washed three times with chloroform, and the washing volumes were added to 

the mixture. 

Table 3. Liposome formulations. 

Name   Composition Molar % 

DMPC DMPC:DMPG:Cholesterol:DSPE-PEG(2000)-biotin:DHPE-TexasRed 66.3:16.6:16.6:0.5:0.2 

DMPC-Fol DMPC:DMPG:Cholesterol:DSPE-PEG(2000)-biotin:DHPE-TexasRed: DSPE-PEG(5000)-Folate 66.2: 16.6:16.6:0.5:0.2:0.1 

DOTAP DMPC:DOTAP:DHPE-TexasRed 98.9:1:0.02 

4.2.13 EXTRUSION 

Liposome solutions resulting from lipid film swelling were downsized by 13 extrusion passages 

with a 0.8-µm or a 0.2-µm filter membrane (Avanti Polar Lipids) for the production of large 

unilamellar vesicles (LUVs) or small unilamellar vesicles (SUVs), respectively, with two mini 

filter supports (Whatmann) on a mini-extruder (Avanti Polar Lipids). Prior to each extrusion, 

the assembled extruder was pre-heated to 40-50 °C and pre-washed with sample buffer. 

4.2.14 PRODUCTION OF LIPOSOMES  

For the production of DMPC liposomes loaded with shRNA-luc for HEK 293T cells 

transfection, 75 mg of lipid-coated beads of DMPC lipid film were hydrated with 3.5 µg of in 

vitro transcribed or chemically synthesized shRNA-luc diluted in 200 µl of PBS, by vigorous 

vortex for 1 min. The resulting liposome was subjected to ten freeze-thaw cycles and extruded 

to produce SUVs. Unencapsulated shRNA was removed by addition of 0.5 U/µl RNAse 

ONETM Ribonuclease (5-10 U/µl, Promega) followed by an incubation step at 37 °C for 20-30 
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min. 91 µl of liposome solution were added to HEK 293T cells. DOTAP liposomes 

encapsulating chemically synthesized shRNA-luc were produced likewise, but the swelling 

solution contained 0.5 µg of shRNA and 100 µl of SUVs were added to HEK 293T cells instead.  

When DMPC-Fol liposomes loaded with shRNA-luc or shRNA-men1 were made, 75 mg of 

lipid-coated beads were hydrated with 4 µg of in vitro transcribed shRNA diluted in 200 µl of 

transcription buffer by 2 h incubation at 37 °C and 300 rpm. After extrusion and RNAse 

incubation, 80 µl of shRNA-luc containing liposomes were added to cells for HeLa cell 

transfection. Empty DMPC-fol and DMPC liposomes were produced likewise, using 

transcription buffer as swelling solution.  

4.2.15 ASSOCIATION OF LIPOSOMES WITH CELLS  

3 x 105 HeLa or KB cells were seeded in 3-ml culture medium in glass-bottom microscopy plates 

(MatTek; 9.5 cm2) and incubated for 24 h at 37 °C with 5% CO2 prior to each experiment. 

Subsequently, 40 µl of empty DMPC-Fol or DMPC liposomes were added to the cells and 

incubated for 2 h or 18 h after which plates were mounted in a microscope stage maintained at 

37 °C and 5% CO2 for confocal imaging.   

4.2.16 COLOCALIZATION OF LIPOSOMES WITH LYSOSOMES 

1.5 x 105 HeLa or KB cells cells were seeded in 3-ml culture medium in glass-bottom microscopy 

plates (MatTek; 9.5 cm2) and incubated for 24 h or 72 h at 37 °C with 5% CO2, respectively. At 

this point, cell culture medium was refreshed and cells were transfected with 10 µl or 5 µl of the 

lysosomal Cell Light® Lysosome-GFP baculovirus solution (ThermoFisher, Bacmam 2.0), and 

incubated for 16 h following manufacturer’s instructions.  80 µl of shRNA-men1 DMPC-Fol 

liposomes swelled with transcription buffer were added and the plates were mounted in a 

microscope staged maintained at 37 °C and 5% CO2 for time-lapse confocal imaging during 60 

h.  

4.2.17 SHRNA RELEASE ASSAY WITH AZIDO ACID MELITTIN (A-A MELITTIN)  

A 200-µM stock solution of azido acid melittin was prepared in PBS pH 8.7 to preserve the 

peptide in inactive state. For the formation of liposomes, 75 mg of DMPC-Fol lipid-coated 

beads were swelled with a 200-µl solution containing 40 µm free azido acid melittin (A-A 

melittin, 2981.39 g/mol) peptide, transcription buffer 5x and PBS pH 8.7 overnight at 37 °C. As 

negative control, transcription buffer 5x and PBS pH 8.7 were used for swelling. Fluorescently 

labelled shRNA was then externally added to the liposomes at a final concentration of 1 µM and 

was co-entrapped in the liposomes through ten freeze-thaw cycles. The resulting liposome 

solutions were downsized by extrusion to produce LUVs or SUVs. After extrusion, the liposome 

samples were incubated with 2 µl RNAse for 30 min at 37 °C, to digest unencapsulated shRNA. 

Each liposome sample was then split in two and diluted 50x in PBS pH 8.7 or pH 4.5 and 

incubated for 20 min at 37-40 °C. 7 µl of each liposome-containing sample were immobilized 

via biotin-neutravidin binding interactions at the bottom of a microscope glass chamber 
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functionalized with BSA-biotin and neutravidin (see Fig. 6 on Chapter 3), mounted in a stage 

prewarmed to 37 °C for confocal  imaging.   

4.2.18 SHRNA TRANSCRIPTION IN FED-VESICLE BIOREACTORS 

shRNA transcription in fed-vesicle bioreactors was investigated in the presence and absence of 

Aminoallyl-UTP ATTO-488 in the total rNTP mix. When regular rUTP was used, a 200-µl pre-

transcription reaction consisting of 70 nM DNA templates encoding shRNA-luc or shRNA-

men1, 4 µl of 10-20 U/μL T7 RNA Polymerase (Promega) and homemade T7 transcription 

buffer (that does not contain NTPs) was prepared, and incubated for 20 min at room 

temperature to induce the formation of DNA-RNA polymerase complexes. Next, 75 mg of 

DMPC-Fol lipid-coated beads were mixed with the pre-transcription sample for 2 h at 37 °C 

and gentle manual swirling every 15 min. When Aminoallyl-UTP ATTO-488 was used, the 

volume of the pre-transcription reaction and mass of lipid-coated beads was halved. The 

resulting liposome solution was extruded to produce SUVs or LUVs. Unencapsulated DNA was 

removed by addition of 0.05 U/µl DNAse (1 U/µl, RQ1, Promega) followed by an incubation 

step for 20 min at 37 °C. When regular rUTP was used, DNA transcription was triggered inside 

liposomes by addition of 5 mM rNTPs, followed by an incubation step for 3 h at 37 °C. When 

Aminoallyl-UTP ATTO-488 was used, transcription was triggered by addition of 200 µM ATP, 

200 µM GTP, 200 µM CTP, 160 µM UTP and 40 µM Aminoallyl-UTP ATTO-488. Control 

samples without T7 RNA polymerase or DNAse were prepared in parallel. The production of 

non-fluorescent and fluorescently-labelled shRNA inside liposomes was analyzed by 

denaturing PAGE. The liposome sample in which Aminoallyl-UTP ATTO-488 was used was 

additionally imaged by confocal microscopy. Briefly, ATTO-488 containing liposomes were 

diluted 10x in sample buffer and 7 µl were immobilized in a custom-made imaging chamber 

functionzalized with BSA-biotin and NeutrAvidin (see Fig. 6 on Chapter 3).  The sample of 

immobilized liposomes was imaged by total internal reflection fluorescence microscopy 

(TIRFM) using a Nikon Tie microscope, with a 100x oil immersion objective, using the 488 nm 

(ATTO-488) and 561 nm (Texas Red) laser lines with appropriate emission filters. 

4.2.19 CONFOCAL MICROSCOPY AND IMAGE ANALYSIS 

A Nikon A1+ laser scanning confocal microscope equipped with a 100x oil immersion objective 

was used in sections 4.2.15, 4.2.16 and 4.1.17. The laser lines 488 nm and 561 nm were used to 

detect GFP or ATTO-488 and Texas Red dye respectively. Colocalization was quantified by 

calculating of the Pearson’s coefficient with the JaCop plugin for ImageJ [46]. Microscopy 

images from immobilized liposomes were analyzed with MATLAB (MathWorks). 
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4.3 RESULTS 

4.3.1 DESIGN AND SYNTHESIS OF SHRNA FROM A LINEAR DNA TEMPLATE USING 

T7 RNA POLYMERASE 

To enable optimal in vitro shRNA transcription with the T7 RNA polymerase, DNA templates 

were designed such that transcription would initiate with two GG nucleotides. Moreover, the 

consensus GAAAT sequence was added at positions -22 through -18. These two features are 

known to enable efficient RNA transcription [47,48] (Fig. 8a). Thus, all 5’ shRNA stems started 

with GG. Further, shRNA-encoding sequences were designed such that they would yield a 53 

basepair (bp) hairpin structure, with a 24 bp stem from which 22 bp were homologous to the 

nucleotides 159 to 180 of the coding region (CDS) of the target gene Firefly luciferase, and a 

loop composed of the four nucleotides 5’ UCGA 3’ (Fig. 8b). Loop and gene homologous 

regions were adapted from an available sequence for shRNA expression from a mammalian 

vector [49]. The last three nucleotides of the shRNA sequence are three consecutive UUU, to 

generate a 3’ overhang, known to favor Dicer processing [50]. The DNA template encoding the 

scrambled shRNA was designed by scrambling the 22 bp homologous to the Firefly gene 

sequence, while all other features remain. Transcription templates that were predicted to 

generate the desired shRNAs were prepared by DNA hybridization of single-stranded 

complementary DNA oligos (Fig. 8c). A single band on gel around 75 bp was observed, 

indicating that these shRNA-encoding T7 DNA templates were formed correctly. Next, we 

tested whether shRNA-luc could be prepared by in vitro transcription with T7 RNA 

polymerase, and its apparent size was compared to that of the same shRNA produced by 

chemical synthesis on denaturing conditions. As shown in Fig. 8d, the apparent sizes of both 

the in vitro transcribed shRNA and the chemically synthesized shRNA were similar, indicating 

that T7 transcription generates full length shRNA-luc. However, while their theoretical size is 

53 bp, their apparent size was considerably lower than expected considering the denaturing 

conditions of the gel (7.5 M Urea) [51]. Likewise, shRNA-scr showed a similar apparent size to 

that of both types of shRNA-luc as expected due to their identical length, indicating the 

successful generation of full-length shRNA-scr. This result was observed in all experimental 

repeats with these shRNAs and with other tested shRNA sequences (data not shown). These 

results suggest that, despite the denaturing conditions, the shRNAs remained folded, which 

influences diffusion in gel. Sometimes, a small fraction of shRNA showed an apparent size 

matching with the denatured full-length shRNA, but this observation was not consistent over 

experiments.  
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Fig. 8. Design, synthesis and in vitro cleavage of shRNA-luc. A) Design of shRNA-encoding DNA templates for 

transcription with a T7 RNA polymerase. B) Sequences and predicted secondary structure of representative in 

vitro T7 transcribed shRNAs. Sequences shRNA-luc and shRNA-scr target the positions 159-180 (from ATG) from 

the coding sequence (CDS) of Firefly luciferase carried on pGL3-Control and the scrambled sequence from 

shRNA-luc, respectively. C) Hybridization of ssDNA primers to yield an shRNA-encoding DNA template. D) 

Acrylamide gel visualization of in vitro transcribed shRNA-luc and shRNA-scr compared to chemically 

synthesized shRNA-luc. E) Titration of chemically synthesized and in vitro transcribed shRNA-luc. F) Analysis of 

shRNA-luc cleavage by purified human Dicer. The Cy5-labelled pre-let-7a-12nt 3’ was used as a positive control of 

Dicer activity. The molar concentration of shRNA-luc and pre-let-7a-12nt 3’ were 100 nM and 1 nM, respectively.  
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4.3.2 IN VITRO STUDY OF SHRNA CLEAVAGE WITH PURIFIED HUMAN DICER 

ENZYME 

Prior to studying the efficacy of shRNA-luc as inducer of luciferase gene silencing in 

mammalian cells, the cleavage of shRNA-luc was assayed in vitro with purified human Dicer 

enzyme [52]. Simulations of Dicer cleavage using the server software PHDcleav [53] predicted 

the formation of siRNA duplexes with lengths between 21 and 24 bps from shRNA-luc (data 

not shown). Since the Dicer enzyme concentration available for this assay (1 nM) could only 

cleave nanomolar RNA concentrations, an RNA titration assay was performed to determine the 

lowest RNA concentration that could be used for the Dicer cleavage assay without 

compromising the detectability of the cleavage products, which relied on EtBr staining. As 

shown in Fig. 8e, nanomolar shRNA-luc concentrations down to 20 nM of in vitro transcribed 

shRNA-luc and 25 nM of chemically synthesized shRNA-luc were detectable on gel. However, 

to avoid poor RNA detection upon partial shRNA cleavage, 100 nM was selected as optimal 

final shRNA-luc concentration for the assay, since it is readily detected. In addition, pre-let-7a-

13’2nt (73 nt), a 3’ mono-uridynilated form of the human tumor suppressor miRNA precursor 

(pre-miRNA) pre-let-7a-1 [54–56], was used as a positive control of Dicer activity, since 

previous studies showed that this pre-miRNA is optimally cleaved in vitro by purified human 

dicer into 22-bp mature let-7a miRNA duplexes [52, 56]. The pre-let-7a-13’2nt consists of a 21-

bp base-paired stem region, a 27-nt terminal loop and a 2-nt 3’ overhang. The pre-let-7a-13’2nt 

was labelled with a Cy5 fluorophore at the stem region (nt 69), allowing the detection of 

nanomolar concentrations on gel and, consequently, enabling the use of nanomolar 

concentrations in Dicer cleavage assays. Detection of shRNA-luc, on the contrary, relied on 

EtBr staining. Mature siRNA products from all shRNAs were expected to be seen as a band of 

equal size. As shown in Fig. 8f, as in former studies, Dicer efficiently induced the canonical 

cleavage of pre-let-7a-13’2nt pre-miRNA into mature 22-bp miRNA duplexes [52]. While 3 h 

incubation achieved partial pre-miRNA cleavage (Fig. 8f, middle panel), extending the 

incubation time overnight achieved the conversion of nearly all pre-miRNA into mature 

miRNA. Dicer cleavage also produced a minor fraction of a shorter let-7a miRNA isoform, 

previously observed in a similar study [52], a product of non-canonical cleavage [57]. In 

agreement with the results obtained for shRNA-luc in the titration assay (Fig. 8e), ethidium 

bromide staining was not sensitive enough to detect pre-let-7a-12nt 3’ and its cleavage products 

(Fig. 8f), since the total concentration of RNA in these reactions was 3 nM, i.e. two folds below 

the   ̴20-25 nM minimum concentration necessary to detect shRNA-luc. We were unable to 

detect shRNA-luc Dicer cleavage products. However, the band intensity corresponding to the 

full length in vitro transcribed shRNA-luc was reduced by ̴ 54% after overnight incubation 

compared to that detected in the sample incubated for 3 h. In contrast, the band density of the 

full length chemically synthesized counterpart was mildly reduced by ̴10% after overnight 

incubation. Despite these differences, together, these results suggest that some Dicer cleavage 

took place, but the low concentration of Dicer used in these reactions (1 nM) only generated 
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concentrations of cleavage products that were below the detection limit using ethidium 

bromide staining. In combination, these results prompted us to study the silencing efficacy of 

shRNA-luc in a more direct manner, in mammalian cells, where the readout could be readily 

detectable through bioluminescence.  

4.3.3 SHRNA TRANSCRIBED IN VITRO SUPPRESS GENE EXPRESSION IN 

MAMMALIAN CELLS  

The silencing efficacy of shRNA-luc was first assayed in HEK293-T cells, as a model of 

mammalian cells. As shown in Fig. 9a, co-transfection of Firefly and Renilla luciferase reporter 

plasmids with shRNA-luc yielded a ̴ 90% suppression of Firefly luciferase without effect on 

Renilla luciferase. Moreover, the performance of the T7-synthesized hairpin closely matched 

that of the chemically synthesized shRNA with regard to the magnitude of gene expression 

inhibition. However, when silencing was intended with shRNA-luc encapsulated in DMPC or 

cationic SUVs (DOTAP), no silencing took place (Fig. 9b). Improved liposome delivery to the 

cells and shRNA release might be required for more effective silencing.  

 

Fig. 9. shRNAs transcribed in vitro suppress gene expression in mammalian cells. A) shRNAs transcribed in vitro 

suppress expression of the targeted Firefly luciferase gene in HEK293T cells. HEK 293T cells overexpressing Firefly 

and Renilla luciferase were transfected with shRNA-luc and subjected to dual luciferase assays 48 h post-

transfection. The values of Firefly luciferase activity are normalized to those of Renilla luciferase activity. The 

average of three independent experiments is shown; error bars indicate standard deviation. B) Normalized Firefly 

luciferase activity on HEK 293T cells transfected with shRNA-luc delivered through cationic (DOTAP) or DMPC 

SUVs. 

4.3.4 FOLATE-TARGETED LIPOSOMES ARE SELECTIVELY UPTAKEN BY KB CELLS 

To improve liposome delivery to tumor cells, the surface of DMPC SUVs was conjugated to 

folic acid. Due to the lack of FR expression of HEK 293T cells [58], the cellular association and 

uptake of folate-targeted liposomes was qualitatively studied in KB and HeLa cells, two FR-

positive (FR+) tumor cell lines expressing distinct FR levels (KB > HeLa) [33, 59]. The uptake 

of fluorescently labelled folate-targeted liposomes was analyzed by confocal microscopy and 

compared to that of untargeted liposomes. As seen in Fig. 10a, folate-targeted liposomes showed 

pronounced binding with cell membranes, internalization and accumulation in the cytosol after 

2 h incubation compared to non-targeted liposomes. Red punctuate fluorescence in the 

periphery of the cell and around the nucleus indicate that folate targeted liposomes selectively 

bind to KB cells through receptor-mediated endocytosis, as described in former studies [60].  
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In HeLa cells, the binding and internalization levels of folate-targeted liposomes were similar 

to those of non-targeted liposomes (Fig. 10b) after 2 h and 18 h incubation, indicating a low 

level of FR expression. These levels were significantly lower compared to those of targeted-

liposomes in KB cells, in agreement with the lower FR expression described in former studies 

[33, 59].  

In contrast, similar levels of internalization were observed in all types of conditions when 

incubation was extended overnight, indicating that after a certain incubation period, non-

receptor mediated liposome endocytosis occurs, and folate-targeted liposomes lose their 

selective advantage over non-targeted liposomes (Fig. 10a-10b). Liposomes were accumulated 

in the cytoplasm, with more red punctuated fluorescence around the nuclei. Importantly, no 

alterations in cell morphology nor increase on apoptosis levels were observed after overnight 

incubation compared to the start of the incubation (data not shown), suggesting these liposome 

formulations are not toxic to KB or HeLa cells. Overall, these results were encouraging for the 

use of folate-targeted liposomes as delivery vehicle for shRNA.  
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Fig. 10. Cellular association of FR-targeted DMPC SUVs (DMPC-Fol) and non-targeted SUVs (DMPC) to A) KB 

and B) HeLa cells analyzed by confocal microscopy. KB and HeLa cells were incubated with DMPC-Fol or DMPC 

liposomes for 18 h and images were acquired after 2 h and 18 h incubation at 37 °C. TL: transmitted light. 
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4.3.5. IN VITRO TRANSCRIBED SHRNA CAN SILENCE LUCIFERASE IN 

LIPOFECTAMINE TRANSFECTED HELA CELLS, BUT NOT IN KB CELLS  

To investigate the silencing efficacy of in vitro transcribed shRNA in HeLa and KB cells, we 

intended to silence the exogenously expressed luciferase protein in the same manner as for HEK 

293T cells, through the consecutive transfections of plasmid DNA and shRNA with calcium 

phosphate (Fig. 9a). We first tried to optimize a protocol for successful DNA plasmid 

transfection. However, despite testing different conditions, calcium phosphate plasmid 

transfection led to excessive cell death and/or undetectable levels of luciferase activity in both 

cell lines (Table 4).  

Table 4. Varying calcium phosphate transfection conditions for the co-transfection of Firefly and Renilla 

luciferase-encoding plasmids in HeLa and KB cells.  

 

Based on a study describing successful transfection of KB cells through electroporation [61], KB 

cells were electroporated at different transfection conditions. Unfortunately, electroporation 

did not improve transfection efficiency in KB cells (Table 5).  

Table 5. Varying electroporation conditions for the co-transfection of Firefly and Renilla luciferase-encoding 

plasmids in KB cells.  

 

Lipofectamine transfection of KB and HeLa cells was the most efficient DNA transfection 

method, showing the highest luciferase expression levels relative to calcium phosphate and 

electroporation (Fig. 11a). From a range of four different plasmid DNA amounts, transfection 

of a total plasmid yield of 2.5 µg achieved the highest Firefly and Renilla luciferase 

bioluminescence activity. Transfection of 2.5 µg of DNA yielded Renilla luciferase activity 

signals 6.4 and 21.2-fold higher than Firefly luciferase in HeLa and KB cells, respectively. 

However, while Firefly activity signal was 16.9-fold higher than that of background signal in 

HeLa cells, this signal was only 3.7-fold higher than the background signal in KB cells. The latter 

value was considered too low for the reliable evaluation of silencing efficacy, limiting the use of 
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luciferase gene expression as a readout of gene silencing in KB cells. Consequently, only HeLa 

cells were further used to assay silencing of Firefly luciferase through lipofectamine transfection.  

As shown in Fig. 11b, lipofectamine transfection of in vitro transcribed shRNA-luc yielded a 34 

± 9% and a 37 ± 9% suppression of Firefly luciferase 24 and 48 h after the start of incubation, 

respectively, with no effect on Renilla luciferase. This result demonstrates the ability of shRNA-

luc to silence Firefly luciferase in HeLa cells too. Next, we investigated the silencing efficiency 

of shRNA-encapsulating folate-targeted liposomes in HeLa cells. For this, the liposomes were 

incubated continuously for 24 and 48 h with HeLa cells to induce maximum cell uptake, at the 

expense of sacrificing targeting specificity. As seen on Fig. 11c, shRNA-encapsulating folate-

targeted liposomes yielded, unfortunately, no significant suppression of Firefly luciferase 

expression compared to empty folate-targeted liposomes, despite the long exposure of the cells 

to the liposomes.  

 

Fig. 11. A) Luminescence signal from Firefly (FF) or Renilla (RR) luciferase overexpressed in HeLa and KB cells 

24 h post-transfection. Error bars represent standard deviation of a technical triplicate. B) Silencing of Firefly 

luciferase expression with in vitro transcribed shRNA-luc in HeLa cells. shRNA-luc was transfected 24 h after the 

co-transfection of Firefly and Renilla luciferase-encoding plasmids. Luminescence signals were measured 24 and 

48 h post-shRNA transfection. Data represents the mean of the ratio of Firefly to Renilla luciferase signal. Error 

bars represent standard deviation of two or three independent experiments. In each experiment, each sample was 

measured in triplicate. C) Silencing of Firefly luciferase expression in HeLa cells with shRNA-luc delivered in 

DMPC-Fol SUVs. shRNA-luc-loaded liposomes were added to HeLa cells 24 h after the co-transfection of Firefly 

and Renilla luciferase-encoding plasmids. Luminescence signals were measured 24 and 48 h post-liposome 

addition. Error bars represent standard deviation of two independent experiments. Each sample was measured in 

triplicate. RLU: Relative luminescence units.  
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4.3.6 POOR MEN1 MRNA EXPRESSION LIMITS ITS USE AS READOUT OF GENE 

SILENCING 

To eliminate possible factors that could negatively influence transfection efficiency, which so 

far has proven challenging on KB cells, we aimed to silence an endogenously expressed gene 

instead, thus circumventing the need for DNA transfection. Moreover, we reasoned that 

avoiding the step of DNA transfection would allow us to have a better control of cell confluency, 

cell viability and general health of the cells at the time of shRNA transfection. MEN1, a tumor 

suppressor gene that acts by upregulating genes involved in recombination-directed DNA 

repair [44], was chosen as silencing target. Prior studies have reported strong MEN1 silencing 

by siRNAs with no effects on cell viability in HeLa and other mammalian cell types [44, 62]. 

Despite encoding a tumor suppressor protein, this gene is actively expressed in different well 

established tumor cell lines such as HeLa or MCF-7 [63]. In particular, shRNA-men1 was 

designed based on the “human MEN1 shRNA” that was shown to induce   ̴80% MEN1 silencing 

through mRNA degradation in primary human melanocytes that targeted the 3’ untranslated 

region (3’ UTR) [44]. Moreover, the same features used for successful T7 transcription and the 

same loop sequence as in shRNA-luc were included in this design. To study MEN1 gene 

knockdown we intended to report MEN1 mRNA degradation through relative qRT-PCR, using 

the expression of the widely used housekeeping gene encoding glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as internal reference for comparison of gene expression changes [64].  

While the average threshold PCR cycle (Cq) of GAPDH obtained in KB and HeLa was 20.6 ± 

0.7 and 21 ± 1 respectively, the one for MEN1 was considerably higher with average Cq values 

of 36 ± 1 and 36.5 ± 0.4. These results indicate that the mRNA yields of GAPDH were higher 

than those of MEN1 in the genomic RNA isolated (Fig. 12a-12c). Amplification products with 

Cq values above 35 are submitted to greater variability, which can make the measurements 

unreliable [65]. To validate that these measurements are specific amplification products, all 

reactions were performed in triplicate and the Cq values obtained were compared to the results 

from melt curve and agarose gel analysis (Fig. S1). Melting curve analysis revealed one major 

product of MEN1 and GAPDH amplification, with peaks at ̴ 85 °C and ̴ 82 °C, respectively. 

Agarose RNA gels confirmed that these major products correspond to the expected RNA 

fragments, with sizes 259 bp for MEN1 and 140 bp for GAPDH. Unfortunately, RT-qPCR 

analysis of MEN1 mRNA relative to GAPDH expression showed no significant reduction on 

MEN1 mRNA levels compared to mock transfected or untransfected cells, meaning that no 

significant silencing of MEN1 expression in neither KB (Fig. 12a) or HeLa cells (Fig. 12b-12c) 

occurred, whether shRNA-men1 was transfected with lipofectamine or with folate-targeted 

SUVs.  
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Fig. 12. Analysis of MEN1 gene silencing efficacy by shRNA-men1 in A) KB and B) HeLa cells by RT-qPCR.  

Values are represented as quantification cycles (Cq), which are inversely proportional to the initial amount of 

target RNA. Error bars represent standard deviation of a technical triplicate. Lip: Liposomes.  

4.3.7 FOLATE-TARGETED LIPOSOMES FOLLOW THE ENDO-LYSOSOMAL PATHWAY 

AND CONCLUDE TRAPPED IN LYSOSOMES 

Studying the intracellular fate of folate-labelled SUVs is essential to address the absence of gene 

silencing in KB and HeLa cells when delivering shRNA with folate-liposomes (Fig. 10). 

Although HeLa cells have a poorer expression of folate receptors than KB cells, we showed in 

Fig. 10 that, after overnight incubation, internalization levels are similar in both cell types. This 

result suggests that liposome endocytosis does not exclusively take place through a receptor-

mediated mechanism. To examine whether liposomes are internalized in lysosomes, we 

performed time-lapse fluoresce microscopy of live KB and HeLa cells transiently expressing 

GFP fused to the lysosomal membrane protein Lamp1, serving as lysosomal marker.  As can be 

observed in Fig. 13, lysosome labelling was heterogeneous through the cell population in both 

KB and HeLa cells, in agreement with the fact that the commercial baculovirus solution does 

not transfect all cells with equal efficiency [66]. As shown in Fig. 13a, in positively labelled KB 

cells, most internalized liposomes colocalized with lysosomes after 12 h. A clear increase of 

colocalization was observed over time and reached a maximum after 48 h, as quantitatively 

analyzed by calculating the Pearson’s coefficient at each time point for the shown fields of view 

(Fig. 13b). Similar results were observed in HeLa cells (Fig. 13c-13d). However, in contrast to 

KB cells, a significant fraction of liposomes was located close to the cell membrane even after 

incubation for 60 h, and the correlation coefficient value decayed from 48 to 60 h, which could 

suggest that a fraction of liposomes efficiently escaped from endo-lysosomes. On the other 
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hand, after 60 h incubation the cells became highly confluent and less healthy, specially the 

HeLa cells that divide faster. All together, these results suggest that after cell internalization in 

endosomes, a major fraction of liposomes follow the endo-lysosomal pathway and end up 

trapped in the lysosomes of both KB and HeLa cells. There, active enzymatic degradation 

processes occur, impeding cargo release into the cytoplasm, as previously described for most 

targeted non-viral nanoparticulate drug delivery systems [38, 40], from which folate-targeted 

delivery systems are no exception [67].  
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Fig. 13. Association of liposomes with lysosomes in KB (A, B) and HeLa (C, D) cells. A), C) Confocal microscopy 

of living cells overexpressing Cell Light® Lysosome-GFP incubated with DMPC-Fol SUVs. Scale bar = 10 µm. B), 

D) Quantitative analysis of lysosome-GFP and membrane dye co-localization with the Pearson coefficient.  
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4.3.8 FOLATE-LABELLED SUVS ARE NOT SENSITIVE TO AZIDO-ACID MELITTIN  

(A-A MELITTIN)  

In order to implement folate-labelled liposomes with an improved ability for early endosomal 

escape and shRNA release into the cytosol of cells, we attempted to use the pH-responsive 

membranolytic peptide azido acid melittin. As a first step, we studied the sensitivity of folate-

labelled LUVs and SUVs to azido acid melittin. For this, fluorescently labelled shRNA was 

produced through the incorporation of a small fraction of Aminoallyl-UTP ATTO-488 in the 

transcription reaction. As shown in Fig. 14, fluorescently labelled shRNA could be produced by 

T7 in vitro transcription.  

 
Fig. 14. Denaturing electrophoresis gel analysis of shRNA-men1 transcribed in vitro in the absence (red, EtBr 

staining) or presence (green, ATTO-488 fluorescence) of Aminoallyl-UTP ATTO-488 in the transcription 

reaction.  

Then, unconjugated azido acid melittin and fluorescently labelled shRNA were co-entrapped 

in folate-labelled liposomes, and the ability of the peptide to induce complete liposomal collapse 

or shRNA release through membrane destabilization was monitored by confocal microscopy 

imaging of immobilized vesicles incubated in-situ at acidic pH (4.5) or basic pH (8.7). At pH 

8.7, azido acid melittin should be inactive and liposomes with their content should remain 

intact. At pH 4.5, azido acid melittin should become active and provoke membrane breakage, 

allowing the release of shRNA and ultimately liposome collapse. As shown in Fig. 14a-14b, no 

differences were observed between these two conditions. No signs of liposomal collapse were 

found, what was expected upon peptide activation at acidic pH, given the high molar ratio of 

peptide (40 µM) in the sample over liposomes (2 nM). Moreover, the fluorescence intensity of 

shRNA trapped in individual liposomes was analyzed. As shown in Fig. 14c-14d, the percentage 

profile of shRNA intensities at basic pH appeared similar to that obtained at acidic pH for both 

liposome sizes. However, the average fluorescence intensity in LUVs was 35% lower at acidic 

pH (258 a.u.) compared to basic pH (397 a.u.), suggesting that some shRNA might be released 

from liposomes thanks to the activity of azido acid melittin. On the contrary, these values were 

99 a.u. and 123 a.u. for pH 8.7 and pH 4.5 in SUVs respectively, suggesting that azido acid 

melittin did not induce shRNA release in SUVs. However, a liposome size effect is no expected. 

Therefore, these results show no evidence for shRNA release by azido acid melittin activation.  
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Fig. 15. A) Confocal microscopy and liposome selection of one field of view of LUVs or B) SUVs co-entrapping 

A-A-melittin and ATTO-488-labelled shRNA-men1 incubated at pH 4.5 or 8.7. Vesicles were tethered through a 

biotin-NeutrAvidin linker to a BSA-biotin passivated glass (scale bar: 10 µm). C) Normalized percentage of ATTO-

488 integrated intensities in selected LUVs or D) SUVs.  
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4.3.9 SHRNA PRODUCTION IN FOLATE-LABELLED FED-LIPOSOMES 

Despite these results, we found relevant to characterize the potential of the fed-vesicle 

bioreactors described in Chapter 2, to produce shRNAs with our shRNA-encoding DNA 

templates. For this, the expression of shRNA-luc and shRNA-men1 inside SUVs was evaluated 

by gel analysis and confocal microscopy for single-vesicle characterization. In addition, the 

expression of shRNA in LUVs was characterized by confocal microscopy. As seen in Fig. 16a, 

the production of shRNA-luc and shRNA-men1 could only be detected in the positive controls, 

where shRNA production was allowed outside the vesicles. Reasoning that the shRNA yields 

produced in vesicle were too low to be detected by ethidium bromide staining, we carried out 

in-vesicle shRNA transcription adding a molar fraction of fluorescently labelled Aminoallyl-

UTP ATTO-488, that represented 25% from the total rUTP present in the transcription 

reaction. However, due to the limited availability of Aminoallyl-UTP ATTO-488, the 

concentration of all rNTPs was decreased 25 times in order to keep the molar ratio constant 

between all the rNTPs in the transcription reaction. As shown in Fig. 16b, the detection of 

shRNA-luc and shRNA-men1 was not possible by ethidium bromide staining. Imaging with 

488 settings revealed that only positive controls produced enough shRNA to be detected. 

 

Fig. 16. shRNA production cannot be detected inside SUVs or LUVs. Denaturing electrophoresis gel analysis of 

in-vesicle (SUVs) production of shRNA-luc and shRNA-men1 transcribed in the A) absence or B) presence of 

Aminoallyl-UTP ATTO-488 in the transcription reaction.  

Analysis of shRNA production at the single-vesicle level by confocal microscopy showed no 

detectable production of shRNA-luc or shRNA-men1 in individual SUVs (Fig. 17a). Despite 

their larger size, LUVs did not show detectable expression of shRNA in individual vesicles either 

(Fig. 17b). Altogether, these results suggest that none of our approaches are sensitive enough to 

detect the production of shRNA in SUVs or LUVs.   
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Fig. 17. shRNA production cannot be detected inside SUVs or LUVs. Confocal microscopy images of in-vesicle 

shRNA production in A) LUVs and B) SUVs. Vesicles were tethered through a biotin-NeutrAvidin linker to a 

BSA-biotin passivated glass (scale bar: 10 µm). 
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4.4 DISCUSSION 

4.4.1 POSSIBLE IMPROVEMENTS ON SHRNA DESIGN  

Secondary structure predictions for the shRNAs used in this study show that these shRNAs 

contain a 1 nt 3’ overhang (Fig. 8b). Although 21 nt RNA duplexes with 1 nt 3’ overhang can 

trigger sequence-specific mRNA degradation, it has been demonstrated that shRNA with 2 nt 

3’ overhangs are the most efficient silencing inducers [50]. In spite of this, efficient and specific 

luciferase gene silencing was achieved in mammalian cells in this study (Fig. 9a), demonstrating 

that, at least, a fraction of shRNA was processed into mature and functional siRNA. In vivo, the 

protein TUT7, a uridylyl transferase with a key role on controlling the fate of precursor miRNAs 

through three different uridylation mechanisms, is able to promote miRNA biogenesis by 

mono-uridylation of pre-miRNAs with 1 nt 3’ overhang, such as pre-let-7a-1 [55, 56, 68]. Thus, 

it is reasonable to hypothesize that, apart from the generation of some functional siRNA 

through direct Dicer cleavage, a fraction of the shRNA efficiently converted into functional 

silencing siRNA was subjected to a 3’ mono-uridylation step by TUT7 in vivo prior to Dicer 

cleavage.  

In contrast, in vitro cleavage with purified human Dicer enzyme did not yield detectable mature 

siRNA by EtBr staining on gel (Fig. 8f). The limited amount of purified human Dicer available 

for these experiments (1 nM final concentration in each cleavage reaction), yielded at most a 

few nanomolar mature RNA cleavage products, which were undetectable through ethidium 

bromide staining. In contrast, mature let-7 was readily detectable thanks to its 3’ stem cyanine 

bifunctional label (Cy5), that greatly improves the sensitivity for RNA visualization compared 

to ethidium bromide. Thus, to succeed in the characterization of shRNA-luc cleavage with 

purified Dicer in vitro, the creation of a chemically labelled shRNA-luc like in the case of pre-

let-7a-13’2nt, would have been necessary. Even if the low sensitivity of EtBr staining did not allow 

us to quantify the efficiency of Dicer cleavage in vitro, we predict that some shRNA-luc was 

cleaved. However, its fraction might be low compared to that yielded in vivo, due to the absence 

of TUT7 in the cleavage reaction, which might help the efficient conversion of shRNA-luc into 

mature siRNA-luc. Therefore, though shRNA-luc achieved efficient silencing in HEK 293T 

cells, the design of the shRNA sequences could be improved to ensure the optimal and direct 

cleavage of shRNA in vitro and in vivo without the need for intermediate steps. 

The newly designed shRNAs should include an extra U base at the 3’ of the molecule to harbor 

a two UU nucleotide 3’ overhang. In addition, other modifications can be included, that in 

combination should further boost the efficiency of shRNA’s canonical cleavage, as described  

by Bofill-De Ros and Gu [4] (Fig. 18). Starting the stem of shRNA with G-C instead of G-U 

(Fig. 8b) will help to achieve a stable stem. Making the length of the passenger strand exactly 21 

base pairs in length, where positions 2-19 have perfect complementarity to the guide strand, in 

which positions 2-18 have perfect homology with the target mRNA sequence, followed by an 

arbitrary 2 bp sequence rich in G-C or C-G (positions 31-32) to achieve the desired length and 
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ensure a clear frontier between stem and loop, can contribute to increase cleavage efficiency. 

The use of a U nucleotide at the start of the guide strand (position 33) is also recommended, 

since it favors the incorporation of the guide strand into the Ago protein during the formation 

of the RISC complex. Last, extending the length of the loop to at least ≥ 6 nt can avoid the 

possible tension generated close to the stem region when using a short loop (< 5 nt), improving 

the accessibility of Dicer to the shRNA molecule. The structure of all modified shRNA 

sequences should be modeled with mFold.  

 

Fig. 18. Compilation of shRNA features involved in correct Dicer processing. Taken from [4].  

4.4.2 POSSIBLE IMPROVEMENTS ON THE CHARACTERIZATION OF FOLATE-

TARGETED DELIVERY  

Aiming to develop a liposome nanofactory that produces therapeutic shRNA in specific 

targeted tissues, we investigated the selective uptake of our liposome formulation that allows 

RNA transcription reactions in the vesicle’s lumen, when labelled with folic acid moieties, in 

the folate-receptor expressing cell lines HeLa and KB. Folate receptors are overexpressed in the 

plasma membranes of a high variety of human tumors [25, 69, 70]. It is known that folate 

receptor targeted liposomes can improve the antitumor effect of a drug in FR(+) solid tumor 

models without pronounced unspecific toxicity for the animal [71]. Moreover, different studies 

have shown that folate receptor targeted non-viral delivery systems improve DNA [72–75], 

siRNA [76–78]  and shRNA [79] therapeutic effects in vitro and in vivo. In this work, the 

liposomal uptake of a non-targeted and a folate-targeted formulation was compared in cell lines 

with distinct FR expression levels. Confocal imaging allowed us to determine the localization of 

liposomes within the cell (Fig. 10). However, to facilitate this evaluation, following studies 

should include the use of a live cell nuclear staining dye with low inherent toxicity, such as 

Hoechst 33342, that has previously been successfully employed in similar studies [80, 81]. 
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Selective uptake of folate-targeted liposomes was remarkable for KB cells after 2 h compared to 

HeLa cells, in agreement with their higher FR expression [82, 83]. However, the amount of 

internalized liposomes was similar after overnight incubation, indicating that non-receptor 

mediated endocytosis pathways such as pinocytosis, micropinocytosis or phagocytosis take 

place [37] in both HeLa and KB cells, once their folate receptors saturated. Such levels of 

unspecific uptake are not surprising in vitro when using fast growing tumor cell lines such as 

HeLa and KB [84]. Indeed, these cells are extremely metabolically active, and grow as a 

monolayer, making the surface of most cells widely available for interaction with liposomes. 

Non-receptor mediated liposomal uptake by KB cells was also described by Chen et al. [82]. The 

authors found a gradual decrease of the drug efficacy when using folate-targeted liposomes with 

respect to untargeted liposomes upon extension of the exposure time to cells. A similar effect 

has been observed as well in KB cells with liposomes labelled with 0.5% DSPE-PEG 5000 Folate, 

whose uptake reached a plateau after  ̴ 2 h, time at which the amount of associated liposomes 

was 60% higher than with untargeted liposomes. At longer time points, these differences started 

to vanish, showing a gradual decrease down to  ̴ 30% after 5 h incubation  [26].  

In the future steps following this work, establishing an incubation period that maximizes 

liposome uptake and avoids unspecific non-receptor mediated endocytosis will be essential. To 

determine it, flow cytometry can be used as described in previous studies [26], since it allows a 

more quantitative and straight forward characterization of liposome internalization levels 

compared to confocal microscopy. Moreover, the folate-receptor deficient lung cancer cell line 

A549 should be utilized in future studies as a strict negative control of liposome internalization 

[85].  

4.4.3 ALTERNATIVES FOR IMPROVED DNA TRANSFECTION OF KB CELLS 

Further, we tried to optimize a DNA transfection protocol in KB and HeLa cells to study the 

silencing efficacy of shRNA-luc through bioluminescence assays. Attempts to adapt the calcium 

phosphate-mediated protocol used for HEK 293T cells to transfect HeLa and KB cells failed 

(Table 4). HeLa cells are known to be efficiently transfected by incubating the precipitate with 

the cells for 16 h [86]. Thus, we were surprised to observe high cell death in HeLa, even when 

the incubation time was reduced or the reagent concentrations were lowered. Though the exact 

reasons remain unknown to us, we hypothesize that inherent properties of the specific HeLa 

clone used in this study may have caused this unusual intolerance to the transfection reagents. 

KB cells, in the other hand, did not show high cell death but showed no luciferase activity, 

suggesting transfection efficiency was low. This result agrees with the fact that no literature was 

found describing DNA or RNA transfection in KB cells with this method. However, glycerol 

osmotic shocks following calcium phosphate-mediated transfection have shown enhanced 

DNA uptake in several cell lines [87] and thus should be tested in future steps prior to 

continuing the optimization of DNA transfection with electroporation or lipofection onto KB 

and HeLa cells.  
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When the DNA plasmids were transfected into KB and HeLa cells using Lipofectamine 3000, 

the transfection efficiency improved for both cell lines (Fig. 11). Remarkably, Renilla luciferase 

activity was at least 5-fold higher than Firefly luciferase in all transfections where the total DNA 

mass transfected was 0.5-2.5 µg, despite the ten times lower molar fraction of Renilla luciferase 

transfected. This observation has been previously reported in literature [88]. The manufacturers 

of the Dual-Luciferase assay, however, report similar specific activities for both Renilla and 

Firefly luciferase enzymes [89]. Thus, we hypothesize that not the activity of the two enzymes, 

but distinct expression levels or transfection efficiencies could be the source of this difference, 

since both genes are expressed from different plasmids with unequal sizes (pRL-SV40: 3.7 kb 

and pGL3-control: 5.0 kb). Supporting this hypothesis, several studies have demonstrated an 

inverse correlation between vector size and lipoplexes-mediated transfection efficiency [91–93]. 

Moreover, while the activities of Firefly and Renilla luciferase were readily detectable in HeLa 

cells, the luminescence signal of Firefly luciferase activity in KB cells was at most 2-fold higher 

than the background signal, which prompted us to try a different transfection method.   

Electroporation has been successfully employed to transfect a broad spectrum of cell types for 

which other methods did not work. Based on the physical formation of pores in the plasmatic 

membrane, it is believed that electroporation is less dependent on cell type compared to other 

methods [93]. In most of the literature where KB cells were transfected, electroporation was the 

method of choice for the transfection of DNA plasmids [61, 95, 96], siRNA [96], cDNA [95], 

RNA nanoparticles [97] and proteins [98]. Unfortunately, in this work, electroporation did not 

improve the transfection efficiency in KB cells (Table 5), despite the use of similar conditions 

as in Weecharangsan et al. [61], that showed a 500-fold increase in the transfection efficiency 

of a   ̴5.4 kb DNA plasmid compared to the non-electroporated cell control. Inherent differences 

between the KB clones employed in this study and those used in the mentioned studies may 

have inhibited successful transfection. Perhaps the use of a transfection reagent specifically 

made for KB cells may improve DNA transfection. In this regard, Altogene Biosystems provides 

a KB transfection reagent and claims to achieve a 73% siRNA transfection efficiency [99].  

Remarkably, in our study, successful transfection and transient expression of GFP fused to 

Lamp1 was achieved in KB and HeLa cells with a commercial reagent based on the viral 

baculovirus-mediated gene transfer system (Fig. 13). Baculovirus-mediated gene transfer has 

been successfully used in diverse types of human cell lines in vitro [100] and has been widely 

used for the production of recombinant proteins [101]. The Bacmam system, a commercially 

available technology based on engineered recombinant baculoviruses, allows the delivery of 

expression vectors for transient protein and shRNA expression in mammalian cells [101]. Thus, 

this system should be considered as an alternative method to lipofection for transient protein 

expression in KB cells.   
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4.4.4 ENDOGENOUS TARGETS HIGH HIGHER MRNA EXPRESSION THAN MEN1 

SHOULD BE USED AS MODEL TO REPORT SILENCING VIA RT-QPCR 

Despite all the existing possibilities to improve plasmid DNA transfection, simplifying the 

experimental approach by directly targeting an endogenously produced mRNA may be the best 

option. In this study, we chose MEN1 mRNA as an example of endogenous target for an in-

vitro transcribed shRNA in HeLa cells. Unlike the strong silencing of MEN1 observed in a 

previous study in melanocytes [44], our results suggest that MEN1 mRNA was not silenced 

despite targeting the same mRNA sequence (Fig. 12). However, evaluating the successful 

silencing of this mRNA resulted challenging for us, due to the very low MEN1 mRNA yields 

found in these HeLa cells. In every condition tested, very high Cq values (Cq>36) or no 

amplification was obtained by RT-qPCR, giving rise to variability from experiment to 

experiment. Trizol, an analogue of Tri Reagent, did not enhance the amount of purified RNA 

(data not shown). A different endogenous mRNA target that yields Cq values in a range closer 

to that of GADPH should be chosen in future experiments. Alternatively, the silencing efficacy 

of shRNA can be determined at the protein expression level by Western blot analysis.  

4.4.5 MEMBRANE CONJUGATION OF PH-RESPONSIVE CPPS WILL BE KEY FOR 

SUCCESSFUL ENDOSOMAL ESCAPE 

A significant amount of folate-labelled liposomes entrapped in lysosomes in both HeLa and KB 

cells was shown (Fig. 13). We attempted to quantify the level of colocalization by calculating the 

Pearson’s coefficient (PC), which measures the linear correlation of the values of fluorescence 

intensity pixels between the GFP and the membrane dye channels. However, PC is generally 

used as a rough estimate of colocalization, since it is highly dependent on different parameters. 

Factors such as noise, bleed-through, variations in fluorescence intensity and the heterogeneity 

of colocalization events through a sample, have a strong influence on the PC value [46]. In this 

study, the highly heterogenous cell-to-cell distribution of the lysosomal marker protein in both 

cell types, and the strong cell-to-cell variability on the levels of internalized liposomes, had a 

strong influence on the PC. In addition, though to a minor extent, freely diffusing liposomes 

further influenced this value. Moreover, all the estimated PC values remained in the range 

between 0 and 0.5, whereas only values ≤−0.5 or ≥ 0.5 allow drawing firm conclusions [46]. 

Washing off the medium after a certain incubation period before the start of imaging, 

optimizing the transfection efficiency of the plasmid encoding lysosomal-GFP, and real-time 

imaging of liposome internalization events on specific cells, will strongly contribute to a more 

accurate estimation of colocalization.  

Next, we studied the sensitivity of folate-labelled LUVs and SUVs to encapsulated pH-

responsive azido acid melittin (Fig. 15). For this, we imaged single vesicles immobilized and 

analyzed the decrease of shRNA fluorescence intensity in liposomes as a read-out of 

membranolytic activity. No differences between the samples incubated in acidic pH compared 

to basic pH were found. Some peptide-induced membrane defects might have been generated. 
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However, the sole creation of membrane defects might not be enough to induce the release of 

shRNA with a size around 13 kDa [102].  

Several factors can make folate-labelled liposomes insensitive to azido acid melittin. Membrane 

PEGylation is known to have an inhibiting effect on the ability of melittin to induce membrane 

leakage [39, 105]. This effect is directly provoked by the interfacial PEG moieties and not by the 

lipid to which they are conjugated. It is also known that longer PE-PEG-5000 triggers stronger 

membranolytic inhibition compared to the shorter PE-PEG-2000 [103]. However, the molar 

percentages of these conjugated polymers for which inhibiting effects were proven (6% and 

10%) are considerably higher than those used in the formulation of our folate-labelled 

liposomes that contain a 0.6% of Pegylated lipids ( ̴ 0.5% DSPE-PEG2000-Biotin + 0.1% DSPE-

PEG5000-Folate).  

Moreover, the negative surface charge of the folate-labelled liposomes may also influence 

melittin’s membranolytic activity. Despite the fact that melittin has an increased affinity for 

membranes containing negatively charged lipids, such membranes seem to be more resistant to 

its membranolytic activity compared to neutral membranes [105, 106].  

In our experimental conditions, melittin’s induced leakage might be also influenced by the pH 

value inside the liposome lumen. Prior in-vesicle transcription experiments in liposomes with 

a nearly identical lipid composition showed that NTPs are able to cross the lipid bilayer (see 

Chapter 2), from which we hypothesized that regular buffer components can permeate too. In 

the case of the membranolytic assay, this would allow the acidification of the liposome lumen 

upon dilution in acidic buffer. Additionally, membrane tension generated by the liposome 

immobilization might reduce the peptide ability to lyse the lipid bilayer. Therefore, the 

membranolytic activity of azido acid melittin could be evaluated using calcein leakage assays 

[39]. Ultimately, the membrane-destabilizing peptide of choice should be conjugated to the 

surface of the liposomes as done in previous studies [38, 39, 41].  

4.4.6 NON-FED VESICLE BIOREACTORS AS MORE PROMISING SYSTEMS FOR IN 

SITU RNA PRODUCTION  

The production of shRNA inside liposomes could not be detected in either SUVs or LUVs (Fig. 

16-17). More sensitive methods should be employed to confirm RNA synthesis in vesicles. 

Complementary to single liposome techniques, stem-loop primer-based Taqman RT-qPCR can 

be used for quantification of small RNA like miRNA [107, 108].  

Once in the cytoplasm, we predict that the uptake of rNTPs from the cellular environment into 

the vesicles will be challenging. Therefore, the design of a different liposomal formulation with 

low permeability in physiological conditions, that allows the co-entrapment of rNTPs together 

with the other elements required for RNA production, should be considered. Combined with 

an optogenetic tool such as the LA-T7 promoter (see Chapter 3), RNA production in these 

bioreactors may be spatiotemporally controlled externally upon arrival into the target tissue 
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and prior to liposomal disruption by CPPs upon pH acidification in the endolysosomal 

pathway.  

4.5 CONCLUSIONS 

In this work, we aimed to develop an shRNA-producing fed-vesicle bioreactor platform that 

would allow shRNA production in vivo once the target tissue or cell is reached. A DNA template 

encoding functional shRNA molecules under the expression control of a T7 promoter was 

assembled. The silencing efficacy of one of the in vitro transcribed shRNAs was validated in 

mammalian cells. However, folate-labelled liposomes end up entrapped in lysosomes where 

their cargo was presumably degraded, impeding the successful delivery of this shRNA to the 

cytoplasm of cells. To tackle this problem, the use of the pH-dependent CPP azido acid melittin 

was attempted, unsuccessfully. Additionally, we could not detect the in-vesicle production of 

shRNA, compromising the validation of this platform as a bioreactor for producing therapeutic 

RNA. We propose major modifications that may help simplifying the overall experimental 

workflow. Building upon our results, we give strategies to optimize shRNA transcription, 

delivery and release in targeted cells.  
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4.6 SUPPLEMENTARY INFORMATION 

 

Fig. S1. Melt curves and agarose gel analysis of RT-qPCR amplification from samples corresponding to A) Fig. 

11a, B) Fig. 11b and C) Fig. 11c. Blue melt curves correspond to MEN1 amplification ( ̴ 85 °C). Green melt curves 

correspond to GAPDH amplification ( ̴ 82 °C). In B), agarose gel analysis reveals minor amplification products 

that may be a splice variants from MEN1 (blue frames) and GAPDH (green frames), corresponding to the small 

peaks observed at   ̴ 79 °C and   ̴ 77.5 °C in the melt curves, respectively. In the samples labelled with red stars, no 

amplification took place, or artifact amplification products were obtained.  
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5. 
 DEVELOPMENT AND SINGLE-

PARTICLE CHARACTERIZATION 

OF A LIPOSOMAL DELIVERY 

SYSTEM FOR THE 

CHEMOTHERAPEUTIC 

COMPOUND SN-38 
SN-38 is a chemotherapeutic compound with potent antitumor effects. However, its clinical 

application is currently limited due to its poor solubility and low stability at physiological pH. 

Liposomes and cyclodextrins have been long studied for the solubilization and delivery of 

hydrophobic compounds. Aiming to combine the advantages from both systems, we attempted to 

develop an SN-38-in-cyclodextrin-in-liposome formulation. We found that the encapsulation of 

SN-38-SBE-β-CD inclusion complexes in the lumen of liposomes was not possible, owing to the 

disassembly of liposomes and the formation of lipid nanoparticles, as revealed by size exclusion 

chromatography and single nanoparticle fluorescence microscopy. Interestingly, the retention 

time of SN-38 inside SN-38-SBE-β-CD-lipid nanoparticles is higher than in liposomes, whereby 

SN-38 was directly loaded into the lipid film. The toxicity of purified SN-38-SBE-β-CD-lipid 

nanoparticles was assayed in cultured cancer cells, showing no therapeutic advantage compared 

to bulk SN-38-SBE-β-CD complexes. Further formulation optimization, in particular an 

increased concentration of the nanoparticles, will be necessary to obtain cytotoxicity effects. 

Moreover, the results highlight the value of fluorescence imaging of single, surface-immobilized 

nanoparticles, in the development of liposomal delivery systems such as drug-in-cyclodextrin-in-

liposomes. 
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5.1 INTRODUCTION 

SN-38, 7-ethyl-10-hydroxycamptothecin, is the active metabolite of Irinotecan (CPT-11), a 

compound approved by the Food and Drug Administration agency for use in the treatment of 

recurrent metastatic colorectal cancer. SN-38 interferes with the human topoisomerase I, 

impeding both DNA replication and transcription [1, 2]. 

The therapeutic activity of CPT-11 depends on its conversion efficiency to SN-38. Upon 

administration, only 2 to 8% of CPT-11 is metabolized into the active SN-38 through 

carboxylesterase mediated cleavage  in the liver [3, 4]. The conversion rate is relatively 

dependent on genetic variability, making it variable and unpredictable, posing significant life-

threatening risks and complicating clinical management of patients [3, 5]. Unlike its precursor, 

SN-38 does not require activation in the liver. Moreover, in vitro toxicity studies indicate that 

SN-38 is up to 1,000-fold more potent than CPT-11 against different tumor cell lines [5]. 

Additionally, the biological half-life of SN-38 is much longer than that of CPT-11 [3]. Thus, 

SN-38 holds great pharmaceutical advantage over CPT-11 as an anticancer candidate.  

Despite its potent activity toward tumor cells in vitro, clinical application of SN-38 remains 

challenging due to its extremely poor solubility in aqueous solutions and other 

pharmaceutically acceptable solvents [6]. SN-38 exists in two pH-dependent reversible forms: 

an active lactone ring at acidic pH and an inactive carboxylate form at basic pH (Fig. 1a). The 

closed lactone moiety is a required feature for the anti-tumor activity of SN-38. Unfortunately, 

at physiological pH, the active lactone is partially converted into the inactive carboxylate that 

becomes dominant at equilibrium [3]. In addition, in vivo, the carboxylate form tightly binds 

to human serum albumin with an affinity 150-fold higher than the lactone form, further shifting 

the lactone-carboxylate equilibrium towards the inactive state [7]. Therefore, the instability of 

the lactone SN-38 under physiological conditions represents a major challenge towards an 

effective therapy with SN-38. 

In this work, we aimed at developing two types of lipid-based drug delivery systems for SN-38 

in order to overcome some of the above challenges: SN-38-loaded liposomes and SN-38-in-

cyclodextrin-in liposomes. Liposomal delivery systems can solubilize hydrophobic drugs in 

their lipid bilayer [8], improve their stability [9] and tumor targeting ability in vivo [10], and 

reduce their systemic toxicity [REF?]. Previous efforts have attempted to incorporate 

camptothecin derivates into liposomes [5]. It has been shown that interaction with a lipid 

bilayer stabilizes the lactone ring moiety of camptothecin drugs by protecting it from hydrolysis 

[11]. Furthermore, liposomes prevent the complexation of the carboxylate form with human 

serum albumin [12]. In 2004, Zhang et al. [3] described the development of a non-targeted SN-

38 liposomal formulation (LE-SN-38) that improved the pharmacokinetic profile, safety and 

tolerability of SN-38 in its phase I trial investigation for the treatment of metastatic colorectal 

cancer [13]. 
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Although liposomalization of drugs can enhance their tumor distribution passively through the 

enhanced permeability and retention effect [14–16], insufficient uptake at tumor sites and 

nonspecific association to healthy tissues decrease their therapeutic efficacy and may provoke 

harmful side effects [17]. Active targeted delivery increases tissue selectivity and thus reduces 

side effects [18]. Folic acid has been extensively investigated as a ligand for tumor-specific and 

targeted drug delivery because its receptors (folic acid receptors, FR) are overexpressed on the 

surface of a variety of malignant tumor cells, while being minimally distributed in healthy 

tissues [19]. Folate-conjugated lipidic nanocarriers have been shown to increase drug 

accumulation in FR-overexpressing tumors [20]. Different chemotherapeutic agents have been 

delivered using liposomes conjugated to the folate ligand via a polyethyleneglycol spacer [21]. 

Recently, a study has shown that SN-38-loaded, folate-functionalized liposomes can target 

breast cancer tumors and reduce unspecific SN-38 toxicity in vivo [22]. 

Incorporation of hydrophobic drugs in the lipid bilayer of liposomes is always restricted in 

terms of the drug-to-lipid mass ratio [23, 24]. Thus, new strategies to further enhance loading 

efficiency of highly lipophilic camptothecin compounds, like SN-38, into liposomes must be 

deployed. Cyclodextrins are naturally existing water-soluble cyclic oligosaccharides [25] that 

form inclusion complexes by sequestering small molecules or moieties of larger molecules 

inside their hydrophobic cavity [26]. Drugs complexed with cyclodextrins show increased 

solubility [27], stability [28], dissolution rate and bioavailability [29], leading to enhanced 

cytotoxicity of several anti-cancer drugs, such as camptothecin, curcumin, doxorubicin, 

docetaxel and paclitaxel [28]. Sulfobutyl ether-β-cyclodextrin (SBE-β-CD, marketed as 

CaptisolTM) is used in various drug formulations. Recently, Vangara et al. [28] found that SN-

38 could form stable inclusion complexes with SBE-β-CD, enhancing its solubility by more than 

1,000 fold and improving its anticancer potency on ovarian cells. However, the relatively poor 

affinity of the drug-cyclodextrin complex leads to rapid dissociation and premature clearance 

of the drug after intravenous injection [30–34].  

The entrapment of drug-cyclodextrin complexes in the aqueous phase of liposomes might 

circumvent the problems associated to the conventional integration of drugs into the lipid phase 

of liposomes or into the hydrophobic cavity of cyclodextrins. Drug-in-cyclodextrin-in-

liposomes could provide an ideal integrative system combining the assets of both approaches. 

[33, 35]. In this study, we examined the potential of two different lipid-based systems for tumor-

targeted delivery of SN-38. First, we prepared a formulation of folate-labeled, SN-38-loaded 

liposomes (Fig. 1b). To achieve long-term storage of liposome precursors and facilitate 

laboratory distribution, we prepared SN-38-loaded lipid films coated onto glass beads. 

Furthermore, we prepared a folate-labeled SN-38-in-cyclodextrin-in-liposome formulation. 

Particle size distribution, drug retention time and association with human carcinoma FR-

overexpressing KB cells were investigated. 
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Fig. 1. A) Schematic chemical structure of the lactone and carboxylate forms of SN-38. Adapted from [4]; B) SN-

38-loaded folate-targeted liposomes. Note that the folate-conjugated phospholids are very likely present in the 

inner leaflet of the liposome membrane too. 

5.2 MATERIAL AND METHODS  

5.2.1 MATERIALS 

SN-38 was purchased from Seleckchem (Houston, TX, USA), diluted in DMSO to 50 mM (20 

mg/ml), aliquoted and stored at –80 °C. CaptisolTM was kindly provided by CyDex Inc. 

Pharmaceuticals (USA). HeLa cells were kindly provided by Eric P. van der Veer, Leiden 

University Medical Center, Leiden (The Netherlands). KB cells (ACC 136), a derivative cell line 

from HeLa, were purchased from DSMZ. Hydrogenated L-α-phosphatidylcholine (Hydro Soy 

PC, Avanti Polar Lipids) powder was kindly provided by to-BBB Inc (Leiden). 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG 

(2000) Biotin) 10 mg/ml, cholesterol 50 mg/ml and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[folate(polyethylene glycol)-5000] (DSPE-PEG (5000) Folate) 500 µg 

were purchased from Avanti Polar lipids. Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine (DHPE-Texas Red) was purchased from ThermoFisher Scientific. 

5.2.2 FORMATION OF SN-38-CONTAINING LIPID FILMS 

A 50 mM stock solution of SN-38 in DMSO was diluted in methanol at a final concentration of 

10 mM. The sample was further diluted ten times in chloroform and 50 µl were added to a lipid 

solution composed of 30 µl of Hydro Soy PC (HSPC) 10 mg/ml (stock concentration), 2 µl of 

cholesterol 50 mg/ml, 10 µl of DSPE-PEG (2000) Biotin (DSPE-PEG-biotin) 10 mg/ml and 5 µl 

of DHPE-Texas Red (DHPE-TR) 1 mg/ml, all dissolved in chloroform, resulting in a molar 

ratio HSPC:cholesterol:DSPE-PEG-biotin:DHPE-TR of 56.7:37.8:4.8:0.5 and a total mass of 

lipids of 0.5 mg. A negative control sample devoid of SN-38 was prepared by mixing 1 µl of 
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DMSO and 49 µl methanol, and proceeding as described above. The resulting samples were 

added to 212-300-µm glass beads (Sigma Aldrich) in a round-bottom glass flask at a lipid-to-

bead mass ratio 1:760. The solvent was rotary evaporated at room temperature and 500 mbar 

overnight and the pressure was gradually decreased down to 20 mbar. Then, temperature was 

increased to 80 °C and rotary evaporation was continued for 3 h at 20 mbar to remove traces of 

DMSO. Lipid film-coated beads were collected in 2-ml amber glass vials (Sulpeco) and flushed 

with argon for a few seconds before storage. Vials were closed, sealed with Parafilm and stored 

at –20 °C until use. 

5.2.3 FORMATION OF FOLATE-CONTAINING LIPID FILMS 

A lipid mixture in chloroform with a molar ratio of HSPC:cholesterol:DSPE-PEG-

biotin:DHPE-TR:DSPE-PEG-folate equal to 56.6:37.8:4.8:0.5:0.1 for a total mass of 1 mg was 

added to 212-300-µm glass beads in a round-bottom glass flask at a lipid-to-bead mass ratio of 

0.003:1. The solvent was rotary evaporated at about 40 rpm and 200 mbar overnight and 20 

mbar for 10 min. Lipid-coated beads were stored at –20 °C and were used within two weeks. 

5.2.4 LIPOSOMAL SN-38 PRODUCTION 

Lipid-SN-38-coated beads were desiccated for 20 min at room temperature before use. About 

50 mg of functionalized beads were poured in a reaction tube and immersed in 200 µl of swelling 

solution consisting of acidic PBS (pH 5.3). Liposome production was induced by vigorous 

vortex for 1 min, leading to a final lipid concentration of 0.34 mg/ml and a final SN-38 

concentration of 33.3 µM. SN-38-containing liposomes were extruded in a mini-extruder 

(Avanti Polar Lipids) using a 0.2 µm pore-size polycarbonate membrane (Avanti Polar Lipids) 

and two 10 mm filter supports (Whatmann) by 11 to 13 extrusion passages. The obtained small 

unilamellar vesicles (SUVs) were incubated at 4 °C for 48 or 72 h protected from light. 

5.2.5 PREPARATION OF FOLATE-LABELED LIPOSOMES 

Approximately 50 mg of folate-labeled lipid-coated beads were briefly flashed with argon and 

immersed in 200 µl of PBS. Liposome production was induced by natural swelling for 2 hours 

with manual rotation every 15 min at 60 °C (HSPC Tm = 53 °C). The final lipid concentration 

was 0.8 mg/ml. Liposomes were downsized by extrusion to obtain small unilamellar vesicles 

(SUVs) as described above, except that temperature was set to 60 °C.  

5.2.6 DYNAMIC LIGHT SCATTERING 

The size distribution of liposomes was analyzed by dynamic light scattering (DLS). For a typical 

experiment, 10 µl of the SUV solution was diluted in 90 µl of PBS buffer and placed into a 

disposable microcuvette (ZEN0040, Malvern). The measurements were carried out on a 

Zetasizer Nano ZS (Malvern, UK) operating at a scattering angle of 173° at room temperature. 

For each condition, each run consisted of three measurements of 12-20 acquisitions per sample. 
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Liposome colloidal stability was studied over time by monitoring their mean size and size 

distribution every day for 5 days upon storage at 4 °C. 

5.2.7 SIZE EXCLUSION CHROMATOGRAPHY  

A homemade size exclusion chromatography column was prepared by filling the neck of a 150 

mm Pasteur glass pipette with cotton. The cotton was washed with MilliQ water and 1.7 ml or 

2 ml of Sepharose beads 4B (45-165 µm bead diameter) were added. Columns were packed 

overnight at room temperature. Prior to usage, columns were washed three times with a volume 

equal to that of the beads added. Column washes were done with either sample buffer or 

ammonium acetate (25 mM, pH 8.6) depending on the experiment. Liposome samples pre-

incubated for 0, 48 or 72 h at 4 °C were added when the eluent level reached the top of the gel. 

Buffer flow was driven by gravity only. The sample was allowed to penetrate the gel entirely 

prior to adding repetitively small volumes of buffer for continuous elution. A sample volume 

between 30 and 150 µl was purified in each column, and 30-48 elution samples were collected 

in microcentrifuge tubes. Two drops of eluate were collected per tube. 

5.2.8 FLUORESCENCE SPECTROSCOPY 

Elution samples of 10 µl were dispensed in wells of a black 384-well microplate (Greiner Bio 

One). Fluorescence intensity was measured with a CLARIOstar® Microplate reader (BMG 

LABTECH’s) using 379/10 nm excitation and 548/10 nm emission wavelengths for SN-38, and 

562/15 nm excitation and 606/10 nm emission wavelengths for the liposome membrane dye 

(Texas Red). A focal height of 11 mm was set for all measurements. Gains of 1000, 1500, 2000, 

or 3000 for SN-38 and Texas Red were used depending on the experiment. The emission spectra 

of SN-38 and Texas Red were measured on a glass-bottom 384-well microplate (µClear®, non-

binding, Greiner Bio One) using excitation wavelengths of 379/10 nm and 562/10 nm, 

respectively, a gain of 3000 and a focal height of 3 mm. 

5.2.9 PREPARATION OF CHAMBERED COVERSLIPS 

Chambered coverslips were fabricated to image liposomes. First, two holes with diameters of 5 

and 7 mm were drilled into a coverslide (76 × 26 mm, Menzel-Gläser) with a Sand Blaster. After 

a brief washing step with MilliQ water, coverslides were consecutively sonicated in a bath 

(Branson 1510 ultrasonic cleaner, Ultrasonics) with 2% Hellmanex and MilliQ water for 10 min 

and with 100% ethanol. Dried coverslides were plasma cleaned in a Harrick Plasma PDC-002. 

Coverslips (24 × 60 mm, Menzel-Gläser) were also cleaned following the protocol described 

above. A drop of Norland optical adhesive (NOA 81, Ultraviolet curing) was applied to the 

surroundings of the apertures on a single side of the coverslides, and a clean coverslip was 

immediately sealed on top by 5 min irradiation with a 365-nm light using a Promed UVL 36 

lamp. The chambered coverslips were incubated for 48 h at 55 °C, washed as mentioned above, 

and stored in clean Petri dishes until usage. 
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5.2.10 FLUORESCENCE CONFOCAL MICROSCOPY 

The 5-mm wide well of the chambered coverslip was functionalized with 10 µl of 1 mg/ml BSA-

Biotin (Thermo Fisher Scientific) for 5 min, washed three times with MilliQ water, incubated 

with 10 µl of 1 mg/ml NeutrAvidin (Thermo Fisher Scientific) for 5 min at room temperature, 

washed three times with MilliQ water and finally incubated with 10 µl PBS. Before imaging, 

PBS was replaced with 7-10 µl of the lipid sample (liposomes or nanoparticles). The 7-mm hole 

was filled with 15 µl MilliQ water to avoid sample evaporation during imaging. After sample 

addition, chambered coverslips were sealed with a 1-mm thick silicone spacer (Press-to-seal 

silicone sheet, Life technologies) and a clean coverslip. Imaging was performed using a laser 

scanning confocal microscope (A1+, Nikon) equipped with a ×100 oil immersion objective. The 

405 nm and 561 nm laser lines with appropriate dichroic mirrors and emission filters were used 

to image SN-38 and Texas Red, respectively. 

5.2.11 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 

SN-38 detection was performed using a reverse-phase HPLC system (Agilent 1260 Infinity 

Quaternary LC, Santa Clara, United States) consisting of a quaternary pump, an autosampler 

module and a fluorescence detector set at 368 nm and 515 nm for excitation and emission 

wavelengths, respectively. The mobile phase consisted of freshly prepared 25 mM ammonium 

acetate pH 5.5 (solvent A) and acetonitrile (solvent B) and the column was an Agilent SB-C18 

(50 mm × 2.1 mm, 1.8 µm). The mobile phase was pumped at a flow rate of 0.5 ml/min in 

accordance with the following program (time in minute, percent solvent B): 0, 15; 10, 40; 10.01, 

100; 11, 100; and 11.01, 15. The total run time was 15 min. The elution times of the SN-38 

lactone and carboxylate forms were 6.05 and 1.75 min, respectively. When high amounts of SN-

38 were injected, the washing step of the column was extended by one minute and the injection 

needle was washed with 1:1 (v:v) methanol/water after each injection. Additionally, 10 µl of 

acetonitrile were injected between sample runs to clean the column and avoid sample-to-sample 

contaminations. The flow rate was 0.5 ml/min and the maximum pressure in the column was 

600 bar. Samples were loaded into low-volume HPLC vial inserts (250 µl, Agilent) in 2-ml screw 

top vials (Agilent) and kept at 4 °C until injection. All samples containing liposomes or lipid 

nanoparticles were pre-diluted ten times in methanol, vortexed for 30 sec and spun down in a 

tabletop centrifuge for 30-60 sec to remove any precipitates. HPLC samples containing 90% 

methanol were injected soon after preparation to avoid conversion of carboxylate SN-38 into 

lactone SN-38. Sample injection volumes were 1 µl, 2 µl or 10 µl depending on the experiment. 

5.2.12 PH DEPENDENCE ASSAYS 

The 50 mM SN-38 stock solution in DMSO was diluted hundred times in acidic PBS (pH 5.3). 

This sample was further diluted fifty times in either acidic PBS, neutral PBS (pH 7.4) or in 50 

mM sodium phosphate (pH 8.3) leading to a final SN-38 concentration of 10 µM. Tubes were 

then sealed, shielded from light and incubated at 37 °C overnight. Before HPLC measurements, 



 
128 CHAPTER 5 

samples were spun for 20 min at 13,200 rpm, and 10 µl were carefully harvested and injected 

into the HPLC. 

For the SN-38 inactivation kinetics study, the SN-38 stock solution was diluted in acidic PBS at 

32.5 µM final concentration. This sample was further diluted twenty times in either acidic PBS 

or in 50 mM sodium phosphate (pH 8.3), and was incubated at 37 °C in sealed tubes. A 20 µl 

aliquot was harvested from each tube at different time points: 1 h, 2 h, 3 h, 4 h, 5 h and 24 h. All 

samples were diluted ten times in methanol giving a final SN-38 concentration of 1.7 µM, 

vortexed for 30 sec, spun for 20 min at 13,200 rpm and 10 µl were injected into the HPLC. 

5.2.13 RELEASE EXPERIMENTS 

A 150-µl sample of SN38-containing SUVs was incubated at 4 °C for 48 h and purified by size 

exclusion chromatography through a 1.7-ml column pre-washed with acidic PBS. A total of 48 

elution samples were collected in microcentrifuge tubes. Fluorescence intensity of SN-38 and 

Texas Red in each sample was analyzed on a CLARIOstar® spectrofluorometer. The samples 

containing the highest membrane dye signal (liposome population) were pooled. A 20-µl 

aliquot was used for HPLC analysis (time zero), while the remaining volume (195 µl) was re-

purified through a new size exclusion chromatography column with a 20-min lagtime after the 

first purification. After measuring the SN-38 and Texas Red fluorescence signals from all eluates 

of the second purification, the fractions corresponding to the liposome population were pooled 

and 20 µl were used for a second HPLC inspection. 

5.2.14 LIPOSOME-MEDIATED STABILITY ASSAYS 

A 10-µl sample of SN38-containing SUVs was incubated at 4 °C for 72 h, transferred in a new 

tube and diluted twenty times in ammonium acetate (25 mM, pH 8.6), resulting in 1.6 µM SN-

38 final concentration. A 20-µl aliquot was used for HPLC analysis (unpurified liposomes, time 

zero). The remaining solution was incubated for 2 h at 37 °C in sealed tubes shielded from light 

and a 20-µl aliquot was harvested for HPLC analysis (unpurified liposomes, time 2 h). SN38-

containing SUVs were purified by size exclusion chromatography as described above and 20 µl 

of the pooled liposome-containing fractions were analyzed by HPLC (purified liposomes, time 

zero). The remaining solution was incubated for 2 h at 37 °C in sealed tubes shielded from light 

and a 20-µl aliquot was harvested for HPLC analysis (purified liposomes, time 2 h). Negative 

controls were conducted in the absence of lipids. A sample of 32.5 µM SN-38 in acidic PBS was 

prepared as described above and further diluted twenty times in ammonium acetate (25 mM, 

pH 8.6), resulting in 1.6 µM SN-38 final concentration. A 20-µl aliquot was harvested for HPLC 

analysis (SN-38 bulk, time zero). The remaining solution was incubated for 2 h at 37 °C in sealed 

tubes shielded from light and a 20-µl aliquot was harvested for HPLC analysis (SN-38 bulk, time 

2 h). 



 

 

129 DEVELOPMENT AND SINGLE-PARTICLE CHARACTERIZATION OF A LIPOSOMAL DELIVERY SYSTEM FOR 

THE CHEMOTHERAPEUTIC COMPOUND SN-38 

5.2.15 COMPLEXATION OF SN-38 WITH SBE-Β-CD 

Solubility of SN-38 was studied in the presence of varying amounts of SBE-β-CD in 1 ml final 

volume of acidic PBS. First, a 200-mM SBE-β-CD solution was prepared by dissolving 0.215 g 

of SBE-β-CD (CyDex Inc. Pharmaceuticals, USA) in 500 µl of acidic PBS. Samples of 800 µM, 

10 mM, 48 mM, 100 mM and 150 mM SBE-β-CD were prepared by serial dilutions in the same 

buffer. All tubes were vortexed and incubated at 37 °C until all SBE-β-CD was dissolved. Next, 

SN-38 was added to a final concentration of 100 µM in each tube, resulting in samples with the 

following SN-38 to SBE-β-CD molar ratios: 1:8, 1:100, 1:480, 1:1000 and 1:1500. Samples were 

sonicated for 15 min in a bath sonicator, tumbled overnight at room temperature to form SN-

38-SBE-β-CD complexes, centrifuged for 5 min at 13,200 rpm, and 900 µl were carefully 

transferred to new tubes in order to remove undissolved precipitates. Quantitation of SN-38 

solubilization was carried out by measuring SN-38 fluorescence intensity by HPLC (1-µl sample 

injection) and by spectrofluorometry using a plate reader, as described above. For each 

technique, a solubility curve was generated by plotting the measured fluorescence intensity 

values (plate reader) or the chromatogram peak areas (HPLC) against the molar excess of 

cyclodextrin used in each condition. 

We also prepared samples with lower ratios of SN-38 to SBE-β-CD, namely 1.25:1 and 1:8, and 

varying absolute amounts of both molecules. All samples were sonicated for 15 min and rotated 

at 20 rpm overnight at room temperature. Aliquots of 600 µl from each sample were filtered 

with a 0.45-µm filter to remove undissolved SN-38 and 2 µl were injected for HPLC analysis. 

Moreover, the protective effect of SBE-β-CD on the lactone SN-38 was investigated in samples 

containing 25 µM SN-38 and 10.2 mM SBE-β-CD (or none in negative controls, the equivalent 

volume was substituted with MilliQ water) in 50 mM sodium phosphate buffer (pH 8.3). Sample 

preparation was as described above for the solubility study. Preparation of SN-38-SBE-β-CD 

complexes for cell viability assays was performed as described above, except that final 

concentrations of 1 mM SN-38 and 8 mM SBE-β-CD in acidic PBS were used. 

5.2.16 QUANTITATION OF SN-38 

Ten standards consisting of 100, 50, 25, 5, 2, 1, 0.5, 0.1, 0.05 and 0.01 µM of SN-38 in acidic PBS 

supplemented with a molar excess of SBE-β-CD were prepared. A minimum molar ratio of SN-

38:SBE-β-CD of 1:1000 was used by adding 100 mM SBE-β-CD to ensure complete SN-38 

solubilization. First, 200 mM SBE-β-CD stock solution was prepared in PBS by dissolving 1.72 

g in 4 ml of acidic PBS. The tube was vortexed and incubated at 37 °C until SBE-β-CD was 

dissolved, and the appropriate volume was added to the ten SN-38 standard samples, each 

having a final volume of 500 µl. All samples were sonicated for 15 min in a bath sonicator, 

tumbled overnight at room temperature in sealed tubes protected from light, spun for 5 min at 

13,200 rpm and 400 µl were carefully transferred to new tubes. SN-38 fluorescence signal was 

measured by spectrofluorometry and HPLC as described above. Two calibration curves were 

generated by plotting the measured SN-38 fluorescence intensity values and chromatogram 
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peak areas for each standard against their predetermined amounts. The standard curves were 

then used to calculate the concentration of SN-38 added to cells in cytotoxicity assays. 

5.2.17 PREPARATION OF SN-38-SBE-Β-CD-LIPID NANOPARTICLES 

Folate-labeled lipid-coated beads were briefly flashed with argon and about 50 mg were 

immersed in 200 µl of swelling solution consisting of either 8 mM SBE-β-CD or 1 mM SN-38 

complexed with 8 mM SBE-β-CD in acidic PBS. Liposome production was carried out by 

natural swelling for 2 h at 60 °C with gentle manual rotation of the tube every 15 min. Final 

lipid concentration was 0.8 mg/ml in the two samples. Liposomes were extruded as described 

above, except that temperature was set to 60 °C. Right after extrusion, the resulting SUV 

solutions were directly purified by size exclusion chromatography through freshly prepared 

columns (see above). The column was washed six times with 1 ml neutral PBS (pH 7.12) prior 

addition of 125 µl of an SUV solution. A total of 48 eluates per sample were collected in 

microcentrifuge tubes. The SN-38 and membrane dye fluorescence was measured as previously 

described. 

5.2.18 CELL CULTURE 

HeLa and KB cells were cultured in folate-deficient RPMI-1640 medium (ThermoFisher) 

supplemented with 10% heat-inactivated fetal bovine serum (ThermoFisher) with 5% CO2 at 

37 °C. Cells were discarded after 35 passages. 

5.2.19 FLUORESCENCE IMAGING OF KB CELLS 

3 × 105 KB cells were seeded on glass-bottom microscopy plates (MatTek; 9.5 cm2) and 

incubated for 24 h at 37 °C with 5% CO2 prior to imaging. Then, 40 µl of either the folate-

decorated HSPC-liposomes or the SN-38-SBE-β-CD lipid nanoparticles were added to the 

monolayers of KB cells. To assay the selective binding of the folate-decorated HSPC-liposomes 

with KB cells, a control experiment was performed, in which the cell medium was supplemented 

with 5 mM soluble folic acid during incubation with the SUVs. After 2-h incubation, the 

microscopy plates were mounted on the stage of a confocal microscope (see above for details) 

equipped with an environment control chamber set to 37 °C and 5% CO2. When indicated, 

time-lapse imaging was carried out during 2 h. 

5.2.20 CELL VIABILITY ASSAY 

100-µl cell suspensions with a density of 10 cells/µl were seeded on a white flat-bottom opaque 

walled 96-well plate (Sigma Aldrich) and cultured in RPMI-1640 medium supplemented with 

10% heat-inactivated fetal bovine serum and penicillin/streptomycin (ThermoFisher) at 37 °C 

and 5% CO2 overnight. A volume of 12 to 15 µl of purified SN-38-SBE-β-CD-lipid nanoparticles 

was added to KB and HeLa cells. In a series of controls, the SN-38-SBE-β-CD-lipid 

nanoparticles solution was substituted with either PBS pH 7.4, a bulk SN-38-SBE-β-CD 

solution with an SN-38 concentration adjusted to that of the elution pool of SN-38-SBE-β-CD, 
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purified SBE-β-CD-lipid nanoparticles with a lipid concentration adjusted to that of the 

purified SN-38-SBE-β-CD-lipid nanoparticles, an SN-38-SBE-β-CD bulk solution with 1 mM 

SN-38 and 8 mM SBE-β-CD, or a solution with 8 mM SBE-β-CD. All conditions were assayed 

in triplicate. Cell viability was performed after 72 h incubation according to the CellTiter-Glo® 

protocol (Promega). Luminescence was measured with a CLARIOstar® Microplate Reader 

(BMG LABTECH’s) with a monochromator set to detect light with wavelength between 520 

nm and 620 nm, and a focal height of 11 mm. 

5.3 RESULTS 

5.3.1 LIPOSOME PRODUCTION BY SWELLING OF SN-38-LOADED LIPID FILMS 

SUPPORTED ON GLASS BEADS 

SN-38-containing liposomes were prepared by lipid film hydration. A lipid composition 

mimicking that of Doxil® was supplemented with three types of functionalized phospholipids 

conjugated to either folate as a cell targeting agent, Texas Red as a fluorescent membrane 

reporter and to biotin through a polyethylene glycol linker for enhanced immobilization during 

imaging (Fig. 1b). To facilitate storage, handling and distribution of lipid mixtures, while 

increasing the solubilization of SN-38, we prepared lipid-coated glass beads with SN-38 

incorporated in the lipid film. Upon rehydration, multilamellar vesicles are produced as 

precursors of 200-nm unilamellar vesicles prepared by extrusion. Formulation of lipid-SN-38-

coated beads as precursors of SN-38-containing small unilamellar vesicles is particularly suited 

because large batches can be prepared at once and be easily distributed across laboratories in 

the form of solvent-free aliquots. The functionalized beads could be stored for more than 6 

months at –20 °C without noticeable conversion of SN-38 from the lactone to the carboxylate 

form or liposome stability. 

Liposomes were prepared in acidic PBS (pH 5.3) to maintain SN-38 in its active state. SN-38-

doped HSPC-liposomes were immobilized on a glass coverslip and imaged by fluorescence 

microscopy. The SUVs were localized through their membrane dye. They appear as discrete 

diffraction-limited spots with a width <1 µm (Fig. 2a). The population-wide liposome size 

distribution was determined by light scattering. Both SN-38-loaded SUVs and control SUVs 

had a similar average diameter of 225 and 216 nm, respectively, 7 days after liposome 

production (Fig. 2b, Fig. S1). These results indicate that the inclusion of SN-38 does not 

influence vesicle size, aggregation state or stability. 

The ability of folate-modified HSPC-liposomes to target living cells was investigated in the 

absence of SN-38 using cultured KB cells. The specific role of the folate ligand in cellular 

interaction was evaluated by performing a competitive binding assay in which 5 mM of free 

folic acid was added to the medium to saturate the cell-surface folate receptors. Fluorescence 

imaging up to 2 h after incubating liposomes with the cells revealed that SUVs interact with the 

plasma membrane of KB cells mostly in the absence of free folate (Fig. 2c), demonstrating that 
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folate ligand promotes liposome binding. Moreover, several vesicles clearly localized on the 

inner side of the plasma membrane (Fig. 2c) suggesting internalization during endocytosis of 

the folate receptors. These results prompted us to study the potential of folate-conjugated 

HSPC-liposomes for the targeted delivery of SN-38. 

 

Fig. 2. A) Fluorescence confocal image of SN-38-doped HSPC-liposomes tethered on a glass coverslip. The Texas 

Red membrane dye channel is shown. Single liposomes correspond to diffraction-limited spots. Scale bar is 20 µm. 

B) Liposome size distribution as measured by dynamic light scattering. The SN-38-doped HSPC-SUV and HSPC-

SUV samples were analyzed after 7 days at 4 °C. C) Fluorescence and brightfield confocal images of cultured KB 

cells in the presence of folate-labeled HSPC-liposomes incubated for 2 h at 37 °C. In a control sample, 5 mM folic 

acid (FA) was supplemented during incubation with the vesicles. Scale bars are 20 µm. 

5.3.2 SN-38 IS RAPIDLY RELEASED FROM FOLATE-HSCP LIPOSOMES 

The stability of SN38 in the liposome membrane was investigated by size exclusion 

chromatography to quantify the amounts of free and liposome-loaded SN-38 molecules. The 

spectrally separated SN-38 and membrane dye fluorescence signals allowed us to monitor their 

respective levels in the course of elution. The corresponding intensity profiles are shown in Fig. 

3a, b. Folate-modified HSPC-liposomes were identified as a single peak spanning across eight 

fractions, both in the presence and absence of SN-38. SN-38 mostly eluted as one peak after 

fraction 20, representing the free drug that has been released from the SUVs. Interestingly, a 

fraction of SN-38 co-eluted with liposomes when the sample was left to pre-incubate for 48 h 
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prior column purification (Fig. 3b). Although the underlying mechanism requires clarification, 

we decided to quantify the rate of release under this condition and to determine the amounts 

of active (lactone) and inactive (carboxylate) SN-38. 

SN-38 was incubated in buffers with different pH values to populate the solution with a single 

or the two species. The lactone and carboxylate SN-38 forms can clearly be distinguished as two 

baseline-separated peaks by HPLC (Fig. 3c). The peaks eluting at 1.8–2.0 min and 6.2–6.3 min 

correspond to the inactive and the active forms of SN-38, respectively. At pH 5.3, approximately 

∼100% of SN-38 remained in the lactone state. At pH 7.4, ∼69% of SN-38 was converted to the 

carboxylate form, whereas ∼95% underwent conversion at pH 8.3. In acidic PBS, SN-38 

remained active for several weeks (data not shown). Maximum conversion of the lactone SN-

38 to the carboxylate form in the inactivating sodium phosphate buffer (pH 8.3) was reached 

after 2 h (Fig. 3d). 

Next, we set out to determine whether the liposomes exerted a protective effect on SN-38 

against pH inactivation. We diluted free lactone SN-38, unpurified SN-38-loaded HSPC-

liposomes and purified SN-38-loaded HSPC-liposomes in an inactivating basic buffer. The 

remaining fraction of active SN-38 present in each sample was quantified by HPLC. No 

significant difference was found between the three conditions after 2 h incubation (Fig. 3e), 

suggesting that SN-38 is released from the membrane and undergo conversion in the bulk 

solution. Alternatively, SN-38 interacting with, or entrapped in liposomes would get 

inactivated. To discriminate between these two scenarios, the SN-38 release rate from HSPC-

liposomes was studied by a two-step column purification. All liposome-containing fractions in 

the first chromatography (indicated with parentheses in Fig. 3f) were pooled and subjected to a 

second purification after 20 min. Less than 10% of the SN-38 that had co-eluted with liposomes 

in the first purification step was recovered (Fig. 3f). This result shows that SN-38 is rapidly 

released from the HSPC liposomes into the outside solution, where it can be converted into the 

carboxylate form under basic conditions. 
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Fig. 3. A) Elution profiles of SN-38 (green) and liposome (red) fluorescence intensity in size exclusion 

chromatography experiments with SN-38-loaded HSPC-liposomes. The sample was directly transferred to the 

purification column (A) or was incubated for 48 h at 4 °C prior to purification (B). C) HPLC chromatograms of 

SN-38 (10 µM) incubated overnight at 37 °C in acidic PBS (pH 5.3), neutral PBS (pH 7.4) or 50 mM sodium 

phosphate (pH 8.3). D) Percentage of remaining active SN-38 (1.7 µM total concentration) at different incubation 

time points in acidic PBS (left panel) and sodium phosphate buffer (right panel) at 37 °C. E) Percentage of active 

SN-38 in bulk (dashed bars), unpurified SN-38-loaded HSPC-liposomes (grey bars) and purified SN-38-loaded 

HSPC-liposomes (black bars) after dilution in basic buffer, and 0 and 2 h incubation at 37 °C. F) Assay of SN-38 

release from HSPC-liposomes. SN-38-containing liposomes were subjected to a two-step purification and the 

fraction of remaining SN-38 was calculated. The elution profiles of SN-38 (green) and liposome (red) fluorescence 

intensity are shown for the two chromatography steps. The percentages of remaining SN-38 after the first (left) 
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and second (right) purification are displayed. A schematic of the two-step liposome purification assay is shown at 

the bottom. SN-38 molecules are represented as green triangles. 

5.3.3 COMPLEXATION OF SN-38 WITH SBE-β-CD INCREASES THE DRUG 

SOLUBILITY 

To avoid premature release of SN-38 from HSPC vesicles, we aimed to create an SN-38-in-

cyclodextrin-in-liposome system as a novel strategy for liposomal SN-38 delivery (Fig. 4a). 

First, we addressed the ability of SBE-β-CD to solubilize SN-38 without affecting its conversion 

rate. We verified that complexation with SBE-β-CD does not influence the elution profile of the 

lactone SN-38 by HPLC (Fig. S2). An SN-38 solubility curve was plotted by measuring the 

amount of solubilized drug (100 µM input concentration) as a function of SBE-β-CD 

concentration (Fig. 4b). The solubility of SN-38 increased linearly with respect to cyclodextrin 

concentration until a molar excess of SBE-β-CD to SN-38 of 1,000 was reached, after which the 

curved plateaued. A good agreement was found between the plate reader and HPLC methods. 

Maximum SN-38 solubilization is observed at a 1,000-fold molar excess of SBE-β-CD for 

concentrations of SN-38 ≤ 100 µM. SN-38 solubility increases by more than 70-fold compared 

to a molar ratio 1:8. Fluorescence-based calibration curves were constructed to enable SN-38 

quantification in liposome samples from HPLC and plate reader measurements. As shown in 

Fig. 4c, the obtained curves were linear across four orders of magnitude of SN-38 

concentrations. 

The solubilization profile of SN-38 was further examined at lower relative amounts of SBE-β-

CD, specifically at 1.25:1 and 1:8 SN-38 to SBE-β-CD molar ratios. The absolute concentrations 

of the drug and of SBE-β-CD were varied, while maintaining constant the ratio values, and the 

concentration of soluble SN-38 was determined by HPLC after discarding the insoluble 

fraction. Complexation with 64.9 µM of SBE-β-CD enhances SN-38 solubility by about 1.5 and 

10 times at a 1.25:1 and 1:8 molar ratio, respectively (Fig. 4d). 

We assayed whether inclusion of SN-38 in the SBE-β-CD binding cavity confers stability of the 

lactone ring against an inactivating surrounding buffer. The lactone SN-38 was mixed with a 

large excess of cyclodextrin and incubated in a basic buffer. As shown in Fig. 4e, the fraction of 

lactone SN-38 was almost 5 times higher after complexation with SBE-β-CD and 90 h 

incubation. This result demonstrates that docking of the lactone SN-38 into SBE-β-CD 

improves its stability, which is consistent with previous observations [28]. 
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Fig. 4. A) Chemical structures of Captisol (left, adapted from [36]) and of an SN-38-SBE-β-CD inclusion complex 

(right, adapted from [28]). B) Solubilization curves of 100 µM SN-38 by varying amounts of SBE-β-CD as measured 

by HPLC and on a plate reader. C) Calibration curves for quantification of SN-38 on a plate reader (left) and by 

HPLC (right). Eleven different SN-38 concentrations ranging from 0.01 to 100 µM were solubilized with 100 mM 

SBE-β-CD. The SN-38 fluorescence intensity (FLU) and chromatogram peak area were measured and plotted as a 

function of the SN-38 concentration. The appended dotted lines represent a linear regression across the data. D) 

The SN-38 fluorescence peak area was measured at different SBE-β-CD concentrations by HPLC. Samples 

consisted of SN-38 (light grey), 1.25:1 SN-38 to SBE-β-CD molar ratio (dark grey) or a 1:8 SN-38 to SBE-β-CD 

ratio (black). E) Percentage of lactone SN-38 in samples with or without an excess of SBE-β-CD after 90 h 

incubation at room temperature in 50 mM sodium phosphate (pH 8.3). The percentage of active lactone SN-38 

was calculated based on the integrated peak areas of the lactone and carboxylate species in the HPLC 

chromatogram. Error bars in B-E indicate mean values ± s.e.m. from three independent experiments. 

5.3.4 ENTRAPMENT OF SN-38-SBE-β-CD COMPLEXES INTO LIPOSOMES LEADS TO 

THE FORMATION OF STABLE SN-38-SBE-β-CD-LIPID NANOPARTICLES 

Next, we aimed to encapsulate pre-formed SN-38-SBE-β-CD inclusion complexes inside the 

lumen of folate-conjugated HSPC-liposomes. Because SBE-β-CD can deplete lipids [37], we 

anticipated that liposomes may not be stable in the presence of high concentration of either 

SBE-β-CD or SN-38-SBE-β-CD complexes. We first verified that the conditions to swell the 
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lipid film did not inactivate SN-38 (Fig. S3). Then, liposomes were produced by lipid film 

hydration with an aqueous solution containing pre-incubated SN-38 (44 µM) and SBE-β-CD 

at a 1:8 molar ratio. The sample was analysed by size exclusion chromatography. As shown in 

Fig. 5a, the membrane dye signal was split in two distinct populations, in contrast to the single-

peak profile obtained in the absence of SBE-β-CD (Fig. 3a-3b). The earlier population 

corresponds to the typical profile of liposomes, while the later may support the presence of 

smaller lipid nanoparticles resulting from partly solubilized liposomes by cyclodextrin. A 

similar characteristic elution profile was observed when the lipid film was rehydrated with SBE-

β-CD only (Fig. 5b, middle panel). We found that SN-38-SBE-β-CD inclusion complexes co-

eluted with the lipid nanoparticle fractions but not with the vesicles. No changes of the co-

elution profile were observed when swelling duration was extended from 2 h to overnight (Fig. 

S4) or when freeze-thaw cycles were applied to increase the encapsulation efficiency (Fig. 5c). 

Moreover, preparing lipid particles of bigger diameter (extruded across a membrane with 400-

nm pores) to better accommodate SBE-β-CD-SN-38 complexes in the lumen of vesicles failed 

to enhance encapsulation. 

Based on these results, we hypothesized that the late-eluting particles are composed of water 

soluble lipid-cyclodextrin-SN-38 complexes as a product of lipid depletion and complexation 

by SBE-β-CD. We examined the elution profile of SN-38-SBE-β-CD inclusion complexes in the 

absence of lipids and found that it matches with the one observed in the presence of HSPC 

liposomes (Fig. 5b, right panel). Therefore, it is not possible to unambiguously conclude from 

these chromatography data that the SN-38-SBE-β-CD and lipid-SBE-β-CD inclusion 

complexes directly interact or assemble into mixed supramolecular structures. To further study 

the nature of these molecular complexes, we prepared lipid-SN-38-SBE-β-CD samples and 

attempted to characterize the purified fractions corresponding to the second population by 

fluorescence confocal microscopy. Lipid particles were immobilized on the glass surface 

through their biotin linker and imaged with the Texas Red dye. SN-38 fluorescence was also 

imaged and its localization analysed. Larger and brighter lipid particles were found to also 

exhibit SN-38 fluorescence, unlike the more abundant smaller and dimer structures (Fig. 5e). 

Increasing the concentration of SBE-β-CD from 800 µM to 8 mM (the concentration of SN-38 

was also increased 10 times to keep the same molar ratio) did not affect the apparent size of the 

lipid aggregates (Fig. 5e). These results of visualization of single particles suggest direct 

interaction between SN-38-SBE-β-CD and lipid-SBE-β-CD inclusion complexes, at least for the 

bigger structures. The fact that these lipid-SN-38-SBE-β-CD aggregates retained a fraction of 

SN-38 even 24 h after dilution in physiological buffer (PBS pH 7.4) through size exclusion 

chromatography prompted us to explore their antitumor effect in vitro. 
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Fig. 5. A) Elution profiles of SN-38-SBE-β-CD-loaded HSPC-liposomes after 2 h swelling (SN-38 was 44 µM, SBE-

β-CD was 357.6 µM, corresponding to a 1:8 molar ratio). Fluorescence signals of Texas Red membrane dye (red) 

and SN-38 (green) are displayed. B) Comparison of the elution profiles with only SN-38 (left), only SBE-β-CD 

(middle) and with SN-38-SBE-β-CD (right). Lipid film swelling occurred for 72 h at room temperature. C) 

Liposomes were exposed to freeze-thaw cycles after swelling in the presence of SN-38-SBE-β-CD. Lipid particles 

were extruded across a 200-nm (left) or 400-nm (right) cutoff membrane. D) Confocal microscopy images of single 

immobilized nanoparticles from the second population of HSPC-nanoparticles entrapping 100 µM SN-38 + 800 

µM SBE-β-CD, only 800 µM SBE-β-CD, or 1 mM SN-38 + 8 mM SBE-β-CD. Scale bars are 10 µm. 

5.3.5 SN-38-SBE-β-CD-LIPID NANOPARTICLES CAN INTERACT WITH CANCER 

CELLS 

The first step in the antitumor mechanism of a therapeutic lipid nanoparticle is the interaction 

with the plasma membrane and subsequent internalization. Thus, we investigated the 
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interaction of SN-38-SBE-β-CD lipid nanoparticles with cultured KB cells. Purified lipid 

nanoparticles from the second population obtained by size exclusion chromatography were 

incubated with plated living cells in a growth medium for up to 2 h. Though the yield of 

nanoparticles was very low due to the loss of material during column purification, the 

interaction of a few SN-38-SBE-β-CD-lipid nanoparticles with KB cells was observed by time-

lapse confocal microscopy (Fig. 6a). The fluorescence signal of SN-38 was too low to be 

measured in cells. 

To evaluate the in vitro toxicity of SN-38 as an SN-38-SBE-β-CD-lipid nanoparticle 

formulation, the purified particles were incubated for 24 h with KB and HeLa cells. Control 

experiments were performed with SN-38-SBE-β-CD inclusion complexes. Fig. 6b and 6c show 

the results from three independent experiments. The toxicity effects on KB cells in the third 

experiment significantly differed from the other two. Nevertheless, the antitumor effect of SN-

38-SBE-β-CD-lipid nanoparticles was similar to that of the SN-38-SBE-β-CD complexes in 

both cell types for all experiments. Importantly, SBE-β-CD-lipid nanoparticles (no SN-38) did 

not induce cytotoxicity, strongly suggesting that this range of cyclodextrin concentrations (up 

to 8 mM) is safe for drug delivery and will not lead to unspecific effects. In addition, HeLa cells 

were on average less sensitive to the effect of SN-38 than KB cells. Altogether, we attribute the 

lack of toxicity to the low concentration of SN-38-SBE-β-CD-lipid nanoparticles used in these 

experiments, a consequence of the large dilution during size exclusion chromatography. 
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Fig. 6. A) Confocal images of SN-38-SBE-β-CD-lipid nanoparticles interacting with KB cells at different time 

points. Scale bars are 10 µm. B,C) Normalized cell viability of B) KB and C) HeLa cells after 72 h incubation with 

either SN-38-SBE-β-CD-nanoparticles, bulk SN-38-SBE-β-CD, SBE-β-CD-lipid nanoparticles, 1 mM SBE-β-CD 

or PBS pH 7.4. The asterisk indicates that this experimental condition was not conducted. Three independent 

experiments were performed. 

5.4 DISCUSSION 

In spite of its efficacious activity against tumor cells in vitro, the clinical use of SN-38 (and other 

hydrophobic compounds) for chemotherapy remains limited due to its limited solubility and 

instability at physiological pH. To solve these problems, a variety of liposomal formulations 

have been developed [6]. In recent years, drug-in-cyclodextrin-in-liposomes have been 

designed to further improve the delivery properties [38]. Complexation of SN-38 with SBE-β-
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CD greatly increases its solubility [28]. In the present study, the development of SN-38-in-

cyclodextrin-in-liposomes has been explored. We have attempted to equip this system with folic 

acid as a ligand for targeted delivery and with polyethylene glycol to manage highly stable, long-

circulating lipid particles. 

With the ultimate goal of developing liposomes that selectively deliver SN-38 to tumor cells, we 

developed a formulation of folic acid-labelled liposomes. For more than two decades, folate 

receptors have been intensively studied as tumor-specific drug delivery targets [38–40]. Here, 

we demonstrated selective uptake of folate-labelled HSPC-liposomes by cultured cells 

expressing folate receptors (Fig. 2b. In vivo, this would translate into an increased tumor 

accumulation of liposomes compared to non-targeted liposomes. However, the degree of 

increase is highly variable and in vivo studies would be required to evaluate the tumor targeting 

potential of this liposome formulation to folate receptor-overexpressing tumors [42]. 

As a first approach to solubilize and protect SN-38, we developed a formulation of SN-38-

loaded-HSPC liposomes. The production of lipid-coated beads enabled the optimal storage of 

the SN-38-lipid formulation for months and presumably leads the achievement of a higher 

concentration of liposomes and an enhanced drug-encapsulation efficiency thanks to the 

increased surface area provided by the glass beads compared to ordinary methods [42, 43]. 

Preliminary liposome characterization by fluorescence microscopy and dynamic light 

scattering demonstrated that the presence of SN-38 did not interfere with the formation or 

stability of these lipid vesicles (Fig. 2b-2c). This was an important verification considering that 

some lipophilic drugs are known to interfere with bilayer formation and stability upon 

entrapment [23, 24]. The observed variability on the fractions at which liposomes eluted during 

size exclusion chromatography can be attributed to inherent differences between the 

purification columns (e.g. resine packing, amount of resine), as they were handmade for each 

sample (Fig. 3a-3b). Successful entrapment of some SN-38 molecules in HSPC-liposomes was 

demonstrated and a larger fraction of SN-38 was shown to interact if the sample is incubated 

prior to purification (Fig. 3b). Since the buffer used to generate the liposomes was acidic, all 

SN-38 molecules were in the closed lactone ring conformation. Due to the high hydrophobicity 

of the lactone SN-38, the drug is expected to be buried in the lipid bilayer [3]. In particular, the 

long 18-carbon acyl chains of HSPC could favor the entrapment of SN-38 into the membrane. 

A different formulation of SN-38-loaded liposomes, named LE-SN-38, has previously been 

created and SN-38 was found to localize in the outer leaflet of the liposome bilayer, at the water 

interface [3]. In our study, the rapid release of SN-38 from HSPC liposomes indicates a weak 

interaction (Fig. 3f). Moreover, the non-significant difference in the fraction of active SN-38 

between purified liposomes, non-purified liposomes and bulk SN-38, all incubated in an 

inactivating alkaline buffer, further indicates that HSPC-liposomes do not protect SN-38 from 

external protons (Fig. 3e). Hence, SN-38 might not be stably buried in the core of the lipid 

bilayer, but may instead interact near the liposome surface, as shown for LE-SN-38 (Fig. 3f). 
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To circumvent the short retention time of SN-38 by liposomes, we aimed to develop a drug-in-

cyclodextrin-in-liposome system that would encapsulate drug-cyclodextrin complexes within 

the lumen of the vesicle. Consistent with previous results [28], the solubility and stability of SN-

38 increased upon formation of inclusion complexes with SBE-β-CD (Fig. 4a-4b, Fig. 4d). 

Current marketed Captisol-enabled drug formulations have molar cyclodextrin excesses 

between 1.4 and 4.3 [45]. Cyclodextrins have the ability to interact with and extract cholesterol 

[46] and other membrane lipids [36], altering the properties of cellular membranes and 

inducing cytotoxic effects [37]. Mindful that large amounts of cyclodextrin could be lethal to 

cells, we first characterized the solubilization of SN-38 at low SBE-β-CD to drug molar ratios, 

and found that a value of 1:8 offered a good comprise between effective solubilization of SN-38 

and absolute cyclodextrin concentration for further cytotoxicity assays (Fig. 4c). 

Though the concept of drug-in-cyclodextrin-in-liposomes as drug delivery system was first 

proposed more than two decades ago [24], cyclodextrin-drug complexation competes with 

liposomal membrane assembly, tempering the potential benefit of complexation in prolonging 

hydrophobic drug retention [47]. Earlier studies on the effect of different cyclodextrins on the 

integrity of liposomes reported that vesicles can collapse due to cyclodextrin-induced extraction 

of lipids, causing the formation of water soluble lipid-cyclodextrin complexes. Moreover, this 

effect depends on the cyclodextrin type, and the length of the lipid fatty acid chain [46, 48, 49]. 

Herein, we showed that SN-38-in-SBE-β-CD-in-liposomes fail to self-assemble at 1:8 drug to 

cyclodextrin molar ratio (Fig. 5). Instead, size exclusion chromatography and fluorescence 

confocal microscopy revealed that SN-38 is trapped in lipid nanoparticles, likely arising from a 

cyclodextrin-induced lipid extraction mechanism (Fig. 5d). Under certain conditions, 

cyclodextrin molecules and their ligands can form non-inclusion aggregates with a size ranging 

from 20 to 100 nm in diameter [50]. We hypothesized that the observed nano-aggregates 

comprise SN-38-SBE-β-CD and lipid-SBE-β-CD inclusion complexes. Their nearly identical 

elution profiles suggest that both types of particles have similar sizes (Fig. 5c). It is known that 

the aggregation propensity and the size of the aggregates increase with increasing cyclodextrin 

concentration [50]. The optical microscopy experiments performed here should be 

complemented with transmission electron microscopy measurements to determine the size, 

morphology and exact molecular structure of these nanoparticles. 

Liposomes are intrinsically highly heterogeneous assemblies, exhibiting different physical and 

chemical properties (e.g. size, lipid composition, encapsulation efficiency) even within a same 

batch [51]. Therefore, successful implementation of liposome-based drug delivery systems 

requires characterization of those properties at the single nanoparticle level. Transmission 

electron microscopy is a powerful technique to characterize the size, morphology and 

lamellarity of individual liposomes [51] and can be used as well for examining the heterogeneity 

of drug encapsulation yield in vesicles [52–54]. However, this technique necessitates laborious 

sample preparation and allows the analysis of only a small fraction of the sample. Fluorescence 

microscopy of immobilized liposomes or nanoparticles does not provide accurate information 
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about the size or morphology of molecular assemblies with dimensions lower than about 200 

nm. However, it enables high-throughput evaluation of the drug loading heterogeneity between 

individual liposomes provided the drug has fluorescent properties, as demonstrated in this 

study for SN-38 (Fig. 5e). The use of fluorescence microscopy of surface-immobilized vesicles 

in the field of liposomal drug delivery development has already been proposed [55, 51], but had 

not been applied yet. 

Due to the low concentration of purified SN-38-SBE-β-CD-lipid nanoparticles, we were unable 

to reliably assay their interaction dynamics with cultured KB cells and to visualize the fate of 

SN-38 after binding to the plasma membrane. Although we primarily attribute the lack of 

enhanced cytoxicity of SN-38-SBE-β-CD-lipid nanoparticles compared to non-lipidic 

formulations of SN-38 to their low concentration, we cannot exclude that other factors may 

contribute too, such as poor nanoparticle uptake due to low folic acid ligand availability on their 

surface, poor endosomal escape and release of SN-38 in the cytoplasm, and SN-38 inactivation. 

5.5 CONCLUSIONS 

Together, our results provide clear directions for further nanoparticle characterization and 

physico-chemical optimization of the formulation. Electron microscopy will be an essential tool 

to understand the molecular nature and size of these nano-aggregates. Furthermore, increasing 

the amount of HSPC-liposomes relative to that of SN-38-SBE-β-CD complexes might lessen 

the lipid bilayer depletion effect and facilitate the successful production of drug-in-

cyclodextrin-in-liposomes. Alternatively, the lipid-extraction effect of other SN-38 solubilizing 

β-cyclodextrins such as randomly methylated β-cyclodextrin (RMβCD, Trappasol) or 

methylated β-cyclodextrin (MβCD) [28] should be explored. Finally, increasing the 

concentration of purified SN-38-SBE-β-CD-lipid nanoparticles, currently a bottleneck for 

cellular cytotoxicity, might be achieved by scaling up the production and by concentrating the 

particles by ultracentrifugation or solvent evaporation. 
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5.6 SUPPLEMENTARY INFORMATION 

 

Fig. S1. Liposome size distribution of SN-38-loaded HSPC-liposomes vs HSPC-liposomes over time.  
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Fig. S2. HPLC chromatograms of SN-38- SBE-β-CD (top) and SN-38 (bottom). 

To discard a possible influence of SBE-β-CD complexation on the elution profile of SN-38, we 

incubated SN-38 (25 µM) at room temperature overnight in the presence or absence of a large 

excess of SBE-β-CD (4.8 mM, 1:192 molar ratio) and the resulting elution time and shape of the 

lactone SN-38 peak was analyzed by HPLC. As expected, due to the non-covalent interaction 

between SN-38 and SBE-β-CD, the elution time of lactone SN-38 remained constant in the 

sample containing SBE-β-CD compared to that of SN-38 alone.  
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Fig. S3. Stability of SN-38 at 60 °C in the presence or absence of SBE-β-CD. HPLC chromatograms of SN-38-SBE-

β-CD after A) 0 and B) 2 hours incubation at 60 °C and SN-38 after C) 0 and D) 2 h incubation at 60 °C. 

Concentrations of SN-38 and SBE-β-CD in solution were 100 µM and 800 µM, respectively. 

A solution containing 100 µM and 800 µM of SN-38 and SBE-β-CD respectively and a solution 

containing 100 µM SN-38 were prepared in acidic PBS (pH 5.3). The tubes were then sonicated 

for 15 min and incubated with tumbling at room temperature overnight and filtrated through 

a 0.45-µm filter. The tubes were then sealed with Parafilm to avoid moisture loss and incubated 

at 60 °C for 2 h in a shaker at 250 rpm. 10 µl were injected into the HPLC and analyzed for the 

amount of lactone and carboxylate. 10 µl of acetonitrile were injected between sample runs to 

prevent sample-to-sample contaminations. As shown, complexed and non-complexed SN-38 

remained in the lactone form after 2 h incubation at 60 °C. Moreover, the shape of lactone SN-

38 peaks after incubation was as sharp as at time point 0, confirming that this condition does 

not harm the structure of SN-38. Consequently, swelling for up to 2 h at temperatures equal or 

lower than 60 °C does not affect the structure of SN-38.  

 

Fig. S4. Elution profile of SN-38-SBE-β-CD-loaded HSPC-liposomes after overnight welling (SN-38 44 µM, SBE-

β-CD 357.6 µM, 1:8 molar ratio).  
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SUMMARY 
Synthetic biology is an emerging and rapidly expanding field of research focused on the 

assembly of novel biological systems with new functionalities tailored for different applications. 

Genetic circuits have been re-wired or constructed with elements from different organisms, and 

metabolic pathways have been engineered to endow cells with non-natural capabilities. One of 

the most exciting goals of synthetic biology is bringing solutions to biomedical challenges. 

Though this research area is still in its infancy, translational medicine is already witnessing the 

first steps towards the development of therapies based on synthetic biology. 

Cell-free synthetic biology (or in vitro synthetic biology), a branch of synthetic biology, makes 

use of cell-free gene expression systems to create biological networks that operate outside the 

chassis of a living cell. More than a decade ago, the convergence of synthetic biology, cell-free 

gene expression systems and liposome technology gave rise to the creation of artificial vesicle 

bioreactors that can synthesize genetically-encoded molecules. Though the primary motivation 

of these studies was the assembly of a semi-synthetic cell, the application of such technologies 

for different therapeutic purposes has been envisioned. Examples of this are the creation of 

antigen-producing liposomes as novel vaccination systems, the development of bioreactor 

liposomes suited for remotely controlled in-situ mRNA or protein production, and the 

assembly of a PCR-based nanofactory for gene delivery.  

Liposomes are the most successful drug delivery scaffolds ever developed with more than fifteen 

liposome-based drugs approved. Liposomes have long been investigated in the field of gene 

therapy as delivery vehicles for nucleic acids to overcome the barriers encountered by these 

molecules in vivo. In particular, the field of RNA interference-based drugs is very promising, 

with the first marketed formulation in 2018, and several others on their way.  

However, despite their long history of investigation, most of the structural and functional 

properties of the liposome-based drug delivery systems are inferred from bulk measurements. 

Therefore, the level of heterogeneity regarding, e.g. encapsulation efficiency, lipid composition, 

remains largely unknown within liposome preparations, which complicates the development of 

new formulations with improved therapeutic efficiency. Another important limitation is the 

observed membrane leakiness and premature drug release upon administration. Controlling 

the bio-distribution of a therapeutic drug is essential to minimize toxic side effects and enhance 

the efficiency of the treatment. To tackle this problem, the creation of targeting delivery systems 

with stimuli-responsive ability can improve the biodistribution profile of a drug and allow its 

delivery on demand.  
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This work contributes to the convergence of the fields of synthetic biology, single-liposome 

biophysics and biomedicine, presenting different possible applications of vesicle bioreactors for 

the improvement of current RNA-based gene delivery systems.  

In Chapter 1, we provide a general overview about synthetic biology in therapeutics, gene 

therapy and liposomal delivery systems. At the end of this chapter, we include a thesis outline 

where a brief introduction to the content from the rest of the chapters in this thesis is given.  

In Chapter 2, we established a method for the high-throughput characterization of RNA 

encapsulation in liposome preparations at the single vesicle level. An RNA aptamer-fluorogen 

complex called Spinach, was used as a model system to report on liposomal RNA content by 

fluorescence microscopy. The loading potential of fed-vesicle bioreactors, where RNA is 

internally produced from a DNA template, was compared to that of conventional RNA 

encapsulation in liposomes. The results from this study show that direct entrapment of pre-

synthesized RNA provides a higher fraction of RNA-loaded liposomes. Additionally, we show 

for the first time how biotin-based vesicle immobilization can be conveniently applied to study 

liposomal gene delivery systems by high-throughput fluorescence imaging of single vesicles. 

Although we did not achieve the implementation of a highly RNA-producing fed-vesicle 

bioreactor, we propose several recommendations to improve our technology and achieve this 

goal. 

In Chapter 3, we intended to implement a light sensitive switch for remote spatiotemporal 

control of gene expression in liposomes. For this, the assembly of a light-inducible RNA-

producing vesicle bioreactor was attempted. A light-activated T7 promoter (LA-T7) that 

inhibits the binding of T7 RNA polymerase in the off state was prepared, characterized and 

incorporated into a Spinach-encoding DNA template. Though light-inducible Spinach RNA 

production was demonstrated in bulk, leaky expression in the off state impeded the 

achievement of light-activated Spinach RNA production in vesicle bioreactors. Importantly, the 

remaining steps for the assembly of a fully repressed LA-Spinach are described in this work. 

Moreover, the potential of alternative optogenetic systems that allow spatiotemporally 

controlled production and delivery of therapeutic RNA molecules is discussed.  

In Chapter 4, we created a platform for the in vitro production of shRNA inside vesicle 

bioreactors. We designed DNA templates that generate different shRNA molecules upon in 

vitro transcription in bulk or directly inside liposomes. The gene silencing efficacy of the shRNA 

was tested in mammalian cells. The activity of in vitro-transcribed shRNA was demonstrated 

when conventional transfection methods were used. However, attempts to silence gene 

expression through liposomal delivery of shRNA failed. To improve delivery, folic acid was 

incorporated to the surface of liposomes as a ligand targeting cells with high expression levels 

of folate receptors, like most cancer cells. Although enhanced liposomal uptake by the targeted 

cells was shown, lysosomal entrapment impaired the successful delivery of shRNA into the 

cytoplasm. To tackle this problem, the use of the pH-activated melittin peptide to disrupt 
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endosomal membranes was investigated. The lack of evidences for successful production of 

shRNA in liposomes and for melittin-assisted membrane destabilization prompted us to 

propose major modifications in the design of a new generation of liposome-based shRNA 

carriers. 

In Chapter 5, we developed a new liposomal drug delivery system for the chemotherapeutic 

molecule SN-38. SN-38 is a compound with potent antitumor effects but it has limited clinical 

application due to its poor solubility and low stability at physiological pH. Liposomes and 

cyclodextrins have long been studied for the solubilization and delivery of hydrophobic 

compounds. Aiming to combine the advantages of both systems, the development of SN-38-in-

cyclodextrin-in-liposomes was explored. We found that the encapsulation of SN-38-SBE-β-

cyclodextrin in the lumen of liposomes was not possible, owing to the disassembly of liposomes 

and the formation of SN-38-SBE-β-CD-lipid nanoparticles. Interestingly, the retention time of 

SN-38 inside SN-38-SBE-β-CD-lipid nanoparticles is higher than in liposomes whereby SN-38 

was directly loaded in the lipid film. The toxicity of SN-38-SBE-β-CD-lipid nanoparticles was 

assayed in cancer cells, showing no therapeutic advantage compared to bulk SN-38-SBE-β-CD 

complexes in vitro. Though a possible therapeutic advantage of SN-38-SBE-β-CD nanoparticles 

in vivo should not be discarded, further characterization of this system and formulation 

optimization may allow the development of SN-38-in-cyclodextrin-in-liposomes.  

In summary, this thesis presents original efforts towards the development of better 

characterized liposomal gene delivery systems. Moreover, this work sets up the first stages for 

the construction of liposome delivery systems that act as spatiotemporally controlled RNA-

producing nanofactories. As a whole, this thesis highlights the value of high-throughput single 

vesicle analysis for the characterization of drug delivery systems.  
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SAMENVATTING 
 

Synthetische biologie is een opkomende en snel groeiende onderzoeksdiscipline die zich bezig 

houdt met het assembleren van innovatieve biologische systemen met nieuwe functionaliteiten, 

op maat gemaakt voor verschillende applicaties. Genetische netwerken zijn opnieuw aangelegd 

of samengesteld met elementen uit verschillende organismes en metabole routes zijn 

gemanipuleerd om cellen te voorzien van onnatuurlijke capaciteiten. Een van de meest 

enerverende doestellingen van de synthetische biologie is het vinden van oplossingen voor 

ingewikkelde biomedische vraagstukken. Hoewel dit onderzoek nog in de kinderschoenen 

staat, zijn in de translationele geneeskunde inmiddels de eerste stappen gezet om behandelingen 

te ontwikkelen die gebaseerd zijn op synthetische biologie. 

Cel-vrije synthetische biologie (of in vitro synthetische biologie), een tak van synthetische 

biologie, maakt gebruik van cel-vrije genexpressiesystemen om biologische netwerken te 

creëren die functioneren buiten het chassis van een levende cel. Meer dan een decennium 

geleden zorgde de samensmelting van synthetische biologie, cel-vrije genexpressiesystemen en 

liposomentechnologie voor de ontwikkeling van artificiële blaasjes die dienen als bioreactor om 

genetische gecodeerde moleculen te synthetiseren. Hoewel de primaire motivatie van deze 

studies het assembleren van een semi-synthetische cel was, heeft men inmiddels de toepassing 

van deze technologieën voor diverse therapeutische doeleinden voor ogen. Voorbeelden 

hiervoor zijn het ontwerpen van liposomen die antilichamen produceren voor nieuwe 

vaccinatiesystemen, de ontwikkeling van liposomen als bioreactor  die,  op afstand bediend, in-

situ mRNA of eiwitten kunnen produceren en het samenstellen van een op PCR gebaseerde 

nanofabriek voor genafgifte. 

Liposomen zijn het meest succesvolle chassis voor de afgifte van  medicijnen dat ooit 

ontwikkeld is, met meer dan vijftien goedgekeurde medicijnen die op liposomen gebaseerd zijn. 

Binnen de gentherapie wetenschap worden liposomen al langere tijd onderzocht om als koerier 

te dienen voor de aflevering van nucleïnezuren om de barrières die deze moleculen in vivo 

ondervinden te omzeilen. In het bijzonder is de op RNA-interferentie gebaseerde medicatie 

veelbelovend; de eerste formulering is 2018 op de markt gekomen en enkele anderen zullen 

volgen.  

Ondanks de lange onderzoekshistorie zijn de meeste stucturele and functionele eigenschappen 

van op liposomen gebaseerde medicijnen afgeleid uit bulkmetingen. De mate van heterogeniteit 

ten op zichte van b.v. de inkapselingsefficientie en samenstelling van de lipiden blijft daarom 

grotendeels onbekend binnen de liposoomprepaten en dat maakt de ontwikkeling van nieuwe 

formuleringen met een verbeterde therapeutische efficientie lastig. Een andere belangrijke 
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limitatie is dat er bij toediening vervroegd afgifte van het medicijn plaatsvindt doordat het 

membraan kleine lekkages vertoont. Het beheersen van de bio-distributie van een therapeutisch 

medicijn is van essentieel belang om de toxische neveneffecten te minimaliseren en de 

efficientie van de behandeling te verhogen. Om dit probleem te ondervangen zou een systeem 

ontwikkeld moeten worden met stimuli-responsieve eigenschappen dat wordt afgeleverd bij 

een specifiek doelwit om het bio-distributieprofiel van een medicijn te verbeteren en het op 

aanvraag vrij te maken.  

Dit werk draagt bij aan de convergentie van de vakgebieden synthetische biologie, individuele-

liposoom biofysica en bio medicatie, en presenteert diverse mogelijke applicaties voor 

bioreactorblaasjes ter verbetering van de bestaande RNA-gebaseerde genafleversystemen. 

In Hoofdstuk 1 geven we een algemeen overzicht met betrekking tot synthetische biologie in 

therapeutische behandelingen, gentherapie en liposomale afleversystemen. Aan het eind van dit 

hoofdstuk geven we een korte introductie over de inhoud van de overige hoofdstukken van de 

scriptie. 

In Hoofdstuk 2 hebben we een methode opgezet voor “high-throughput” karakterisatie van 

inkapseling van RNA in liposoompreparaten op het niveau van individuele blaasjes. Een RNA 

aptameer-fluorogeen complex, genaamd “Spinach”, is gebuikt als model systeem om de 

liposomale RNA inhoud te detecteren met behulp van fluorescentiemicroscopie.  De 

laadcapaciteit van gevoede bioreactorblaasjes waarin RNA geproduceerd wordt vanaf een 

DNA-molecuul is vergeleken met die van conventionele RNA-inkapseling in liposomen. De 

resultaten van deze studie laten zien dat inkapseling van vooraf gesynthetiseerd RNA een 

hogere fractie van gevulde liposomen oplevert. Daarnaast laten we voor het eerst zien hoe door 

biotine geïmmobiliseerde blaasjes op een handige manier kunnen worden gebruikt om 

liposomale genafleversystemen te bestuderen met “high-thoughput’ 

fluorescentiemicroscopievan individuele blaasjes. Hoewel we er niet geslaagd zijn om 

bioreactorblaasjes te maken die een grote hoeveelheid RNA produceren, hebben we wel een 

aantal aanbevelingen om onze technologie te verbeteren. 

In Hoofdstuk 3 hebben we beoogd om een lichtgevoelige schakel te implementeren om 

tijdruimtelijke controle van genexpressie in liposomen te bewerkstelligen. Hiervoor is 

geprobeerd om een RNA-producerend bioreactorblaasje te maken dat geactiveerd kan worden 

met licht. Een met licht activeerbare T7-promoter (LA-T7) die de binding van T7RNA 

polymerase in de ‘‘uit’-modus remt is ontworpen, gekarakteriseerd en ingebouwd in een DNA 

molecuul coderend voor Spinach. Productie van LA-Spinach RNA is aangetoond in een 

bulkexperiment, maar door onvolledige inhibitie van genexpressie in de ‘‘uit’-modus wordt de 

productie van LA-Spinach RNA in de bioreactorblaasjes belemmert. De vervolgstappen voor 

het assembleren van een volledig gerepresseerd LA-Spinach worden beschreven in dit werk. 

Bovendien wordt de potentie van alternatieve optogenetica-systemen die geschikt zijn voor het 

tijdsruimelijk reguleren van productie en de afgifte van therapeutisch RNA bediscussieerd. 
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In Hoofdstuk 4 hebben we een platform opgezet voor de in vitro productie van shRNA 

binnenin de bioreactorblaasjes. We hebben DNA moleculen ontworpen die verschillende 

shRNA-moleculen generen door middel van in vitro transcriptie in bulk of direct in de 

liposomen. De efficiëntie van ‘gene silencing’ door shRNA is getest in zoogdiercellen. Wanneer 

conventionele transfectiemethodes gebruikt werden kon de activiteit van in vitro 

getranscribeerd shRNA aangetoond worden. Pogingen om genexpressie stil te leggen met 

shRNA via afgifte met liposomen zijn mislukt. Om de afgifte te optimaliseren werd aan de 

oppervlakte van de liposomen folinezuur ingebouwd, dat fungeert als een ligand dat bindt aan 

cellen met grote hoeveelheden folinereceptoren, zoals de meeste kanker cellen. De cellen met 

receptoren vertoonden een verbeterde opname van de liposomen, maar lysosomale insluiting 

verminderde de succesvolle aflevering van shRNA in het cytoplasma. Om dit probleem aan te 

pakken werd het gebruik onderzocht van de pH-geactiveerde melittin-peptide om endosomale 

membranen te ontwrichten. Het gebrek aan bewijs voor succesvolle productie van shRNA in 

liposomen en destabilisatie van membranen door melittin heeft er toe geleid dat we grote 

aanpassingen voorstellen om in het ontwerp van een nieuwe generatie op liposomen gebaseerde 

shRNA-dragers. 

In Hoofdstuk 5 hebben we een nieuw liposomaal afgiftesystem voor het chemotherapeutisch 

molecuul SN-38 ontwikkeld. SN-38 is een stof met een krachtig antitumoreffect, maar door lage 

oplosbaarheid en stabiliteit bij fysiologische pH zijn er beperkingen in klinische toepassingen. 

Liposomen en cyclodextrines zijn al lange tijd onderzocht om te gebruiken voor oplossen en 

afleveren van hydrofobe stoffen. Met als doel om de voordelen van beide systemen te 

combineren, is de ontwikkeling van SN-38-in-cyclodextrine-in-liposomen verkend. De 

inkapseling van SN-38-SBE-β-cyclodextrine in het lumen van liposomen bleek niet mogelijk 

vanwege het uit elkaar vallen van de liposomen en de formatie van SN-38-SBE-β-CD-lipid 

nanodeeltjes. Interessant genoeg was de retentietijd van SN-38 binnenin de SN-38-SBE-β-CD-

lipid nanodeelltjes hoger dan in liposomen waarbij SN-38 direct geladen werd in de lipidefilm. 

De toxiciteit van  SN-38-SBE-β-CD-lipid nanodeeltjes is getest in kankercellen, maar er was 

geen therapeutisch voordeel ten opzichte van niet-ingekapselde SN-38-SBE-β-CD-complexen 

in vitro. Desondanks moet een mogelijk therapeutisch voordeel van SN-38-SBE-β-CD 

nanodeeltjes in vivo niet worden uitgesloten. Verdere karakterisatie van dit systeem en 

optimalisatie van de formulering zou de ontwikkeling van SN-38-in-cyclodextrin-in-liposomen 

mogelijk kunnen maken.  

Samengevat laat dit proefschrift vernieuwend werk zien naar de ontwikkeling van beter 

gekarakteriseerde liposomale genafgifteystemen. Bovendien zet dit werk de eerste stappen in de 

richting van de constructie van liposomale genafgifteystemen die dienen als tijdruimtelijk 

gecontroleerde RNA-producerende nanofabriekjes. Als geheel laat dit proefschrift de 

belangrijke waarde van “high-throughput” analyse van individuele blaasjes voor de 

karakterisering van medicinale afgiftesystemen zien. 
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