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Summary 

Cell manipulation has attracted increasing attention in recent years with the rise of new genome-editing 

techniques and cell-based therapies. Microinjection (MI), although a long-described technique, 

continues to be among the most widely used methods to introduce substances into cells. By delivering 

the material directly into the cell plasma, MI circumvents the endolysosomal pathway that would 

otherwise lead to the degradation of sensitive biomacromolecules. The present work evaluated different 

liposomal formulations and assessed the fundamental aspects of their MI into cells in view of potential 

biomedical applications, such as the addition of artificial organelles with novel properties to generate a 

semi-synthetic cell. 

In Chapter 1, different techniques for the intracellular delivery of material are introduced with a strong 

focus on MI. The instrumentation setup used for MI is described, as well as its historical development. 

Moreover, the technique’s main advantages are discussed and are illustrated with a few prominent 

examples of the scientific discoveries that these features have enabled over the years. Special emphasis 

is placed on the injection of colloids with similar characteristics to the ones used in this thesis, 

highlighting what has been accomplished in the field and what remains to be achieved. In this context, 

two potential applications of MI are discussed: the introduction of artificial organelles into cells and the 

development of cell-based drug delivery vehicles. 

A more detailed description of MI and its use in the intracellular delivery of different kinds of colloids 

is given in Chapter 2. The MI of proteins, nucleic acids and nanoparticles (NP) are reviewed in this 

section, focusing on the aspects of MI that proved to be crucial for the application of these systems in 

diverse biological problems. The versatility of MI is illustrated by the impressive variety of studies 

performed with it, ranging from the investigation of intracellular transport, to cell cycle regulation and 

the elucidation of apoptosis pathways. Towards the end of this chapter, the intracellular processing of 

microinjected colloids is discussed from a drug delivery perspective. The role played by the structure of 

the cytoplasm on the diffusion of injected colloids is explained together with its influence on delivery 

efficacy. In addition, the impact that clearing mechanisms such as nuclease-mediated degradation or 

autophagic response might have on the achievement of an effective intracellular dose of a colloid is 

discussed. 

The main experimental findings of this thesis are presented in Chapter 3, where the MI of liposomal 

formulations differing in their lipid composition, surface properties and size was investigated. The 

cytotoxicity of the injected vesicles was studied, as well as their stability (integrity) upon cytoplasmic 

injection and their intracellular processing with a focus on diffusion patterns and clearing mechanisms. 

A size-dependent agglomeration in the cytosol was observed for the injected colloids, which in turn 

contributed to the distinct dilution patterns detected upon cell division. As a proof of concept of the 

applicability of the MI of liposomes, two applications are presented. Firstly, the possibility to introduce 

functional artificial organelles into cells by MI was explored. For this purpose, trypsin as a model 

enzyme was encapsulated into liposomes, and its catalytic activity was demonstrated in the cytosol of 

the injected cells. Secondly, the loading of migratory dendritic cells (DC) was investigated in the context 

of potential cell-based therapies exploiting the cells’ natural capacity to migrate towards draining lymph 



nodes via lymphatic vessels. The effect of MI on the cells’ migration speed was studied, underlying 

potential limitations of the approach and its applicability for cell-based drug delivery strategies in the 

future. 

 

In Chapter 4, a liposomal system with controlled release was investigated in view of its subsequent MI 

into live cells. Thermo-sensitive liposomes were prepared following a previously described procedure 

involving the decomposition of ammonium bicarbonate (ABC) at a moderately elevated temperature. 

According to this procedure, the encapsulation of ABC would trigger cargo release upon an increase of 

temperature due to the generation of CO2 bubbles and the transient cavitation of the vesicles. 

Unfortunately, the system could not be reproduced, casting serious doubts on the stability of the vesicles 

and the described mechanism of action. 

Finally, Chapter 5 recapitulates the major findings of this thesis. In addition, a possible application is 

presented involving migratory cells modified with artificial vesicles encapsulating prodrug-converting 

enzymes.  

The work presented in this thesis illustrates the versatility and applicability of MI as a platform for cell 

manipulation in combination with liposomes encapsulating biologically relevant cargo.  

 

  



 

Zusammenfassung 

Mit dem Aufkommen neuartiger Methoden zur Veränderung des Genoms und zellbasierter 

Therapieansätze erfuhr die Manipulation einzelner Zellen neue Aufmerksamkeit. Eine besondere Rolle 

spielt dabei die Mikroinjektion (MI), die trotz ihrer weit zurückliegenden Erstbeschreibung noch immer 

zu den weitverbreitetsten Techniken zählt, um Stoffe in Zellen zu transportieren. Durch den direkten 

Eintrag in das Zytoplasma umgehen die applizierten Substanzen die Aufnahme durch das 

endolysosomale System, das gewöhnlich zum Abbau von fragilen Biomolekülen führt. Die vorliegende 

Arbeit bewertete verschiedene liposomale Formulierungen in Bezug auf ihre Toxizität and Stabilität in 

der Zelle nach der MI. Ihre Eignung in Bezug auf mögliche biomedizinische Anwendungen wurde 

ebenfalls geprüft, beispielsweise durch die Zuführung künstlicher Zellorganellen mit neuartigen 

Eigenschaften, um semisynthetische Zellen zu erzeugen. 

Im Rahmen des ersten Kapitels dieser Arbeit werden unterschiedliche Techniken zur Zellmanipulation 

vorgestellt, wobei der Fokus auf der MI liegt. Der instrumentelle Aufbau einer Mikroinjektionsapparatur 

wird erklärt und es wird eine kurze Einführung bezüglich der technischen Entwicklungsgeschichte 

gegeben. Die Vorteile der MI werden anhand einiger weniger repäsentativer Beispiele diskutiert, mit 

Bezugnahme auf wichtige Ergebnisse, die nur mittels MI gemacht werden konnten. Besonderes 

Augenmerk liegt auf der Injektion kolloidaler Systeme, mit ähnlichen Eigenschaften wie die in dieser 

Arbeit beschriebenen. Es werden Meilensteine aufgezeigt, die nur unter Zuhilfenahme der MI erzielt 

werden konnten aber auch bisher weisse Flecken in diesem Forschungsgebiet. In diesem 

Zusammenhang werden zwei potentielle Anwendungen der MI eingehend diskutiert: Die Einführung 

künstlicher Organellen in die Zelle und die Entwicklung Wirkstoff abgebender Systeme auf Grundlage 

von Zellen. 

Eine erweiterte Beschreibung der MI mit Fokus auf verschiedenste kolloidale Systeme wird im zweiten 

Kapitel vorgestellt. Die MI von Proteinen, Nukleinsäuren und Nanopartikeln wird kritisch bewertet. 

Dabei liegt ein Schwerpunkt darauf, wie MI den entscheidenden Beitrag zu Beantwortung 

verschiedenster biologischer Fragestellungen leisten konnte. Die vielseitige Anwendbarkeit der MI wird 

durch eine beeindruckende Vielzahl und Diversität wissenschaftlicher Studien dargestellt. Von der 

Untersuchung intrazellulärer Transportwege über die Regulation des Zellzyklus bis hin zur Aufdeckung 

apoptotischer Prozesse erwies sich die MI als unverzichtbarer Bestandteil der Forschung. Gegen Ende 

dieses Kapitels wird die Prozessierung injizierter Kolloide durch die Zelle betrachtet, im Hinblick auf 

eine mögliche Wirkstoffzuführung. Eine bedeutende Rolle spielt dabei die physikalische Struktur des 

Zytoplasma, besonders auf die Diffusion injizierter Partikel. Zusätzlich werden Abbaumechanismen im 

Zytosol aufgezeigt, wie etwa die Degradation durch Nukleasen und die autophagosomale Aufnahme 

und ihr Einfluss auf eine wirksame intrazelluläre Dosis der Kolloide. 

Die wichtigsten wissenschaftlichen Erkenntnisse dieser Thesis werden im Kapitel 3 präsentiert. Die MI 

von Liposomen wurde im Hinblick auf unterschiedliche Formulierungen, Oberflächeneigenschaften und 

Grössen untersucht. Parameter waren dabei die Zytotoxizität der injizierten Kolloide, die Stabilität im 

Zytoplasma und die intrazelluläre Prozessierung im Hinblick auf Verdünnungsverhalten im Rahmen des 

Zellzyklus und Abbaumechanismen. Eine grössenabhängige Agglomeration im Zytosol wurde 



beobachtet, die zu unterschiedlichen Verteilungsverhältnissen im Rahmen der Zellteilung führte. Die 

universale Anwendbarkeit der MI von Liposomen wird mithilfe von zwei Studien aufgezeigt: Zunächst 

wurde die Möglichkeit untersucht, funktionelle künstliche Organelle in die Zelle mittels MI einzuführen. 

Trypsin wurde als Modellenzym ausgewählt und in Liposomen verpackt. Die katalytische Aktivität 

dieses Enzyms wurde daraufhin im Zytosol injizierter Zellen nachgewiesen. Zusätzlich wurde die 

Beladung migratorischer dendritischer Zellen erforscht, im Hinblick auf potentielle zellbasierte 

Therapien. Diese Zellen besitzen die natürliche Fähigkeit, in Richtung von afferenten Lymphknoten via 

lymphatischer Gefässe zu wandern. Der Einfluss der MI auf die Wanderungsgeschwindigkeit wurde 

untersucht. Dies erlaubte, mögliche Hindernisse dieses Ansatzes zu erkennen und dessen Anwendung 

als zell-basierte Strategie zur Arzneistoffabgabe in der Zukunft zu bewerten. 

Im vierten Kapitel wurde ein liposomales System zur kontrollierten Freisetzung im Hinblick auf die 

Anwendbarkeit im Rahmen der MI untersucht. Thermosensitive Liposomen wurden nach einem bereits 

veröffentlichten Protokoll hergestellt. Der postulierte Wirkmechanismus beruhte auf dem Zerfall von 

Ammoniumbikarbonat (ABC) bei moderat erhöhten Temperaturen. Dem Protokoll nach, würde das 

Einkapseln von ABC in Liposomen zu einer Bildung von CO2-Gasblasen bei erhöhter Temperatur 

führen, die zu einer vorübergehenden Porenbildung in den liposomalen Membranen und zu einer damit 

verbundenen Wirkstofffreigabe beitragen würden. Es gelang nicht dieses System zu reproduzieren, im 

Gegenteil wurden schwerwiegende Zweifel an der Stabilität der Vesikel und dem beschriebenen 

Wirkmechanismus geweckt. 

Zuletzt werden im Kapitel 5 die wichtigsten Erkenntnisse dieser Arbeit wiederholt und mögliche 

Anwendungen im Hinblick auf die Verwendung migratorischer Zellen aufgezeigt. Die Modifikation 

dieser Zellen mit liposomal eingeschlossenen prodrug-konvertierenden Enzymen spielt dabei eine 

wichtige Rolle. 

Die Ergebnisse, die in dieser Thesis präsentiert werden, zeigen die weitreichende Anwendbarkeit der 

Mikroinjektion auf. Sie kann als Plattform zur Zellmanipulation durch Liposomen mit biologisch aktiver 

Beladung dienen. 

 

 

 

 

 

 

 

 

 



 

Chapter 1 

Background and Purpose  

Cell manipulation 

The intracellular delivery of materials has received growing interest in the last years with the advent of 

new genome-editing tools like the clustered regularly interspaced short palindromic repeats 

(CRISPR/Cas9) system [1]. CRISPR/Cas9 allows cutting genomic DNA at selected locations and 

inserting new genes or removing existing ones with precision within organisms. For the successful 

implementation of such system, the delivery into cells should preferably be done in a way that 

circumvents the endolysosomal pathway, since the DNA and protein constituents are prone to 

degradation. The use of co-incubation to deliver these compounds to cells usually results in their uptake 

through endosomes, which later fuse with lysosomes where the biomacromolecules face a degrading 

environment consisting of low pH and proteases [2]. To evade this fate and allow the compounds of 

interest to reach the cytoplasm, researchers may employ fusogenic strategies [3] or trigger the disruption 

of the endo/lysosomal membranes [4]. Alternatively, several cell manipulation techniques have been 

described, where the cargo is transferred directly into the cytoplasm, like electroporation [5], cell-

squeezing [6] or MI [7]. 

Electroporation is based on an electric field applied to cells, leading to transient permeabilization of the 

cellular membrane. Material in the surrounding solution can thereby diffuse into the cells through the 

membranes, remaining trapped in the cytoplasm after the membrane is resealed. This technique is 

employed in the transfection of hard-to-transfect cells such as primary DC [8]; yet, the toxicity 

associated with it limits its use to more sensitive cell types. This is because the electric field can lead to 

permanent permeabilization of the membranes, causing loss of homeostasis and subsequent cell death. 

Another drawback of this method is that since the loading of the cell is mediated by diffusion, the amount 

of material which is loaded cannot be precisely controlled [9]. A newly developed technique called 

nanochannel electroporation allows circumventing this problem by connecting the cell to the cargo in 

solution via a thin channel (diameter 90 nm). Delivery can be very precise, however the throughput is 

so far on the single-cell level [10].   

Another technique for cell manipulation proposed more recently is the cell-squeezing device developed 

by the group of Klavs Jensen in 2012 [6, 11]. In this method, cells are deformed by squeezing them 

through narrow microchannels, generating transient membrane holes. The material in the surrounding 

solution can then diffuse into the cells, similar to electroporation. Several different cell lines were tested, 

e.g. human epithelia adenocarcinoma cells (HeLa), primary mouse T lymphocytes and primary mouse-

derived DC, showing high viability overall after the process. However, the delivered amount of a 70 

kDa dextran was found to be substantially lower compared to a 3 kDa dextran, suggesting that larger 

colloids would be delivered less efficiently by this approach. 



When compared to electroporation and cell-squeezing, MI differs from them in that it does not rely on 

passive diffusion of the colloids through the permeabilized membrane. Instead, it dispenses the material 

directly inside the cells by applying a positive pressure. As discussed below, MI presents a series of 

unique features that make it a valuable tool to address diverse biological problems. 

 

Microinjection – A tool for cell manipulation 

Historical background and instrumentation  

Although already described in 1911 [12], the use of MI only became widespread from the 1970s 

onwards. It was around that time that Diacumakos [13] and Graessmann [14] independently described 

a technique to transplant genetic material via a thin glass needle. Further improvements by Ansorge 

simplified the system in terms of an automated pressure system, and made the technique accessible to 

other researchers [15]. Since then, MI has proven to be an essential tool in fundamental research, 

enabling the transfer of a large variety of materials into cells [16].  

The instrumentation needed for MI consists of a few different components (Fig. 1.1). The key part is the 

borosilicate injection needle, which has an inner diameter of around 500 nm and is backfilled with a 

solution containing the compound of interest. The injection needle is mounted onto a holder, which can 

be operated by a joystick and is freely maneuverable in all directions. The joystick also allows automatic 

injections after setting the lower limit at which the needle should pierce the cells. The material can then 

be easily dispensed to all cells by simply clicking on the joystick to move the needle in between cells. 

In a MI setup, the needle holder is in turn connected to a pump supplying a certain backpressure to the 

tip. The pressure is normally kept below 100 hPa to prevent clogging of the tip, whereas the pressure 

supplied for injections is usually up to 150 hPa. The duration of an injection can be adjusted by setting 

the time the injection pressure is applied, and it often ranges between 0.1-0.5 s. By controlling the time 

and pressure of injection, the volume introduced can be modulated to some extent. The whole MI setup 

is mounted on an inverted microscope to visualize the cells and allow easy access to them with the 

injector tip. Temperature and humidity control is also necessary to ensure cell viability, especially if 

injections have to be performed over several hours [7, 17].  

Virtually all types of cells can be used for MI experiments, although cells that grow in adhesion on a 

tissue culture substrate are easier to inject than those that grow in suspension. For non-adherent cells, 

like e.g. primary human blood stem cells or lymphoblast-like Raji cells, the cell culture dishes can be 

pre-coated with fibronectin or poly(lysine) to ensure the attachment of the cells [18, 19].  



Figure 1.1 Instrumental Set-up for MI. A, Overview inverted microscope with attached MI equipment. 

B, pump supplying injection- and backpressure, C, joystick for needle positioning, D, robotic arm with 

attached needle holder, E, MI injection needle. All instruments except for the microscope were 

purchased from Eppendorf, Hamburg, Germany. 

 

Advantages and achievements of Microinjection 

The most visible side of MI is probably connected to its role in assisted reproduction, i.e. in-vitro 

fertilization (IVF). MI allows the delivery of genetic material into the germ cell, and has been used for 

years not only to enable conception in humans but also to generate transgenic animals [20, 21] . In this 

case, the MI setup uses two glass capillaries: one to apply a negative pressure and immobilize the oocyte, 

and a second one to inject the genetic material or the spermatozoids directly into the oocyte. Because 

oocytes have a higher volume than most cell types used for research, the inner diameter of the needles 

used for IVF is typically in the micrometer range, which is much larger than the ones used in the studies 

described hereafter. 



An appealing feature of MI is that it allows controlling the amount of material injected with more 

precision than electroporation and cell-squeezing, where the transferred amount depends on diffusion 

and permeabilization/resealing of cell membranes [9]. The ability to control the injection volume is 

desirable not only for general reproducibility of experiments but for cases where the concentration of 

the material introduced determines the outcome. For instance, with the CRISPR/Cas9 system the gene-

editing activity is only observed above a certain concentration threshold but if this is excessively 

exceeded, the induction of DNA degradation results in cytotoxicity [22]. Although the volume dispensed 

to individual cells varies within one MI session due to differences in the injection tip, injection pressure 

and/or the size of cells, it is possible to calculate an average injection volume per cell with reasonable 

accuracy [23]. Among the different methods that have been described for this purpose, the extrapolation 

of the fluorescence intensity of water-in-oil droplets is reported in this thesis. Generally, the reported 

values for microinjected volume are in the range of 5-20% of the cell volume, above which cells may 

burst due to the high intracellular pressure [24].  

In addition to the injection volume, MI allows controlling the timing of injection. This proved to be 

crucial for studies of time-resolved processes such as the cell cycle, where a given cell is found on a 

different stage of its life cycle depending on the moment at which it is analyzed [25, 26]. The possibility 

to decide the exact time at which the material is introduced in the cells is also relevant in studies where 

the effect occurs immediately upon the delivery and/or is of transient nature. For this reason, MI was a 

valuable tool in the identification of several proteins involved in cytoskeletal organization and 

intracellular transport [27-29].  

The site of injection can also be selected with MI, enabling on-demand cytosolic or nuclear delivery of 

material. Site-specific injections were instrumental in the study of transport processes between the 

different intracellular compartments, e.g. between the nucleus and the cytoplasm. Early studies reported 

that the injection of DNA into the nucleus increased the transfection efficiency compared to the 

cytoplasm [30], but that translocation of genetic material to the nucleus was somehow possible for 

smaller oligonucleotides (ON) injected in the cytosol [31]. Some years later, other authors proposed that 

the diffusion of plasmids through the nucleus was size-dependent after observing that larger plasmids 

remained trapped in the cytoplasm [32, 33]. It is now known that the entry of nucleic acids to the nucleus 

occurs via the nuclear pore complex (NPC) [34], which imposes a size restriction to the material that 

can access the nucleus. In terms of spatial precision, MI has not been surpassed by any other technique 

of intracellular delivery, except perhaps for atomic force microscopy (AFM)-based probes [35, 36], 

where the tip of the cantilever is used to pierce the cell. 

Recently, MI has enabled injecting individual cells in tissue slices [37]. This advancement granted the 

possibility to study cellular processes of higher complexity occurring in the context of tissues, such as 

cell-to-cell communication, tissue homeostasis, remodeling and development. Moreover, the cells in the 

proximity of the injected ones can serve as negative controls, as they will have been exposed to identical 

conditions.  

Currently, the use of MI on systems of higher complexity than in vitro cell cultures is limited by the 

technique’s low throughput. Even for an experienced researcher, not more than 2’000 cells can be 

injected per hour, rendering the technique unsuitable for its use on animal experiments and in the 

development of cell-manipulating technologies with clinical translation potential (e.g. gene therapy, 

gene editing, etc.). Although several automated MI systems have been developed in the last years [38, 

39], the injection throughput currently possible has not surpassed 100 cells/min. Microfluidic devices 

where floating cells are transported through microchannels towards the MI needle could potentially 

attenuate the throughput problem. However, the injection limit is unlikely to exceed 3600 cells/h with 



current setups, because only one injection needle is employed and because every injection step still takes 

around 1 s including the positioning of the cells in the microchannel [40, 41]. 

The unique features of MI mentioned above have enabled numerous discoveries in biology and have 

earned it a special place in the field of drug delivery. One of the most prominent advantages of MI 

compared to other techniques of intracellular delivery is the possibility to bypass the endolysosomal 

pathway, allowing the efficient delivery of sensitive biomacromolecules like enzymes, antibodies (Ab) 

nucleic acids and NP [30, 42-44]. Besides resulting in degradation, their entrapment in intracellular 

vesicles prevents them from moving freely in the cell and finding their site of action at specific 

compartments like the nucleus. Membrane-destabilizing strategies are therefore required to enable the 

escape of the cargo introduced in the cell, such as fusogenic peptides [45] and the presence of membrane 

disrupting polymers [46]. However, these strategies unavoidably increase the degree of complexity of 

the system, making it harder to control in terms of proper characterization. Furthermore, when colloids 

are internalized by endosomes, they are covered with a layer of biomacromolecules (i.e. the protein 

corona) that modifies their surface properties [47]. Targeting moieties added to drug delivery systems 

can be shielded by the protein corona, leading to a loss of their targeting capabilities [48]. Hence, the 

introduction of drug delivery systems via MI evades the barriers imposed by the cell’s endocytic system 

and therefore provides interesting possibilities to address fundamental aspects of the colloids’ 

intracellular processing and activity. 

 

Intracellular processing of injected material  

Upon intracellular delivery via MI, the injected material encounters a sieving meshwork of cytoskeletal 

components (i.e. microtubules, actin filaments) that hinders its diffusion inside the cytosol in a size-

dependent manner [32]. Larger particles are substantially blocked in diffusion and stay at the site of 

injection. The attachment of poly(ethylene glycol) chains (PEGylation) on the surface of particles 

improves the diffusion properties [49], possibly by preventing interaction with cytosolic proteins. 

Microinjected material can also be subject to intracellular clearance mechanisms such as those mediated 

by autophagosomes, which are intracellular vesicles that clear the cytoplasm from e.g. dysfunctional 

proteins by capturing them in a random process in the cytosol and later on fusing with the lysosomes to 

degrade them [50-54]. PEGylation has also shown beneficial effects in preventing the uptake into 

autophagosomes [51], probably by shielding the particles against recognition by the autophagosomes.  

  

Microinjection of colloids 

Among the variety of existing drug delivery systems, liposomes are often used as protective containers 

for sensitive cargo. Liposomes are spherical vesicles consisting of phospholipids, and capable of 

encapsulating a wide variety of materials in their lumen [55]. Their introduction into cells by MI has 

been explored in only a few studies for varied purposes, such as intracellular sensing and controlled 

release of encapsulated cargo [56, 57]. Since the composition of the liposomal membrane can be 

designed to resemble that of natural cell membranes, they may fuse to intracellular vesicles upon MI. 



This property was exploited by Seksek et al. who injected liposomes containing a fluorescent sensor 

with which they measured the pH inside Golgi vesicles [56].  

Depending on their composition, liposomes can also be made responsive to different stimuli such as 

temperature, pH and oxidative species [58]. The MI of stimuli-responsive liposomes into cells grants 

the possibility to develop novel drug delivery systems that can release their cargo in a controlled manner 

upon their introduction in cells. For example, thermosensitive liposomes coated with gold were injected 

into cells and after applying a pulse of near infrared light, the heating of the gold shell led to the 

disruption of the liposomes and the release of the dye they contained [59]. While encapsulating 

fluorescent dyes allows answering valuable questions and is suitable for proof-of-concept studies, the 

loading of molecules with biomedical relevance can yield much more interesting applications. Some 

exciting developments that would be empowered by MI include the introduction of artificial organelles 

containing active enzymes and of bioreactors inside of which chemical reactions could be carried out 

[60, 61].  

 

Reaction in vesicles as a step towards functional 

artificial organelles 

Artificial vesicles like liposomes or polymersomes (vesicles constituted of amphiphilic block 

copolymers), constitute excellent reaction containers for enzymatic and chemical reactions because they 

bring the substrates in close proximity and enhance the reaction rates [60]. Several examples of chemical 

and enzymatic reactions successfully taking place in the lumen of artificial vesicles have been reported 

in the literature [62-64]. Grochmal et al. described a liposomal reaction vessel inside of which two amino 

acids reacted to form a dipeptide. An activated amino acid was entrapped inside the liposome exhibiting 

higher resistance against hydrolysis compared to the unencapsulated form. The second hydrophobically 

modified amino acid was added and diffused through the liposomal membrane into the interior where 

the synthesis of the dipeptide took place [62]. However, a higher concentration of the second amino acid 

had to be provided, probably due to diffusion hindrance. The importance of diffusion of the substrate 

into the lumen of the liposome/polymersome cannot be understated; in order to allow reactions inside 

the vesicles the substrate has to be relatively lipophilic, unless pores are inserted into the vesicle’s 

membrane for the substrate to pass [65].  

Reports on the use of artificial vesicles as containers for enzymatic reactions are more common in 

literature than for chemical reactions, likely due to the availability of different enzyme-substrate pairs 

[61]. For example, a few liposome-based detoxifying systems have been described where an 

encapsulated enzyme degrades a toxin. Petrikovics et al. encapsulated phosphotriesterase in sterically-

stabilized PEGylated liposomes [66], which catalyzes the hydrolysis of paraoxon, a metabolite of the 

insecticide parathion. Injections of the liposomes into the bloodstream of mice revealed the high potency 

of this detoxifying approach. Importantly, paraoxon was a suitable substrate for an enzymatic reaction 

inside vesicles due to its hydrophobicity.  

The development of artificial organelles requires the implementation of an optical readout system that 

is compatible with microscopy, since it is the most often used technique for the detection of cells 

subjected to MI. For this reason, a substrate showing fluorescence after enzymatic cleavage is preferred. 



Several systems based on enzyme-encapsulating polymersomes haven been described, which can be 

considered as artificial organelles [67, 68]. Tanner et al. developed a highly sophisticated system of 

artificial peroxisomes where two enzymes reacting in an enzymatic cascade were encapsulated [68]. In 

addition, pore proteins were added to the shell of the 200-nm polymersomes, allowing the diffusion of 

reactive oxygen species to the vesicle interior. Successful endosomal escape was shown for the system, 

which was attributed to the polymer interactions with the membranes of endocytic vesicles. While 

impressive, a system implying the encapsulation of two different enzymes plus the insertion of a third 

protein in the membrane is difficult to work with. A simpler polymersome-based system encapsulating 

trypsin as a model enzyme was described by Ben-Haim et al. [67]. The readout was achieved with a 

lipophilic permeable dye-peptide conjugate, which was dequenched upon cleavage by trypsin, 

exhibiting fluorescence. Because the system was co-incubated with cells instead of introduced via MI, 

it was taken up by lysosomes within 10 min of incubation, and although the authors claimed successful 

endosomal escape based on the fact that the vesicles where found in the Golgi and endoplasmic 

reticulum after 1 h, the mechanism of escape -if any- was not explained. These trypsin-encapsulating 

polymersomes served as a source of inspiration for the trypsin-loaded liposomes later described in this 

thesis, which were delivered to cells by MI for their further analysis.  

 

Cell-based therapies – Modern Trojan horses 

In recent years, the concept of employing cells as vehicles to deliver drugs to their sites of action and 

improve the therapeutic outcome has received growing interest [69-72]. By loading migratory cells with 

particles encapsulating drugs or enzymes, they can act as Trojan horses, hiding their toxic cargo until 

they reach the site of action and deliver their load [73]. In addition, some cell types, like T-cells or DC, 

exhibit migration towards sites of tumors or inflammation. In case of DC, this movement is directed by 

the presence of chemoattractants or chemotactic cytokines like CCL2, whereas the binding to inflamed 

tissue is mediated by cell adhesion molecules such as P- and E-selectins, present on the surface of 

endothelial cells [74]. These properties inspired us to use DC to study the migration upon MI (see 

Chapter 3).  

Different kind of cargoes are possible like NP loaded with cytotoxic drugs [75], phototoxic NP [73, 76] 

or even enzyme-polymer complexes [77]. Cheng et al. showed that neural stem cells (NSC), which 

exhibit tumor-tropic migration, could be loaded via incubation with silica NP containing the cytotoxic 

agent doxorubicin. The drug was bound via a pH-sensitive bond to the NP, which upon co-incubation 

with tumor cells, wandered towards these and induced their death [75]. However, the time posed a 

limiting factor since NSC were also susceptible to doxorubicin. Ninety-six hours after cell loading most 

of the NSC were found dead, indicating that the cells could only be used during a limited window of 

time to target tumors. In such approaches, the choice of vesicle encapsulating the drug may help prevent 

the premature death of the cellular Trojan horses [78]. For example, Batrakova et al. encapsulated 

catalase within poly(ethyleneimine) (PEI)/PEG copolymer assemblies to target oxidative stress [77]. 

These so-called nanozymes were phagocytosed by macrophages, which were shown to cross the blood-

brain barrier, allowing brain delivery of drugs. The nanozymes retained their activity inside the carrying 

macrophages, and were released into the brain tissue over 4-5 days. However, the release from the 

macrophages was not explained, although it is a crucial step since many reactive oxygen species (ROS) 

are poorly membrane-permeable and can only react with the enzyme when it is outside of the cells. In a 



very different approach published by Huang et al., particle uptake by the carrier cells was not required 

because the particles were directly bound to the cell surface. Liposomes encapsulating SN-38, the active 

metabolite of the topoisomerase inhibitor irinotecan, were bound to the cell surface of T cells via 

thioether bonds [79]. Upon reinfusion into the body, the T cells carrying particles on their surface 

migrated towards lymphomas, reducing tumor burden and enhancing animal survival. In this study, the 

problem of incubation and later release from the cell was circumvented. However, it is possible that the 

drug was released at all times during the cell migration, leading to a high systematic exposure. 

 

Based on these past studies, a number of considerations have emerged in order to harness the benefits 

of using migratory cells as carriers for enzymes. Firstly, measures need to be put in place to preserve 

enzymatic activity following endocytic uptake, requiring a protective container. Secondly, depending 

on the application, a mechanism to ensure the release of the enzyme back into the surrounding medium 

might be necessary to enable enzymatic activity. Taken together, cell-based therapies have the potential 

to change cancer treatment in the upcoming years. However, important obstacles remain to be addressed, 

such as the cell-loading step and the prevention of carrier cell toxicity. MI can improve the loading of 

the carrier cells bypassing the endolysosomal pathway, and could therefore play a central role in this 

emerging field. 

The scope of this thesis 

In this context, the aim of this work was to investigate the fundamental aspects of the introduction of 

liposomes into cells by MI (Fig. 1.2), exploring the factors that will enable future applications of MI in 

artificial organelles, reactors and cell-based therapies.  

In Chapter 2, the use of MI is reviewed in terms of the delivery of different colloids and in the context 

of the scientific discoveries it has enabled over the years. Besides the injection of proteins, Ab and NP, 

the introduction of DNA and RNA complexes is also reviewed, explaining the insights it has provided 

on topics like cytosolic trafficking and intracellular processing. The unique features of MI are described 

in detail, for instance the circumvention of the endolysosomal pathway and the possibility to define the 

precise timing and subcellular localization of the injection. Examples of studies in which these features 

were found to be useful are also provided.   

Chapter 3 deals with the main scope of this thesis, the injection of liposomes encapsulating biologically 

active cargo directly into the cytosol of cells. First, the cytotoxicity and intracellular stability of the 

injected liposomes were investigated using formulations with different lipid compositions and 

PEGylation states. The liposomes’ intracellular processing upon MI was studied by analyzing their 

potential capture by degrading compartments like autophagosomes and lysosomes. Special focus was 

placed on the aggregation patterns with which the colloids distributed in the cytosol after MI, and on the 

linearity (or non-linearity) with which they were diluted upon cell division. Subsequently, the injection 

of enzyme-encapsulating vesicles was investigated and finally, the injection of liposomes into migratory 

cells was explored, underlining the potential of MI in the development of artificial organelles and cell-

based therapies. 

In Chapter 4, the possibility of injecting a thermo-responsive liposomal system to trigger intracellular 

cargo release through an external stimulus was explored. The liposomal system selected for this purpose 



had been proposed by Sung and coworkers in 2012 [80], and was found to be dysfunctional due to 

several technical flaws. A systematic study of the reasons underlying its irreproducibility was thereby 

carried out. 

Finally, Chapter 5 summarizes the findings of this thesis and provides an outlook on how the findings 

regarding artificial organelles and cell-based therapies can be employed in the future. 

Figure 1.2 Graphical representation of the main aim of this thesis, the introduction of liposomal carriers 

into cells. 
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Introduction 

As pointed out in Chapter 1, cell manipulation and intracellular delivery is crucial for the elucidation of 

intracellular processes, the development of gene-editing approaches and more recently, ex-vivo cell-

based therapies [1]. While co-incubating cells with non-membrane permeable materials (e.g. colloids) 

to trigger their uptake via endocytosis is an often adopted approach, it is not suitable for those that are 

degradation-prone or have cytosolic activity, which is the case for many biomacromolecules with 

therapeutic potential. This is because the endolysosomal pathway eventually leads the internalized 

material to the lumen of endosomes and lysosomes, where the harsh environment of low pH and 

degradative proteases threatens the material’s stability and impairs its biological activity [70]. Besides 

challenging their activity through destabilization, the endolysosomal vesicles can prevent the trapped 

cargo from reaching their targets in other intracellular compartments of the cell, requiring the 

implementation of membrane-destabilizing strategies to escape [45, 81-85].  

Several techniques have been developed to overcome the hurdles imposed by the endocytic delivery of 

materials, all of which present strengths and weaknesses that should be considered in view of the 

material and biological system of interest [1]. Among the most exploited ones are electroporation [9], 

cell-squeezing [6], nanoneedles [86] and MI [16], as discussed in the former chapter. MI, the oldest of 

these techniques [12] employs a very thin glass needle which is filled with an isotonic injection solution. 

For simplicity, injections are generally done on cells adhered to substrates like coverslips or petri dishes, 

and although injections on cells in suspensions are also possible, they are more cumbersome and may 

require additional cell-holding devices [21].  

Since only one cell can be injected at a time by the tip, the throughput of MI is rather limited and even 

when performed by an experienced technician, it is generally around 1’000-2’000 injected cells per hour. 

While this may be sufficient to study numerous cell processes at the single-cell level, automated MI 

systems will need to be developed to enable biomedical applications such as cell-based therapies. 

Although several automated MI devices were introduced in the last years [38, 39, 41], the speed of 

injection currently possible remains below 100 cells/min. More recently developed microfluidic devices 

may have the potential to substantially increase the number of cells injected per unit of time, bringing 

hope for cell-based therapies [6, 40]. Nevertheless, glass needle-mediated MI continues to be the most 

widespread approach due to its simplicity and versatility. From small molecules like fluorescent dyes 

[87], to larger nanocarriers (NP) like liposomes and DNA/polycation complexes [57, 88], a variety of 

cargoes has been efficiently injected into cells via MI, leading to versatile applications and numerous 

discoveries in diverse fields.   

Unlike other techniques for intracellular delivery, MI allows to decide the exact time and site in which 

the material is introduced. The ability to inject protein inhibitors at specific stages of the cell cycle has 

yielded important mechanistic insights into the regulation of cell cycle progression. By selecting the 

subcellular compartment in which the material is delivered, for instance the nucleus instead of the 

cytoplasm, MI enabled seminal studies on the transport of nucleic acids in and out of the nucleus [89]. 

Moreover, MI can provide a way to study cellular processes in the context of complex tissues, as 

illustrated by reports of ex vivo injections in tissue slices [37], and in cells that are otherwise difficult to 

transfect, such as human blood stem cells [18] and mesenchymal stem cells [90]. MI has also enabled 

pioneering studies on the introduction of enzymes into giant vesicles inside of which the catalytic 

activity could be studied, representing a first step towards the development of artificial cells [91, 92]. 

Other fundamental studies performed with MI included the investigation of the viscosity and other 



physical properties of the cytoplasm, where the diffusion of particles of different sizes inspired models 

to describe the cytosol [32]. 

In this review, we provide an overview of the different kinds of colloids that have been administered 

into cells by MI (namely, proteins, nucleic acids and nanocarriers, Fig. 2.1), and emphasize the specific 

features of MI that have enabled important breakthroughs in biology and that are likely to have an impact 

on further developments concerning artificial organelles and cell-based therapies. Finally, the 

intracellular processing and clearance of injected material is discussed in view of the implications for 

drug delivery, explaining the different possible outcomes depending on the type of colloid introduced 

and of cytoplasmic parameters (i.e. viscosity and cytoskeletal elements).  

 

 

Figure 2.1. Schematic overview of injected colloids and objects of research. 

 

 

 

 



Determination of Injection Volume 

Knowing the amount of material injected into one cell is important for most experimental setups to 

generate reproducible data. Generally, the injected amount should be below 20% of the cell’s volume to 

prevent it from bursting [24]. Several methods for the quantification of the injection volume have been 

proposed and while all of them present limitations, the volume quantifications reported in the literature 

appear rather comparable when the differences in the cell types used are considered. For instance, 

fibroblasts have an average cell volume of 3000 fL [93] allowing injections in the range of 10-20 fL 

[94], whereas oocytes that are much larger (100-300 pL on average [95]) can take up to 1-3 pL [96]. In 

both cases the injection volumes account for less than 5% of the total cell volume. 

Capecchi et al. determined the injection volume in fibroblasts using radioactive tracers (3H-(2’-

deoxythymidine-5’-triphosphate) (3H-dTTP)) and measuring the total radioactivity of all injected cells 

(approximately 5’000 cells) via scintillation counting. With this method, they found that the average 

injection volume per cell accounted for 1-2% of the total cell volume [30]. Despite being an accurate 

quantification method, it implies complications inherent to working with radioactive material. A simpler 

approach to estimate the average amount dispensed per cell is to fill the injection needle with a known 

volume of material and inject cells until the needle is emptied [97]. However, this procedure has a large 

margin of error due to the loss of injection material that happens during the cleaning steps needed to 

unclog the tip during injections, and due to the holding pressure that is applied to the needle to prevent 

the clogging in the first place. Another method described early on but still often used for simplicity is 

measuring the difference in the meniscus position inside the injection needle before and after injection, 

and calculating the volume dispensed based on the inner diameter of the tip [94, 96].  

A major drawback of the above-mentioned techniques is that they provide only an average estimation 

of injected sample amount, potentially overlooking the variability among the values for single cells. An 

alternative to overcome this issue is to correlate the fluorescence of every injected cell with a standard 

curve. In order to allow a correlation between volume and fluorescence intensity, a dye previously 

dissolved in an aqueous buffer is injected into oil to generate spherical droplets. The fluorescence 

intensity of these droplets is then quantified, together with size determination and volume calculation to 

give a ratio of fluorescence intensity to volume [23, 24]. Applying this method, Minaschek et al. 

revealed the high variability in injected volume in 3T3 fibroblasts, which ranged from 4 fL to 2’446 fL 

for different capillaries [23]. Other reported values using the same quantification technique indicated 

420 fL for HFF cells [98] and 1.5-30 fL for human fibroblasts [99].  

Taken together, the injected volume reported in the literature ranges from a few fL to 1 pL, and among 

all the described techniques to quantify injection volume, the most common one remains the correlation 

with the standard curve of fluorescence intensity of dye-in-oil droplets. 

 

Microinjection of Proteins 

The introduction of proteins such as Ab into cells via MI has been a powerful tool to answer numerous 

biological questions through gain- or loss-of-function experiments. Proteins exhibiting a specific 



biological function can be injected in specific compartments of the cells to study the resulting changes 

or be introduced to block intracellular processes (e.g. Ab) and inform of the downstream consequences.  

The recruitment of surface proteins to intracellular organelles where they exert their biological function 

has been studied via MI. Using fluorescently labelled proteins, MI-based studies identified the role of 

individual components of large multiprotein complexes, such as those forming the endosomal sorting 

complexes required for transport (ESCRT complexes). The different ESCRT complexes (named 

ESCRT-0 to –III) are involved in membrane remodeling and the removal of damaged proteins from the 

cell surface. One of the components of the ESCRT-0 complex, the protein Hepatocyte growth factor 

regulated tyrosine kinase substrate (Hrs), accumulates in the endosomes and recognizes ubiquitylated 

cargo during the endosomal sorting process. By injecting a fluorescent version of Hrs, Kojima et al. 

found that the protein was targeted to the endosomes independently of its binding to other components 

of the complex, which ensured an equilibrium between endolysosomal and cytoplasmic distribution of 

the ESCRT-0 complex [100].  

In another set of studies empowered by MI, the transport mechanisms that a protein might be subject to 

in the cytosol were investigated, together with the factors determining its entry or exclusion from 

specific subcellular compartments. Three proteins (calmodulin, nucleoplasmin and lysozyme) were 

studied independently from each other in regard of the circumstances of their nuclear entry. Calmodulin 

is a protein with diverse biological functions that acts by binding calcium intracellularly and transducing 

signals to other effector proteins, for which it shuttles in between the different subcellular compartments. 

Using MI, its import into the nucleus was found to be unaffected by adenosine triphosphate (ATP) 

depletion, whereas it could be arrested by low temperatures and by wheat germ agglutinin which blocks 

the NPC [101]. This suggested that the import of calmodulin into the nucleus does not occur via passive 

diffusion nor active import. The authors postulated a so-called facilitated import, where calmodulin is 

likely to bind to other proteins mediating the translocation. In the case of nucleoplasmin, a molecular 

chaperone involved in chromatin organization and transcriptional regulation, its uptake into the nucleus 

was blocked upon exposure to low temperatures and depletion of ATP, suggesting that the uptake 

mechanism was energy-dependent [102]. Binding to the nuclear envelope, however was not affected by 

these triggers. These findings helped to distinguish between two different processes in nuclear uptake. 

The rapid binding to the nuclear envelope occurs as a first step followed by a slower energy-dependent 

translocation through the NPC. In contrast, the translocation of smaller proteins like lysozyme (14.4 

kDa) could not be inhibited neither by low temperatures nor ATP depletion, which is line with their 

nowadays well-established entry mechanism by diffusion [103]. Besides investigating the mechanism 

of nuclear import, MI has allowed studying the intracellular transport of injected proteins within the 

cytosol. The enzyme horseradish peroxidase (HRP) was injected into neurons and the distance travelled 

by it from the site of injection was calculated by fixing the cells at different time points and adding in 

the medium the substrate diaminobenzidine to detect the enzyme’s localization. The transport 

mechanism was later on found to be mediated by microtubules [42, 104]. MI enabled in these studies 

the unhindered introduction of the proteins into the cytosol, which would have otherwise been trapped 

in endosomes, preventing their diffusion and/or active transport. 

The organization of actin and tubulin and their involvement in cellular transport processes was 

elucidated injecting fluorescently labelled filaments of the two proteins into cells, and subsequently 

analyzing their colocalisation with other labelled cytosolic proteins. The filaments were added into the 

preexisting network and showed similar behavior to the native proteins in that they participated in the 

growing of microtubules and were responsive to cytoplasmic messengers like calcium [105-108]. Based 

on the observations, the microinjected actin was divided into two classes in terms of mobility: immobile 

actin which locates in stress fibers, focal contacts and filaments, and mobile actin found in the 



interfibrillary space [106]. Other studies also addressed the changes in actin organization after injecting 

different cytoskeletal reorganization-triggering protein-like members of the rho family. They revealed 

that rho was strongly implicated in the organization of the cytoskeletal network affecting cell shape [29], 

and in the formation of stress fibers and focal adhesion [109]. Some of these investigations were 

performed before green fluorescent protein (GFP)-labeling became available, when MI of pre-labelled 

proteins was the only method to observe them in living cells. Nevertheless, MI still plays an important 

role even in the current post-GFP era, since the bulky GFP label may interact with preexisting fiber 

hindering the insertion of the labelled actin. 

The study of apoptosis was also empowered by MI, in particular in the elucidation of the early onset of 

the apoptotic cascade. Since many of the proteins involved in this cascade are strongly toxic for the cells 

(e.g. caspases [110]), the study of their interactions would not have been possible with transfection 

techniques because the transfected cells would not withstand the expression. The involvement of 

cytochrome c in apoptosis, which was shown to be caspase-dependent, was discovered via injections of 

cytochrome c (or triggers for the release of cytochrome c) into cells [111-115]. 

Besides answering fundamental questions, MI has also been used to obtain proof of concept for applied 

studies. A peptide-estradiol conjugate called Protac (proteolysis of targeting chimeric molecule) was 

shown to bind estrogen receptors (EsR) upon MI and to connect them with an ubiquitin ligase, targeting 

them for degradation. The conjugate was proposed as a potential therapeutic approach in which cancer-

promoting proteins would be targeted intracellularly for ubiquitylation and subsequent degradation. 

Given the conjugate’s poor membrane permeability, the use of MI proved to be key to introduce it into 

cells and obtain proof of concept [116]. 

The MI of Ab directly into the cytosol is a useful approach to study intracellular changes upon blockade 

of one specific protein. The instant inhibition allows observing changes with precise control over time, 

which is not possible for example when the protein is knocked down. Moreover, knockdown of 

housekeeping genes can be incompatible with cell viability, making it impossible to detect a reaction 

cascade following the inhibition. In addition, the injection into specific locations of the cell, like the 

nucleus or the cytoplasm, allows the compartment-specific blockade of proteins not achievable with 

other techniques. This feature can be very useful for proteins that carry out different functions depending 

on their localization. Furthermore, Ab can also be used as coinjection markers to identify the 

successfully injected cells, either by direct coupling of a fluorophore [18] or after detection with a 

secondary Ab [117, 118]. 

The possibility to inject Ab in different subcellular compartments at discrete times of a cell’s life cycle 

has provided the means to identify the role of specific proteins in complex biological processes such as 

cell proliferation, signaling and cell cycle regulation [25, 26, 119]. The injection of an Ab against cyclin 

A unveiled the protein’s role in regulating cell cycle progression from one phase to another. When 

injected in G1 phase, the anti-cyclin Ab inhibited DNA synthesis and delayed entry into S phase, 

whereas when injected in G2 phase the entry into M phase was completely inhibited [25, 26]. In another 

pioneering study, Dixon et al. blocked the interaction between histones and lamin, a filament protein 

present in the nucleus, by nuclear injection of Ab against the lamin A/C histone-binding site, thus 

inhibiting mitotic entry and showing that this protein-protein interaction was responsible for the spatial 

genome organization [120].  

MI of Ab into the cytosol has also led to important insights in the investigation of cell morphology, 

intracellular organization and transport. MI of anti-myosin Ab revealed that myosin was not only 

relevant in the determination of cell shape but also in the cellular motility, which was increased upon 



myosin blockage [27]. Moreover, the injection of Ab against kinesin, a microtubule-dependent motor 

protein responsible for organelle transport, allowed establishing the protein’s involvement in the 

centrifugal movement of granules [121], the organization of intermediate filaments [122] and the control 

of cell shape [123].  

The translocation mechanisms of virus proteins to the cell surface their infection of host cells were 

investigated by injecting Ab specific against viral proteins and transport vesicle-associated proteins. 

Kreis et al. studied the translocation of the vesicular stomatitis virus glycoprotein (VSV-G) from the 

Golgi complex to the cell membrane, a viral component serving as a model for the intracellular transport 

of membrane proteins [124]. Shielding of the VSV-G’s cytoplasmic domain with injected Ab blocked 

the glycoprotein’s transport to the cell surface. Additionally, protein’s transport was also blocked upon 

injection of Ab against the vesicle-associated coat protein (COP) β-COP, which is associated with the 

Golgi complex in the budding of new vesicles and transport to cellular membranes [28]. Based on their 

observations, the authors were able to show the involvement of β-COP in intracellular transport 

processes of viral proteins from the ER/Golgi to the cell surface via COP-coated vesicles. In this 

particular case, MI was more appropriate than other techniques since the rapid onset of the effects within 

30 min after manipulation would not have been possible to observe with incubation methods, which 

demand longer times to introduce biomolecules into the cell and would lead to the entrapments of the 

Ab in endolysosomal vesicles. Moreover, a complete knockdown of e.g. β-COP would have greatly 

complicated the study of this particular function given its involvement in many other processes. 

Taken together, MI of proteins and Ab allowed the elucidation of several intracellular pathways involved 

in the translocation of proteins to specific compartments. Besides that, studies on cell deformation and 

apoptotic processes could solely be performed by MI, since the effects were anticipated to happen soon 

after the introduction of the triggering biomacromolecule.  

 

Microinjection of DNA/RNA 

By delivering genetic material directly into cells without inducing its entrapment inside endolysosomal 

vesicles, MI enabled fundamental breakthroughs on the transport of DNA and RNA in the intracellular 

compartment. In 1980, Capecchi and collaborators discovered that the introduction of DNA into the 

nucleus led to a transfection efficiency of 50-100%, whereas cytoplasmic injections were not followed 

by subsequent gene expression [30]. This suggested that the DNA did not translocate from the cytoplasm 

to the nucleus, and that this step was a prerequisite for subsequent translation. MI was at the time of this 

discovery the only technique enabling such study, given the unique possibility to introduce material in 

specific subcellular compartments. Further MI-based studies showed that ON and their analogues 

preferentially ended up in the nucleus after MI [31], which indicated that the size of the DNA/RNA 

molecules introduced in cells was a limiting factor in the translocation to the nucleus and subsequent 

expression. Later on, Dowty et al. reported that the process took place via the NPC, which limited the 

entry of moieties above a certain size threshold [34]. Occlusion of the NPC with wheat germ agglutinin 

and ATP-depletion blocked the entry of several injected ON into the nucleus [125], suggesting the 

translocation process through the NPC was energy-dependent [125, 126].  

While chemical- and viral-mediated transfections are nowadays the most common techniques for cell 

genome manipulation, MI played an important role in the early days when lipid-based transfection 



reagents were not yet commonplace. Before the invention of lipid-mediated gene transfection in 1987 

[127], only a few methods were available to transfect cells with nucleic acids, such as those based on 

calcium phosphate particles [128], viruses [129] and electroporation [5]. Pioneering work on the MI of 

genetic material performed by Graessmann [14] and Diacumakos [13] in the 1970’s paved the way for 

subsequent studies of functional genomics. For instance, MI of the DNA of the Epstein-Barr virus (EBV) 

revealed the existence of a cellular barrier against the viral entry, but only in certain cell types in which 

the infection would not occur unless assisted by MI [19]. Three decades later, the underlying mechanism 

was unraveled and EBV was found to enter via CD21, which is expressed on B lymphocytes but not on 

fibroblasts [130].  

Although nowadays MI has been replaced to some extent by more efficient transfection techniques, it 

remains in use for its precision, ability to modify difficult-to-transfect cells (i.e. neurons, blood stem 

cells and mesenchymal stem cells) [18, 90], and the possibility to treat single cells in tissue slices, among 

other features. The study of morphological plasticity in the hindbrain was possible after the delivery of 

a plasmid encoding for fluorescent actin into neurons was achieved in brain tissue slices by MI [131]. 

In addition, MI enabled the study of the mechanisms of differentiation and proliferation of neural stem 

cells in brain slices of mouse embryos. Taverna et al. injected RNA pools isolated from transgenic neural 

stem cells into the cytosol of apical progenitor cells in organotypic brain tissue slices, and found that 

these extracts -but not those of adult mouse brains- were able to shift the balance of the progenitor cells 

from differentiation towards proliferation (Fig. 2.2) [37, 132]. Given its precision in manipulating 

individual cells, MI also offers the possibility to leave neighboring cells untreated [133], providing an 

internal negative control for such studies on tissue slices. Moreover, if an experiment requires several 

different DNA constructs and/or peptides to be introduced simultaneously into the cell, MI is certainly 

an advantageous approach compared to lipid-based transfection techniques requiring extensive 

optimization. The combinatorial flexibility of MI was illustrated in a study of neuronal transport 

processes, where neurons were simultaneously injected with several plasmids, peptides and Ab [133].  



 

Figure 2.2. Microinjection of individual neurons in cultured brain tissue slices. A) Scheme of the 

procedure followed to obtain tissue slices from embryonic mouse brain and perform MI of single cells. 

B) Cartoon depicting a brain tissue slice on which single cells were injected with a fluorescent injection 

marker (green); nuclei indicated in blue. C) Tissue slice where an apical progenitor cell expressed the 

reporter protein GFP after being injected with injection marker and RNA extract from transgenic neural 

stem cells. Injection marker (Dx-A594, red), GFP (green), nuclei (DAPI, blue). The tissue slice was 

incubated for further 30 h after MI, followed by fixation, staining and imaging. Scale bar 10 μm. Adapted 

from Taverna et al. with permission [37]. 

 

An interesting field connected to the MI of DNA/RNA is the injection of hybridized constructs. Using 

a Foerster resonance energy transfer (FRET)-based approach, it was shown that injected ON could 

remain hybridized inside the cell with a half-life only 15 min before FRET was lost due to degradation 

[134]. This indicated that the hybridization state of nucleic acids can serve as a measure for intracellular 

stability of ON, which determines the longevity and effect strength. Besides FRET, fluorescence in situ 



hybridization (FISH) has also been employed to study the half-life of injected DNA, which was shown 

to be around 1-2h in common cell lines [135]. The quick degradation of the injected DNA was attributed 

to binding of the strands to intracellular transport proteins and to the presence of cytosolic nucleases that 

break double strands and trigger their degradation [88, 134, 135].  

The complexation of DNA with positively charged lipids or polymers (to form lipoplexes or polyplexes, 

respectively) is known to promote transfection efficacy by protecting the DNA and minimizing its 

degradation [88]. Before the underlying mechanisms were understood, the possibility to inject these 

complexes in different compartments of the cells provided important insights into the process of 

transfection itself, specifically the release of DNA from the complexes. Early studies showed that 

cytoplasmic injections of DNA complexed with PEI or polylysine (PLL) had higher transfection 

efficiency compared to uncomplexed DNA [136-138]. Moreover, the injections of PLL-complexed 

DNA revealed that high nitrogen to phosphate (N/P) ratios decreased the transfection efficiency. It is 

nowadays known that an excessively strong binding of the DNA to the complexing polymer can override 

the benefits of complexation in terms of stability, because it decreases the amount of DNA dissociated 

and therefore lowers transfection efficacy [139, 140].  As shown by Zabner et al., similar concepts apply 

as well for lipoplexes, where a low lipid-to-DNA ratio was found to be necessary to allow expression 

[141].  

 

Microinjection of Nanocarriers 

Although most nanocarriers are easily internalized by cells upon co-incubation, they do so at the 

expenses of being covered with a layer of proteins that modifies their surface properties [47]. One of the 

consequences of the protein corona is that NP carrying targeting moieties can lose their targeting 

capabilities after being in contact with biological medium [48]. In addition, nanocarrier internalization 

via endocytosis normally leads to entrapment in endocytic vesicles and potentially also degradation in 

the lysosomal compartment, demanding the implementation of membrane-destabilizing strategies to 

achieve an effective intracellular dose of the material [142]. MI provides a portal of entry for colloids 

into cells that not only effectively overcomes the endolosysomal barrier but also preserves their surface 

properties [143]. Table 2.1 shows different kinds of NP and vesicles that have been injected into cells 

and presents them according to size, surface properties and object of research. 

Table 1, NP injected into cells, sorted by type and size. 
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Abbreviations: YFP yellow fluorescent protein, b-PE b-phycoerythrin NLS nuclear localization sequence, 

TMAOH tetramethylammonium hydroxide. 

 

Semiconductor nanocrystals (quantum dots, QD) overcome the fluorescence bleaching problem of small 

molecule-based dyes [159], but their biocompatibility has proven to be an obstacle for biological 

applications. Dubertret et al. have successfully exploited their favorable in vivo imaging properties by 

encapsulating individual QD in phospholipid micelles to achieve a stable suspension and colloidal 

stability, and injecting them into Xenopus embryos. In their study, the authors demonstrated the 

particles’ coating prohibited aggregation for at least 4 days, which ultimately allowed them to harvest 

the QD’s high stability and persistent staining capabilities in this first proof-of-concept study [145]. The 

toxicity of these particles was low, which could attributed to the ZnS shell of the particles [160]. In 

comparative studies of injected versus incubated QD, the former were shown to remain in the cytoplasm 

for 24 h without any cellular processing, whereas the QD taken up via endocytosis were unable to escape 

the endosomal vesicles and did not reach the cytoplasm [44]. Similar results were reported for QD 

labelled with a cell-penetrating peptide consisting of a C-terminal 8 arginine repeat-block, which despite 

enhancing the uptake during co-incubation, confined the particles to the endolysosomes and failed to 

deliver them to the cytosol as efficiently as MI [148]. The intracellular fate of injected QD was studied 

as well in Xenopus embryos, where the surface chemistry of the particles was found to be a determining 

factor. While QD with sulfobetaine capping did not aggregate inside the embryos, PEGylated 

phospholipid micelle-encapsulated QD clustered one week after MI [147]. Actin has been proposed to 

play a role in the diffusion of QD inside the cell since disruption of the actin network enhanced the QD 

intracellular diffusion [144].  

The use of targeted QD for intracellular staining in combination with MI has yielded interesting 

developments. By attaching a nuclear localization sequence (NLS) or a mitochondrial localization 

sequence (MLS) to the QD, specific staining of the nucleus or the mitochondria could be achieved [149]. 

Furthermore, the attachment of 5’000 molecular weight (MW) PEG-chains on the surface of QD lead 

to a 28-nm particle that was excluded from the nucleus, indicating a size limitation to go through the 

nuclear pores [149]. Building up on this knowledge, streptavidin-coated QD were used as modular 

imaging probes in combination with biotinylated hapten molecules. Upon their injection, the QD bound 

to the hapten conjugates by streptavidin-biotin interactions, which in turn bound to specific proteins 

expressed with fused hapten-binding tags in genetically modified cells [161]. With this approach, 

multiple proteins could be tracked in living cells at the single-particle level during much longer 

trajectories than previously possible.  

MI-based studies have also combined electron microscopic analysis with gold nanoparticles (Au NP) to 

study subcellular structures. The attachment of the protein chaperone nucleoplasmin on the surface of 

Au NP led them to localize at the nuclear membrane, likely at pore-associated fibrils [102], enabling the 

study of uptake processes into the nucleus and revealing that binding to the nuclear envelope was a 

prerequisite for nuclear entry. Using NLS-labelled Au NP, nuclear accumulation was found to only be 



possible for sizes below 39 nm [151]. This finding prompted the development of bulky Au NP-

conjugated hybridization-sensitive probes, which given the size restrictions of the NPC did not 

translocate to the nucleus and were thus able to hybridize with cytoplasmic mRNA. Similarly as with 

QD, the PEGylation of Au nanoclusters prevented their aggregation and promoted their stability inside 

the cell [150].  

Besides metallic NP, several reports have described the injection of liposomes, which are often used as 

protective containers for sensitive cargo. Seksek et al. delivered by MI 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) liposomes encapsulating a pH-dependent fluorescent sensor, which upon their 

ATP-mediated fusion with Golgi vesicles, enabled the measurement of the pH of the Golgi vesicles [56]. 

The process was described as energy- and size-dependent, since only liposomes in the size range of 60-

70 nm could be fused, whereas smaller or larger liposomes were not capable of fusion. The authors 

suggested that the used liposomes were close in size and lipid composition of naturally occurring 

vesicles, which also show fusion. The proposed mechanism and site-specificity is seemingly very 

elusive, since no further explanations were given regarding onset of fusion or physical-chemical actions 

leading to this event.  Chen et al. also investigated intracellular sensors using fluorophores, liposomes 

and MI. They evaluated several dyes upon injection for their sensing capacity of the intracellular 

environment by comparing their fluorescence when encapsulated inside liposomes (where they would 

not be exposed to the intracellular environment) or when attached to the liposomes’ external surface 

[57]. Moreover, liposomes with controlled release strategies have also been studied in combination with 

MI for the development of novel drug delivery systems. For instance, intracellular controlled release 

was tested by injecting thermosensitive liposomes coated with gold and applying near infrared light to 

the injected cells. The heating of the gold shell led to the disruption of the liposomal bilayer and the 

release of the encapsulated cargo [59]. As further explained in Chapter 3, we studied the fundamental 

aspects of injecting liposomes into cells, and found that they were well tolerated by cells, and could 

remain stable in the cytosol for up to two days. The intracellular stability depended on the liposomes’ 

composition and PEGylation state. This prompted us to investigate liposomes encapsulating a model 

enzyme, which we were able to show preserved its catalytic activity upon injection in the cytosol. Even 

if only a study model, systems such as these enzyme-encapsulating liposomes allow to answer 

fundamental questions that accelerate the development of functional artificial organelles and cell-based 

therapies. Although numerous fundamental questions have and will likely continue to be answered with 

similar systems, the most exciting outcomes of injecting NP might arise from systems encapsulating 

biologically active cargo, mimicking artificial organelles and giving yield to cell-based therapies. 

Intracellular processing of injected colloids  

Following their introduction via MI, colloids encounter the intracellular environment and subcellular 

structures present in the cytosol. Intracellular transport mechanisms may move them between different 

areas of the cytosol, relocating them from their initial injection site. They may also be captured by 

organelles and potentially be destabilized by the degradative conditions contained in their lumen. In 

addition, the injected material may be affected by the cell’s own life cycle stages. The intracellular 

processing of injected particles can therefore be analyzed in light of different phenomena, such as the 

diffusion pattern in the cytosol, the degradation processes in the cell’s organelles and the dilution of the 

injected load upon cell division. 



Almost 30 years ago, Luby-Phelps et al. conducted foundational studies to describe the structure of the 

cytoplasm using dextrans of different sizes (3 - 58 nm) and polysaccharide (Ficoll) beads of up to 25 

nm [32, 158, 162-166]. Using a microscopy technique called fluorescence recovery after photobleaching 

(FRAP), they could show that the diffusion coefficient in the cytoplasm decreased with the size of 

injected dextrans [162]. Moreover, they found that the injected material was excluded from several 

subcellular structures, such as mitochondria and endocytic vesicles, indicating that these hydrophilic 

compounds were unable to overcome intracellular membranes. In these early studies, the effective 

viscosity that particles larger than 3 nm encountered in the intracellular milieu was calculated to be 3-4 

times higher than that of water [158]. However, the cytoskeletal network was likely the major 

contributor to this calculation, since the actual viscosity of the cytoplasmic fluid alone was later found 

to be comparable to that of water [164]. The cytoplasm was therefore described as a molecular sieve, 

where the intermediate filaments acted as a network of fibers contributing to the sieving mechanism. 

This would explain why particles cannot cross the cytoplasm freely, since depending on their size they 

are held back by the network of fibers [32, 166].  

The described model may provide explanations for several findings concerning the injection of nucleic 

acids [33]. Transfection efficiency, for instance, could be understood in light of the diffusion of the 

injected DNA construct through the cytosol, which is in turn determined by the site of injection 

(proximity to the nucleus) and the construct’s own size (larger DNA constructs diffuse slower) [34, 

167]. Generally, it is perceived that smaller fragments of DNA or RNA are easier and/or faster to 

transfect [168]. This is partly due to the fragments’ microtubule-mediated shuttling towards the nucleus 

[169, 170] and probably also due to their ease of translocation into the nucleus. It is now known that the 

NPC imposes the size cut-off for nuclear translocation around 39 nm [151]. Compared to cytosolic 

injections, material injected directly into the nucleus encounters a higher viscosity, as shown by the 

slower diffusion of nucleic acids upon intranuclear injections [167]. The higher viscosity as seen in the 

difference in diffusion was proposed to be connected to the binding of the injected material to nuclear 

components, such as positively charged histones [167].  

The behavior observed with injected NP could also be understood in light of the sieving meshwork 

model of the cytoplasm. After being injected into the cytoplasm, 13-18 nm QD remained dispersed in 

the cytosol with a higher concentration at the injection site, and did not agglomerate over time nor were 

captured by intracellular organelles like endocytic or autophagosomal vesicles [44]. In fact, their 

intracellular distribution remained unchanged for 24 h after injection. This could be attributed to their 

small size, which would allow them to pass through the meshes of the cytoplasmic sieve. PEGylation 

was shown to enhance the free diffusion of the particles [49], and together with bovine serum albumin 

(BSA), it blocked the absorption to actin filaments [157]. As a result, functionalized particles diffused 

faster compared to unmodified ones. Interestingly, other particles have been reported to behave 

differently to the QD as further discussed in Chapter 3. Although a systematic study would be required 

to clarify the underlying reasons, the injection of liposomes of different sizes suggested the 

agglomeration in the cytosol would be size-dependent. Whereas small unilamellar vesicles (SUV) of 

around 80 nm showed some degree of agglomeration in the injected cells, large unilamellar vesicles 

(LUV) of around 130 nm underwent strong agglomeration within the first 8 h after MI and displayed a 

highly polarized intracellular distribution. The agglomeration of the liposomes was found to be 

reversible, as an injection of buffer into the cells easily disrupted the clusters of particles. It is possible 

that larger particles would establish stronger interactions with the cytoplasmic meshwork and would 

therefore localize to areas of lower intracellular remodeling.  

Depending on the nature of the colloids injected, they can be cleared from the cytoplasm by endogenous 

cellular mechanisms. Nucleic acids are degraded in the cytoplasm by Ca2+-sensitive nucleases [88]. For 



other injected colloids of larger size, the clearance from the cytoplasm can take place through an 

autophagy-mediated response. Although autophagy is a relatively young field and numerous 

mechanistic questions remained to be answered, it is currently believed that the sequestration of 

intracellular material via autophagosomes is initiated in a stochastic manner with the formation of 

autophagosomal membranes around seemingly random cytosolic domains. Subsequently, the 

autophagosomes fuse with the lysosomes, leading to the cargo’s degradation by lysosomal proteases 

and low pH [54].  In the early days of MI, proteins were described to undergo autophagy-mediated 

clearance [50]. BSA, lactoglobulin, ovalbumin, catalase and apoferritin were observed in perinuclear 

vesicles after MI, which were identified as autophagosomes. Their capture in autophagosomes was 

described to be size-dependent, with the larger ones being taken up faster than smaller ones [50]. Besides 

proteins, some NP have also been described to be taken up by autophagosomes upon MI. Polystyrene 

particles of 100 nm diameter and PEI/DNA complexes were reported to accumulate in the perinuclear 

region after injection [52], which was later on confirmed to be due to their uptake into autophagosomes 

and lysosomes using electron microscopy and gold labels [53]. Interestingly, liposomes of sizes 

comparable to the polystyrene particles did not colocalize with lysosomal nor autophagosomal markers 

24 h and 48 h after injection, neither in their PEGylated nor unPEGylated forms as described in Chapter 

3. It is possible that their composition largely based on natural lipids prevented their recognition by the 

autophagosomal system. From a drug delivery perspective, the capture of injected material by 

autophagosomes constitutes an obstacle, as not only this can lead to the degradation of the material but 

also prevent it from reaching its subcellular target. In order to overcome the rapid uptake of injected 

colloids by autophagosomes, surface PEGylation has been explored, showing a shielding effect and 

preventing the capture of PEGylated proteins like light chain ferritin (LCF) and silica NP [51]. This 

could be due to the hydrophilicity of the PEG chains, which prevents the attachment of cellular proteins 

and the recognition by such clearing mechanisms [171]. Hence, depending on the composition of the 

colloid injected and on its surface modifications, autophagy may impose a hurdle for drug delivery 

purposes. 

If the colloids are not eliminated by clearing mechanisms, they will eventually be affected by the cell’s 

life cycle. Cell division influences the fate of microinjected material in different ways due to the 

breakdown of the nuclear membrane during mitosis and/or the distribution of the cell’s cytoplasm among 

daughter cells [89]. For nucleic acids, DNA injected into the cytoplasm showed higher transfection 

efficiency when the cells underwent division soon after the injection [89]. This was attributed to the 

breakdown of the nuclear membrane during mitosis, which allowed the DNA to access the nucleus more 

easily and undergo translation. Upon intranuclear MI and subsequent cell division, the injected DNA 

was excluded from the nucleus of the daughter cells, remaining in their cytosol and ultimately decreasing 

the transfection efficiency [89]. Indeed, for large colloids introduced into the nucleus via MI, their size 

can be an obstacle since after cell division they would be prevented from re-entering the nucleus through 

the nuclear membrane. During cytokinesis, the cytoplasm of the parent cell and the organelles contained 

in it are distributed between the two nascent daughter cells. In this context, it would be expected that the 

material injected in the cytosol would also be redistributed upon cell division. Interestingly, it was 

observed for injected colloids that their dilution pattern was dependent on the particles’ size as described 

later in Chapter 3. SUV in the range of 80 nm were on average distributed evenly between the daughter 

cells after cytoplasmic MI, comparably to what was observed with injected QD and endocytosed low 

molecular size probes [172]. However, LUV of around 130 nm were segregated unevenly during cell 

division, resulting in some daughter cells with a large load of injected colloids and others with virtually 

none. This could be connected to the agglomeration behavior observed for LUV upon injection in the 

cytoplasm (see section “Microinjection of nanocarriers”), which already before the cell underwent cell 

division would have generated a polarized distribution in the cytoplasm. The uneven dilution pattern 



observed upon cell division with larger colloids injected in the cytosol can have biomedical implications. 

Since dividing cells would inherit uneven portions of the injected colloids (e.g. drug- or enzyme-loaded 

LUV), they would also receive a different dosing of the encapsulated cargo, potentially leading to effects 

that are highly variable and/or difficult to predict. In contrast to the size-dependent dilution pattern 

observed when colloids are delivered via MI, those internalized by endocytosis are subjected to different 

dilution processes, since in such case it is particle-loaded endocytic vesicles instead of particles alone 

that get diluted upon cell division. Vesicular organelles can fuse together into larger vesicles, may be 

exocytosed from the cells or undergo other biological processing [44, 173-175].  

The intracellular processing to which injected colloids are subjected can depend on characteristics such 

as size, surface composition and nature of the colloids. The diffusion within the cytoplasm and the 

patterns with which injected colloids are distributed upon cell division appear to be size-dependent. In 

addition, the colloids’ nature and/or surface modifications seem to determine whether they are rapidly 

degraded by nucleases or cleared by autophagosomes. Overall, the intracellular processing of injected 

colloids requires careful consideration for drug delivery applications, as their characteristics may 

hamper the activity they were initially designed for and could also difficult their persistence in dividing 

cell populations. 

 

Conclusion 

MI has proven to be a powerful tool for cell manipulation, enabling seminal studies in the pre-

transfection years and empowering diverse fields of research thereafter as well. MI bypasses the plasma 

membrane and the endolysosomal pathway, and allows for efficient delivery of membrane-impermeable 

and degradation-sensitive molecules into cells, sparing the need for complex fusogenic strategies. 

Virtually any kind of colloids can be delivered by MI, including, proteins, nucleic acids and nano-sized 

particles. In addition, because the exact timing and site of injection in the cells can be precisely 

controlled, MI has had a pivotal role in the elucidation of numerous biological processes. Early studies 

on the regulation of the cell cycle, the apoptosis cascade and the organization of the cytoskeleton were 

possible due to the injection of Abs and proteins that selectively inhibited intracellular pathways, 

revealing through the downstream effects the underlying intermolecular interactions ruling these 

biological processes. Moreover, the translocation of nucleic acids from the cytoplasm to the nucleus 

during transfection was only unraveled upon MI-based studies, where the protecting effect against 

nucleases of DNA complexes were revealed and the stability and dissociation of the complexes could 

be better described.  The MI of NP has also unfolded the excellent intracellular targeting and imaging 

potential of QD, and has facilitated the introduction of artificial vesicles for their application as 

controlled release systems. Future fundamental discoveries and breakthroughs in applied science with 

MI-based studies will depend on the resolution of the throughput limitations of current MI platforms, 

and on further understanding the intracellular processing of each type of microinjected colloid in view 

of their cytosolic diffusion and cellular clearing mechanisms.  
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As described in Chapter 1, cell-based therapies have great potential in treating malignant or 

inflammatory diseases. They propose to exploit migratory cells as vehicles to transport therapeutic 

agents and deliver them at sites of inflammation or malignant growth to which they get recruited [176]. 

Most often macrophages, lymphocytes and DC are used, but recently also microorganisms have been 

proposed [177]. Regardless of the carrier cell used, the transported cargo needs to be first encapsulated 

into a nanocarrier (e.g. NP, vesicle) to preserve its stability [178] and to protect the cell itself from the 

drug’s effects [70]. Ex vivo-manipulated macrophages and lymphocytes have been used to deliver 

nanocarriers loaded with chemotherapeutics [179, 180] antiretroviral drugs [181], proteins or enzymes 

[182] and imaging contrast agents [183]. In the context of cancer immunotherapy, DC have been 

endowed ex vivo with encapsulated adjuvants and cancer antigens to develop cell-based vaccines [184, 

185]. Magnetotactic bacteria that migrate towards hypoxic regions have been used in mice to deliver 

liposomes bearing an antitumour drug [186]. 

 

Besides boosting the drugs’ efficacy by increasing the dose achieved on-site, carrier cells can 

minimize side effects associated to systemic exposure [187]. Furthermore, transporting degradation-

prone cargo (e.g. therapeutic proteins, nucleic acids) inside cellular vehicles can increase their half-life 

and preserve their function [70]. As explained before, the method with which the nanocarriers are 

introduced into the recipient cells has a deep effect on the cargo’s stability. Their co-incubation is an 

extensively used approach, relying on the cell’s endocytic mechanisms to internalize the nanocarriers 

[188]. Although convenient, controlling the amount of nanocarrier internalized can be challenging since 

it depends on the cells’ often heterogeneous endocytic activity. Indeed some cell types that are clinically 

relevant for cell-based therapies have limited endocytic capacity (e.g. immune cells, stem cells). In 

addition, unless effective membrane-destabilizing strategies are applied [189, 190], the endocytosed 

material can be degraded downstream in the endolysosomal compartment, suppressing its biological 

activity [70, 191]. Alternative membrane-disrupting techniques have thus been developed to deliver 

intracellularly various kinds of nanocarriers to virtually any cell type [11, 149], like e.g. MI among 

others (as discussed in Chapter 1).  

 

Due to its low cytotoxicity and high transfection efficiency, MI is used in vitro on cell lines and 

primary cells, and ex vivo on organotypic tissue slices to administer biomolecules, drugs, intracellular 

sensors and NP [37, 192, 193]. In this context, this chapter explores MI to endow live cells with 

exogenous artificial organelles encapsulating conditions that are incompatible with cell viability (e.g. a 

degradative enzyme or extreme pH values). The introduction of artificial organelles has been previously 

explored [67, 77, 194], yet in most cases the delivery to cells depended on a co-incubation step followed 

by uptake via the endolysosomal pathway, which often hampered the material’s activity and/or 

compromised its stability. MI would be beneficial for numerous emerging systems in need of alternative 

delivery strategies [195]; for instance, Tanner et al. have developed artificial multi-enzyme-containing 

peroxisomes that react to redox stress, and Choi et al. have proposed an ATP-synthesizing hybrid 

proteopolymersome [68, 196]. Our work addresses the fundamental aspects of using MI to deliver lipidic 

vesicles in a way that evades their subcellular processing and enables their persistence in the cytoplasm 

for several cell division cycles. The possibility of dispensing nanocarriers containing diverse 

biologically active cargo as well as extreme chemical environments into cellular vehicles brings exciting 

prospects for the progress of cell-based therapies and drug delivery. 



 

Experimental design 

 

Live cells (either HeLa cultures or primary murine DC) were microinjected with liposomal 

formulations containing different cargoes (phosphate buffered saline (PBS) pH 7.4, with or without 

active trypsin enzyme, and citrate buffer pH 2) whose intracellular fate was studied over a period of 2 

days following the injections. The liposomes’ subcellular localization and distribution upon cell division 

was investigated, as well as their ability to retain the encapsulated cargo and preserve its catalytic 

activity in the cells’ cytosol. The liposomes’ impact on the injected cells was evaluated in terms of 

cytotoxicity and impairment of migratory properties. Experiments were carried out in triplicates unless 

otherwise stated. 

 

Liposomes preparation 

 

Liposomes were prepared by the lipid-film rehydration method [197]. The lipids used were 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), DOPC, 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000) 

(Lipoid, Ludwigshafen, Germany), stearylamine (SA) and cholesterol (CHOL) (Fluka, Buchs, 

Switzerland). At 37 °C, DPPC liposomes are in the gel-crystalline state whereas in DOPC vesicles, the 

lipids are assembled in a liquid crystalline phase [198]. The formulations (mol%) tested were 

DPPC:CHOL (55:45), DPPC:CHOL:DSPE-PEG (50:45:5), DOPC:CHOL (55:45), 

DOPC:CHOL:DSPE-PEG (50:45:5) and DPPC:CHOL:SA (40:50:10). Briefly, lipids (5 mM) dissolved 

in chloroform (Sigma-Aldrich, Buchs, Switzerland) were dried in small vials and kept in a desiccator 

overnight. The dried lipid film was rehydrated with PBS pH 7.4 (KH2PO4 1.54 mM, Na2HPO4x7H20 

2.7 mM, NaCl 155.2 mM) and the resulting mixture was vortexed. After undergoing seven freeze-thaw 

cycles, the formed LUV were extruded ten times through two stacked 100-nm polycarbonate membranes 

(Sterlitech, Kent, WA). SUV were prepared by subsequent extrusion (20x) through two stacked 50-nm 

membranes. In order to fluorescently label the liposomes, 0.1% of the far-red lipophilic carbocyanine 

dye 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD; 

Thermo Fisher Scientific, Waltham, MA) was added to the lipid solution in chloroform. The size of the 

liposomes was determined by dynamic light scattering (DLS) (DelsaNano®; Beckman Coulter, 

Indianapolis, IN) (Table A3.1). 

 

For the stability test, the formulations were prepared as described above except for the hydration 

buffer, which was changed to a phosphate buffer pH 7.4 containing 25 mM 8-hydroxypyrene-1,3,6-

trisulfonic acid, trisodium salt (HPTS) and 70 mM p-xylene-bis-pyridinium bromide (DPX) (Thermo 

Fisher Scientific) and was adjusted to 300 mOsm. After liposome extrusion, unencapsulated dye was 

removed with a MidiTrap G-25 column (GE Healthcare, Little Chalfont, UK). The fluorescence of 

HPTS remained quenched and undetectable under the microscope as long as the liposomal membrane 

was intact and the cargo did not leak out. The addition of the detergent Triton X-100 in the proximity of 



the injected cells induced the permeabilization of the liposomes and the leakage of the dye, which was 

quickly followed by its dequenching and a consequent increase in fluorescence. The detergent-induced 

dequenching was interpreted as an indication that the liposomes were intact inside the cell at a specific 

time point and the stability of the injected liposomes was thus measured as the percentage of 

“dequenchable” cells among the total of successfully injected cells indicated by the coinjection marker. 

 

For the trypsin-encapsulating liposomes, DOPC:CHOL (90:10) dried lipid films (10 mM) labelled 

with DiD 0.05 mol% were hydrated with a 1 mg/mL solution of trypsin derived from porcine pancreas 

(Sigma-Aldrich) previously dissolved in PBS, and were kept in the fridge overnight. On the following 

day, the mixture underwent the aforementioned liposome preparation procedure. Unencapsulated 

enzyme was removed using a sepharose CL-4B (Sigma-Aldrich) gel column (20 cm x 0.7 cm), followed 

by the determination of the enzyme encapsulation efficiency (see Table A3.2). 

 

 

Cell culture and microinjection 

 

HeLa cells (CCL-2; ATCC, Manassas, VA) were grown as a monolayer in Dulbecco’s modified eagle 

medium (DMEM) with GlutaMax™ supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin at 37 °C and 5% CO2. All tissue culture reagents were purchased from Thermo 

Fisher Scientific unless otherwise stated. Cells were seeded at a density of 20'000 cells/mL 

(approximately 20% confluency) in 35-mm glass-bottom petri dishes (Cellvis, Mountain View, CA) 

previously marked in their bottoms with scratched gridded patterns. On the following day, an injection 

pressure of 80-120 hPa was applied for 0.2-0.5 s to inject the cells with an average volume of 793 fL 

(Fig. A3.1). MI were performed using Femtotips II attached to a Femtojet Microinjector and an 

InjectMan NI 2 (Vaudaux-Eppendorf, Schönenbuch, Switzerland), which were coupled to a Leica 

DMI6000B epifluorescence microscope (Leica Microsystems, Wetzlar, Germany). To identify the 

successfully injected cells, coinjection markers were added to the liposomes suspension, either dextran-

tetramethylrhodamine (TRITC) (Sigma-Aldrich) or dextran-Cy5 (Thermo Fisher Scientific). 

 

Quantification of the injected volume 

 

 The injection volume was determined based on previously described methods [23]. Cy5-dextran 0.1 

mg/mL was injected in a petri dish containing high viscosity silicon oil (10’000 cSt at 25 °C, Sigma-

Aldrich, Buchs, Switzerland) using Femtotips II attached to a Femtojet Microinjector and an InjectMan 

NI 2 (Vaudaux-Eppendorf, Schönenbuch, Switzerland). The diameter and the fluorescence intensity of 

the resulting spherical Cy5-dextran droplet was measured with a Leica DMI6000B epifluorescence 

microscope (Leica Microsystems, Wetzlar, Germany). The volume of the droplet was then calculated 

using the diameter measured, and finally a ratio between fluorescence intensity and volume was obtained 

using equation 1. 

                                               𝑅𝑎𝑡𝑖𝑜 =  
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑣𝑜𝑙𝑢𝑚𝑒
                                              Eq. 1           

Following the same procedure, HeLa cells were injected with the same concentration of Cy5-dextran 

and imaged with the same microscope settings as the droplets in oil. Using the Leica analysis software, 

the injected cells’ borders were manually drawn and the fluorescence intensity inside of these regions 

was quantified. By applying the aforementioned fluorescence-to-volume ratio, the volume injected into 

cells was calculated. 



Calculation of injected liposomes per cell. 

 The calculation of the number of liposomes per injection was performed assuming that the vesicles 

were fully unilamellar and spherical. The area per lipid was considered to be 0.63 nm2 for DPPC, 0.675 

nm2 for DOPC and 0.33 nm2 for CHOL [199, 200]. Since DSPE-PEG only accounts for a minor fraction 

of the total lipid amount, the calculations were performed considering a liposome composition of 55% 

phospholipid (PL) and 45% CHOL, and are therefore only shown for the unPEGylated formulations. 

The adjusted area per lipid was 0.495 nm2 for DPPC LUV and SUV, and 0.519 nm2 for DOPC LUV 

(Eq. 2). 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑙𝑖𝑝𝑖𝑑 = 

((𝑚𝑜𝑙% (𝑃𝐿)) × (𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑙𝑖𝑝𝑖𝑑 (𝑃𝐿) + (𝑚𝑜𝑙% (𝐶ℎ𝑜𝑙)) × (𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑙𝑖𝑝𝑖𝑑 (𝐶ℎ𝑜𝑙)) 

                  Eq. 2 

Assuming a bilayer thickness of 3.75 nm for spherical liposomes [201] and considering the mean 

diameters measured by DLS (130 nm for LUV and 80 nm for SUV), the total surface area was calculated 

as 100’236 nm2 for LUV and 36’619 nm2 for SUV (Eq. 3). 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 =  

                                4 × 𝜋 × (
𝑠𝑖𝑧𝑒

2
)

2

+ 4 × 𝜋 × (
𝑠𝑖𝑧𝑒

2
− 𝑏𝑖𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)

2

                  Eq. 3 

  

By dividing the total surface area of a single vesicle over the adjusted area per lipid, the number of 

lipids per vesicle was calculated as 202’498 for DPPC LUV, 79’978 for DPPC SUV, and 193’059 for 

DOPC LUV (Eq. 4). 

                      𝑁𝑢𝑚𝑏𝑒𝑟 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑𝑠 𝑝𝑒𝑟 𝑣𝑒𝑠𝑖𝑐𝑙𝑒 =
𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑙𝑖𝑝𝑖𝑑
              Eq. 4      

     

The number of vesicles per injection was then obtained by multiplying the injection volume (793 fL, 

see Fig. A3.1) by the concentration of vesicles in the  suspension, which was in turn calculated using 

the Avogadro’s number (6.022 x 1023) according to Eq. 5. 

   𝑁𝑢𝑚𝑏𝑒𝑟 𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠 𝑝𝑒𝑟 𝑚𝐿 = (
𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 × 𝑚𝑜𝑙 (𝑙𝑖𝑝𝑖𝑑𝑠) 𝑝𝑒𝑟 𝑚𝐿

𝑁𝑢𝑚𝑏𝑒𝑟 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑𝑠 𝑝𝑒𝑟 𝑣𝑒𝑠𝑖𝑐𝑙𝑒
)       Eq. 5 

 

Thus, assuming a lipid concentration of 5 mM, the number of vesicles per injection follows as 11’791 

for DPPC LUV, 32’276 for DPPC SUV, and 12’368 for DOPC LUV. 

 

Cytotoxicity assay 

 



Upon injection with the different liposomal formulations and coinjection marker, the cells were 

imaged at different time points by epifluorescence microscopy in the presence of 10 µg/mL propidium 

iodide (PI) to detect the cells with compromised membrane integrity. As a positive control for cell death, 

DiD-labelled liposomes containing 10 mol% SA were injected. Cell viability was calculated for each 

injected formulation as the percentage of PI-positive cells among the total of injected cells. 

 

Liposomal stability inside injected cells 

 

Using the HPTS/DPX-encapsulating LUV described above, the integrity of the LUV was tested inside 

the injected cells. The release and subsequent dequenching of the encapsulated HPTS dye was induced 

at specific time points (4, 24 and 48 h after initial injection) by adding the detergent Triton X-100 

(Sigma-Aldrich) at 1% (w/v) to the cell’s surrounding medium. The increase in fluorescence intensity 

following the dye’s dequenching was used as an indication of the stability of the LUV inside the cell at 

a given time point. 

 

Intracellular localization and tracking during cell division 

 

To stain the lysosomes, HeLa cells were transfected for 16 h with lysosomal associated membrane 

protein (LAMP-1) GFP CellLight constructs (Thermo Fisher Scientific). After washing, the cells were 

injected with the DiD-labelled liposomal formulations and analyzed by confocal microscopy after 24 h 

and 48 h using a Visitron spinning disk confocal system (Puchheim, Germany). To visualize the 

autophagosomes, HeLa cells stably expressing light chain 3 (LC3)-GFP were used [202]. The cell line 

was originally established by Professor Felix Randow at Cambridge University but were in this case 

obtained from Katrien Remaut in Ghent University. Image analysis and quantification of colocalization 

were performed using FIJI software.  

To study the evolution of injected liposomes over a cell’s lifecycle, injected cells (generation P) were 

imaged as they underwent two rounds of cell division (generations F1 and F2). To this end, HeLa cells 

were seeded the day before the experiment at a density of 10'000 cells/mL (approximately 5-10% 

confluency) and after injecting them with coinjection marker and liposomes (LUV or SUV) or QD, they 

were imaged using a Leica DMI6000B epifluorescence microscope for up to 48 h. For the QD, the 2 

µM stock solution of Qtracker 655 Vascular Labels (Thermo Fisher Scientific) was diluted to 1 µM with 

PBS prior to injection into cells. Images were analyzed using Leica LAS AF software. 

 

Agglomeration and resuspension analysis 

LUV, SUV and QD were injected into cells and followed via time-resolved microscopy for 12 h. 

Analysis was performed on images taken after 0 h and 8 h using FIJI software. Briefly, a region of 

interest (ROI) defining the area of the injected cell was set and the percentage of area occupied by the 

fluorescent particles was calculated at the 2 time points. For this purpose, a fluorescence intensity 

threshold was set to identify pixels positive for fluorescence. For the resuspension analysis, cells 

containing aggregates of injected colloids were injected again with PBS to disrupt the aggregates. Image 

analysis was performed as explained above.  



Positive control lysosomes 

HeLa cells were seeded one day prior to experiments in 8-well chambers (LabTek, Thermo Fisher 

Scientific, Waltham, MA) at a density of 10’000 cells per well. Cells were subsequently incubated with 

Lysotracker Green for 16 h, after which they were incubated with DPPC LUV (200 µM in OptiMEM 

(Thermo Fisher Scientific, Waltham, MA) for 4 h. Images were taken with a Visitron spinning disk 

confocal microscope 24 h later. Image analysis was performed with FIJI. 

Positive control autophagosomes 

HeLa cells were seeded one day prior to experiments in 8-well chambers (LabTek, Thermo Fisher 

Scientific, Waltham, MA) at a density of 10’000 cells per well. Cells were incubated for 4 h with N-

(2,3-Dioleoyloxy-1-propyl)trimethylammonium methyl sulfate liposomes (DOTAP, 100 µM in 

OptiMEM) according to the work of Roberts et al. [203]. Images were taken with a Visitron spinning 

disk confocal microscope 2 h later. Image analysis was performed with FIJI. 

Purification of trypsin-encapsulating liposomes. 

 Following extrusion, 300 µL of the trypsin-encapsulating liposomes (DOPC:CHOL 90:10 mol%) 

were transferred to a self-packed sepharose CL-4B gel column (0.7 cm x 20 cm) to remove the 

unencapsulated enzyme. PBS was added to the column and eluting fractions of 200 µL each were 

collected. The fractions’ UV absorbance was measured on a 96-well quartz glass plate (Hellma 

Analytics, Müllheim, Germany) at 280 nm and 340 nm using a Tecan plate reader (Männedorf, 

Switzerland). While liposomes absorbed both at 280 nm and 340 nm, the fractions containing trypsin 

absorbed only at 280 nm. In order to determine whether the enzyme was still active after liposome 

preparation and purification, the fractions’ enzyme content was calculated based on enzymatic activity 

measurements. For the trypsin activity measurements, 40 µL of 100 µM Rhodamine 110, bis-(Cbz-L-

isoleucyl-L-prolyl-L-arginin amide), dihydrochloride (BZiPAR) substrate (Thermo Fisher, Waltham, 

MA) was mixed with 10 µL of a range of known amounts of trypsin (10-500 ng/mL) in a 96-well plate 

and after incubating for 5 min in darkness at room temperature, the mix was diluted with 200 µL of 10 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer pH 7.5 containing 15% (v/v) 

ethanol. The fluorescence intensity was then recorded with a plate reader (Tecan) at 492 nm excitation 

and 523 nm emission over 20 min, and the values obtained were plotted as a function of time. The slopes 

of the resulting curves were used for the calibration of the enzyme concentration. 

Determination of trypsin encapsulation efficiency. 

 The elution fractions obtained during the purification process which contained trypsin (fractions 10-

13, elution volume 1900-2700 µL) were used to determine the trypsin encapsulation efficiency. The 

fractions were diluted 1:100 (v/v) with PBS and upon incubation with 1.0% (w/v) Triton X-100 (final 

concentration) for 10 min at 65 °C to induce complete cargo release from the liposomes, the enzyme 

activity was quantified using the BZiPAR substrate dequenching assay. The encapsulation efficiency 

was then calculated dividing the encapsulated amount in ng over the amount of trypsin used during the 

encapsulation procedure (300 µg). The procedure was performed in three independent experiments and 

by averaging their results an encapsulation efficiency percentage of 3.41 ± 0.53 was obtained (mean ± 

SD). 



Calculation of enzymes per liposome.  

The calculation of the number of active enzymes per liposome was performed according to Sugawara 

et al. [65] assuming that the vesicles were spherical. The area per lipid was considered to be 0.675 nm2 

for DOPC and 0.33 nm2 for CHOL [199, 200]. Since the composition of the trypsin liposomes was 90% 

DOPC and 10% CHOL, the adjusted area per lipid was 0.64 nm2 (Eq. 2). Assuming a bilayer thickness 

of 3.75 nm for spherical liposomes [201] and a mean size of 130 nm as measured by DLS, their total 

surface area was 100’236 nm2 (Eq. 3). By dividing the total surface area of a single vesicle over the 

adjusted area per lipid, the number of lipids per vesicle was calculated as 156’717 (Eq. 4). The lipid-to-

protein ratio was then calculated by dividing the number of encapsulated trypsin molecules over the 

number of lipids in the formulation. Since the LUV encapsulated 3.41% of trypsin, the concentration 

was 1.46 nM (hydration volume 1 mL, trypsin concentration in the hydration buffer 1 mg/mL, MWTrypsin 

= 23,300 g/mol). In addition, since the lipids were used at a concentration of 10 mM, the lipid-to-protein 

ratio was 6832 (Eq. 6). 

                                             𝐿𝑖𝑝𝑖𝑑 − 𝑡𝑜 − 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝑛 (𝑙𝑖𝑝𝑖𝑑)

𝑛 (𝑝𝑟𝑜𝑡𝑒𝑖𝑛)
                                      Eq. 6 

 

Finally, by dividing the number of lipids per vesicle over the lipid-to-protein ratio, the number of 

proteins per liposome was calculated as 23 (Eq. 7). 

                     𝑁𝑢𝑚𝑏𝑒𝑟 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠 𝑝𝑒𝑟 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑𝑠 𝑝𝑒𝑟 𝑣𝑒𝑠𝑖𝑐𝑙𝑒

𝑙𝑖𝑝𝑖𝑑−𝑡𝑜−𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑟𝑎𝑡𝑖𝑜
                Eq. 7 

   

Digestion of residual surface-bound trypsin enzyme in trypsin-encapsulating liposomes.  

Trypsin-encapsulating liposomes were incubated for 15 min with 5 mg/mL pepsin (Sigma-Aldrich) 

in a 10 mM glycine-HCl buffer adjusted to pH 2.5 to degrade potential surface-bound trypsin. After 

stopping the digestion by increasing the pH to 8 with 1 M NaOH, the pepsin was separated from the 

liposomes with a CL-4B gel column (0.7 cm x 20 cm) using 300 µL of the reaction mixture. In order to 

verify the absence of trypsin on the liposome’s surface, trypsin activity measurements were made in the 

purified pepsin-digested liposomes and in equivalent liposomes not undergoing the pepsin treatment. 

The measurements were also done before and after treatment with 1.0% (w/v) Triton X-100 (final 

concentration) for 10 min at 65 °C. 

Validation of the enzymatic activity assay used to evaluate liposome-encapsulated trypsin.  

The protease substrate BZiPAR 20 µM (previously dissolved in PBS) was injected with the Femtojet 

microinjector into a petri dish containing high viscosity silicon oil (10’000 cSt at 25 °C, Sigma-Aldrich) 

with an injection pressure of around 700 hPa. This resulted in a spherical droplet of BZiPAR suspended 

in the oil. Subsequently, DiD-labelled trypsin-encapsulating liposomes were injected into the BZiPAR-

containing droplet or in its proximity directly in the oil, in an area where the substrate was not present. 

The fluorescence intensity of the petri dish was then recorded for 15 min with a Leica DMI6000B 

epifluorescence microscope, acquiring one image per minute in the fluorescence channels corresponding 

to the detection of BZiPAR’s dequenching and the DiD label of the liposomes. Using the Leica analysis 



tool, the fluorescence intensity was quantified as a function of time inside each of the droplets containing 

BZiPAR substrate alone, DiD-labelled trypsin-encapsulating liposomes alone or a combination of the 

two. 

Enzymatic activity assay 

 

Enzymatic activity was measured with a dequenching assay involving the fluorogenic protease 

substrate BZiPAR, which was validated as shown in Fig. A3.7 and A3.8. Cells were pre-incubated for 

3 h with the protease inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) 

(Pefabloc®, Fluka) at 1 mM to prevent unspecific cleavage of the assay’s substrate, and were 

subsequently injected with DiD-labelled enzyme-loaded liposomes. BZiPAR was then added at 20 µM 

to the medium of the injected cells and was incubated for 30 min at 37 °C and 5% CO2. Images of the 

live cells were obtained using a Leica DMI6000B epifluorescence microscope. The cleavage of BZiPAR 

by trypsin lead to its dequenching, followed by a marked increase in fluorescence intensity detected by 

microscopy. Images analysis was performed using FIJI software. 

 

Preparation of transmembrane acidic pH-gradient liposomes. 

 DPPC-PEG transmembrane pH gradient liposomes containing 0.1 mol% DiD were prepared by 

hydrating the lipid films with isotonic citrate 250 mM pH 2 (or PBS pH 7.4 as control), based on a 

protocol from Forster et al. [204] with modifications. After 7 freeze-and-thaw cycles, the liposomes 

were extruded through double-stacked 100 nm pore size polycarbonate membranes. The pH gradient 

with pH 2 inside the liposomes and pH 7.4 externally was established exchanging the liposomes’ 

external buffer for isotonic PBS with physiological pH via size exclusion chromatography (G-25 

miditrap column, GE Healthcare). The prepared liposomes were then injected into HeLa cells as 

previously described. Four, 24 h and 48 h after injection the cells were incubated for 30 min with 200 

nM bafilomycin A1 (Sigma-Aldrich) in DMEM supplemented with 10% FBS in order to inhibit the 

acidification of typically acidic subcellular organelles, such as endosomes and lysosomes, and prevent 

their interference with the detection of the acidic liposomes. Subsequently, the cells were incubated for 

5 min with 200 nM bafilomycin A1 and 1 µM Lysotracker Green DND-26 (ThermoFisher Scientific), 

a marker of acidic compartments, which due to the pre-incubation step with bafilomycin should mainly 

stain the acidic liposomes. After washing with PBS, the cells were imaged in Live-cell imaging solution 

(ThermoFisher Scientific) containing 10% FBS using a Leica DMI6000B epifluorescence microscope 

(Leica Microsystems). Image analysis was carried out with FIJI software [205]. Cell viability was 

measured using the PI cytotoxicity assay described in the main methods of the article. 

 

Dendritic cell migration assay 

 

DC were generated from the bone marrow of CD11c - yellow fluorescent protein (YFP) mice as 

previously described [206]. All experiments were approved by the Cantonal Veterinary Office Zurich. 

Briefly, 5x106 bone marrow cells were placed into bacterial dishes (Greiner Bio-One, St. Gallen, 

Switzerland) in DC-medium containing RPMI 1640, 10% FBS, 15 nM HEPES, 1 mM sodium pyruvate, 

100 U/mL penicillin, 100 mg/mL streptomycin, 2 nM L-glutamin (GIBCO, Zug, Switzerland), 50 mg 

β-mercaptoethanol (Sigma-Aldrich). Additionally, 80 ng/mL granulocyte macrophage colony-

stimulating factor (GM-CSF) was added, which was derived from the supernatant of myeloma cells 

(X63 Ag8.653) transfected with murine GM-CSF cDNA [207]. The medium was changed every three 



days. On day 9-10, floating DC were collected and seeded on coverslips into tissue culture-treated dishes 

(TPP, Trasadingen, Switzerland) in medium containing 0.1 mg/mL lipopolysaccharide (Enzo Life 

Sciences, Lausanne, Switzerland). Immortalized mouse lymphatic endothelial cells (imLECs) were 

cultured at 33 °C in collagen (Advanced Biomatrix, San Diego, CA) and fibronectin (Millipore, 

Temecula, CA)-coated dishes (10 mg/mL each) in media containing 40% DMEM (low glucose), 40% 

F12-Ham, 20% FBS (GIBCO), 56 mmol/mL heparin (Sigma-Aldrich), 10 mmol/mL endothelial cell 

mitogen (AbD Serotec, Dusseldorf, Germany), 1x antibiotic antimycotic solution  (Fluka) and 2 nM L-

glutamin (Fluka). Additionally, murine interferon-gamma 1 U/mL (Peprotech, London, UK) was added 

to induce large T-antigen expression [208]. Cultured imLECs were seeded into collagen/fibronectin pre-

coated channeled flow chamber (3x104 cells/chamber) (μ-Slide VI0.4, IBIDI, Martinsried, Germany) 

and cultured for 24 h at 37 °C with 5% CO2. 

 

Mature DC were injected with DiD-labelled DPPC-PEG LUV and/or coinjection marker (Dextran-

TRITC), and were scraped off the coverslip. The DC suspension was introduced into the flow channel 

slide containing the imLECs. After a settling period of 30 min, DC migration was recorded for 30 min 

using a Leica DMI6000B microscope and a Nikon Eclipse TE2000-E microscope (Amsterdam, 

Netherlands). Trajectory analysis was performed using Imaris software (Bitplane, Zurich, Switzerland). 

Speed is represented as the migration length divided by the imaging time.  

 

Positive controls of migration inhibition. 

 Mature DC as described in the methods were incubated for 30 min with 0.5 µM cytochalasin D [209] 

(Sigma-Aldrich) or 31.2 µM Y27632 [210] (Sigma-Aldrich) before their addition to the flow channel 

slide. After a settling period of 30 min, DC migration was recorded with a Leica DMI6000B microscope. 

Trajectory analysis was performed using Imaris software. Speed is represented as the migration length 

divided by the imaging time.  

 

Statistical analysis 

 

For experiments in which more than three independent groups were compared (Figs. 3.1 B, 3.2 C and 

A3.7), one-way analysis of variance (ANOVA) followed by a post-hoc test (Tukey for 3.2 C and A3.7, 

Dunnett for 3.1 B) was applied to determine statistical significance. P-values below 0.05 were 

considered as statistically significant (*p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-

value < 0.0001). For the statistical analysis of aggregation and resuspension (Fig. 3.5 and 3.6), Kruskal-

Wallis one-way ANOVA on rank testing followed by a post hoc pairwise comparison with Dunn’s test 

was performed. p ≤ 0.05 was considered to be statistically significant). For the DC migration 

experiments (Fig. 3.10 C), non-parametric analysis (Mann-Whitney-U test) was performed. All 

statistical analyses were carried out employing GraphPad PRISM software.  

 



Results and Discussion  

Microinjected liposomes efficiently retain encapsulated cargo 

with low cytotoxicity 

We investigated the potential of MI to modify cells by introducing catalytically active material into 

their cytoplasm, and addressed the fundamental aspects governing its interactions with the intracellular 

compartment. Using a glass capillary injection tip with an inner diameter of 500 nm, HeLa cells were 

injected with approximately 790 fL (Fig. A3.1) of a suspension of fluorescently labelled 130-nm 

liposomes (large unilamellar vesicles, LUV), corresponding to approximately 12’000 liposomes per cell. 

The liposomes consisted mainly of CHOL and DPPC (Tc=41 °C) or CHOL and DOPC Tc=-21 °C), 

either with or without PEG surface modification (DPPC-PEG, DPPC, DOPC-PEG and DOPC LUV, 

respectively) (Fig. 3.1A; Table A3.1). The zeta potential of liposomes with similar composition and 

degree of PEGylation has been reported to be close to neutrality [211-213]. The addition of a coinjection 

marker (fluorescently labelled dextran) to the liposomal suspensions enabled the identification of 

successfully injected cells by fluorescence microscopy. 

 

 

Figure 3.1 MI of liposomal formulations into cells. (A) Schematic representation of liposomes’ MI into 

a cell. The microinjector tip pierces the cell’s plasma membrane and injects the liposomes directly into 

the cytoplasm. Liposomes can be fluorescently labelled (red coronas) or loaded with different cargoes 

(blue dots in the liposomes’ cores), and a co-injection marker can be included in the suspension to 

identify the injected cells. (B) Cell viability measured by PI exclusion 0, 4, 24 and 48 h after injection 

of the marker alone (Cy5), DPPC-PEG LUV, DPPC LUV, DOPC-PEG LUV, DOPC LUV and SA 



LUV. Values were normalized for total injected cells at time 0 (mean + SD, n = 285-355 in 3-4 

independent experiments). ***p-value < 0.001, ****p-value < 0.0001. (C) Microscopy images 4 h after 

injection of DPPC-PEG LUV vs. SA LUV. Injected cells are shown in magenta (Cy5) and dead PI-

positive cells in red (PI). Representative images are shown, taken from a pool of 40 images obtained 

during 3-4 independent experiments (for DPPC-PEG or SA LUV, respectively). Scale bar 100 µm. 

 

The MI process in itself was safe as indicated by the 99% mean cell viability of cells injected with 

coinjection marker alone (Fig. 3.1B). Similar observations were made for all the liposomal formulations 

tested, with which cell viability remained constant at around 79-89% for at least 2 days (the period of 

time during which the cultures were sub-confluent), indicating that the MI of liposomes was well 

tolerated by HeLa cells. Only the DPPC-PEG LUV induced a small decrease in cell viability down to 

79% after 48 h, which was nevertheless marginal compared to the impact of the positively charged SA-

loaded liposomes (SA LUV) used as toxic control (viability decreased to 84% immediately after 

injection and to 39% after 48 h) [214]. 

 

 

Figure 3.2 Stability of injected liposomes in cells. (A) Dequenching of HPTS/DPX-containing LUV, 

induced with Triton X-100 4 h after their injection into HeLa cells. The injected cells were imaged every 

700 ms for 35 s from the moment of detergent addition, which was between 0 and 10 s. Images of a 

representative cell are shown, taken from a pool of 103 cells imaged over 3 independent experiments. 

Scale bar 20 μm. (A) Change in fluorescence intensity over time upon Triton X-100 addition, measured 

along the red line in panel a. (C) Stability of HPTS/DPX-loaded LUV injected in cells, calculated as the 

amount of successfully dequenched cells over the amount of total injected cells (positive for coinjection 

marker) (mean + SD, n = 83-161 in 3-4 independent experiments). **p-value < 0.01, ***p-value < 

0.001. 

 

High intracellular stability is overall important from a drug delivery perspective, as carrier cells need 

to be protected from the damaging effects of their own cytotoxic cargo. Upon their injection into cells, 

the LUV remained intact in the intracellular milieu and efficiently retained the encapsulated cargo (Fig. 

3.2). Using a microscopy-based fluorescence dequenching assay, the different LUV formulations were 

found to remain stable (73-91%) for 2 days after their injection, and to successfully keep the 

encapsulated dye from leaking into the cells’ cytoplasm. The DOPC LUV were the only ones showing 



lower stability after 48 h (49%), likely due to their liquid-crystalline state at physiological temperature 

and the lack of steric stabilizer.  

 

Intracellular fate of injected liposomes  

Immediately after their injection, the LUV distributed evenly within the cell’s cytoplasm, both in the 

PEGylated and unPEGylated forms. Interestingly, aggregates of liposomes seemed to coalesce in the 

cytosol, progressively leading to a highly polarized distribution of injected material after 11.5 h (Fig. 

3.3A). The aggregation was however reversible, as observed upon injection of isosmotic PBS into the 

cells, which readily re-dispersed the agglomerates in the cytoplasm confirming that they did not coalesce 

(Fig. 3.3B). A very different intracellular distribution pattern was observed upon injection of smaller 

systems, namely PEGylated 18-nm QD and 78-nm SUV (DPPC-PEG and DPPC), both of which 

remained evenly distributed throughout the cytoplasm similarly to the coinjection marker (Fig. 3.4-3.6). 

Cytosolic agglomeration of injected colloids under 20 nm has been described in previous studies where 

PEGylation seemed to inhibit the process and determine the particles’ downstream processing [51, 147]. 

In the results presented here however, particle size rather than PEGylation state appeared to be the factor 

determining the intracellular distribution of the injected material. Moreover, in such earlier reports the 

observed agglomeration was ascribed to the particles’ recognition by the cells’ autophagy machinery, 

which was followed by downstream degradation in the lysosomes [51]. Indeed, although MI would be 

expected to avoid subcellular processing (i.e. the endo-lysosomal route) by delivering material directly 

into the cytoplasmic milieu, the cells’ autophagosomal system may pose an additional hurdle for 

efficient intracellular delivery [51, 53]. The subcellular localization of the LUV was therefore 

investigated microscopically, analyzing their colocalization with specific green GFP-tagged markers for 

the relevant subcellular compartments. The LC3 was used to label the autophagosomes [215], while the 

LAMP-1 was used to label the lysosomes [216]. Notably, the injected LUV did not colocalize with LC3 

nor with LAMP1 at any of the tested time points (24 and 48 h after MI) (Figs. 3.3C), regardless of their 

PEGylation state (Figs. A3.2 and A3.3) and in contrast with the positive controls used (Fig. A3.4). These 

observations would suggest that the injected liposomes were not captured by autophagosomes nor 

lysosomes but instead remained in the cytoplasm, excluded from these subcellular compartments for at 

least 2 days. Hence, contrary to what has been reported for other systems, the LUV injected in the present 

study did not cluster as a consequence of their recognition by autophagosomes or their traffic into 

lysosomes, and could be visualized inside the cells where they successfully bypassed lysosomal 

degradation. It is likely that their agglomeration in the cytosol would instead be a result of unspecific 

interactions with the cell’s vesicular traffic and cytoskeleton, which could push the liposomes around 

the cytosol until they reached regions of less shear stress and/or porosity of the cytoskeleton meshwork 

[162, 217]. 

 



 

Figure 3.3 Intracellular localization and processing of injected DPPC-PEG LUV. (A) Time-lapse 

images showing the intracellular aggregation of DPPC-PEG LUV (black) following their injection. A 

representative sequence of images is shown out of 27 sequences obtained during 3 independent 

experiments. (B) Resuspension of aggregated DPPC-PEG LUV upon injection of PBS (time 0 s) inside 

the cell. A representative sequence of images is shown out of 11 obtained during 3 independent 

experiments. Scale bar 10 µm. (C) Lysosomal staining (GFP-LAMP1 in green) of HeLa cells 24 h after 

injection of DiD-labelled DPPC-PEG LUV (red). The insets show zoomed-in subcellular areas, and the 

inset in the Merge image shows the XZ and YZ orthogonal views of the Z-stack. Scale bar 20 µm. A 

representative image out of 23 images obtained during 3 independent experiments is shown. (D) 

Autophagosomal staining (GFP-LC3 in green) of HeLa-LC3 cells 24 h after injection of DiD-labelled 

DPPC-PEG LUV (red). The insets show zoomed-in subcellular areas, and the inset in the Merge image 

shows the XZ and YZ orthogonal views of the Z-stack. Scale bar 20 µm. A representative image out of 

18 images obtained during 3 independent experiments is shown. 



 

Figure 3.4 Intracellular aggregation over time of LUV, SUV and QD upon injection into cells. (a) Time-

lapse images showing the intracellular distribution of DPPC-PEG SUV (black) following their injection 

into cells. Scale bar 20 µm. A representative sequence of images from 27 sequences acquired during 6 

independent experiments is shown. (b) Time-lapse images showing the intracellular distribution of 

DPPC SUV (black) following their injection into cells. Scale bar 20 µm. A representative sequence of 

images from 14 sequences acquired during 3 independent experiments is shown. (c) Time-lapse images 

showing the intracellular distribution of QD (black) following their injection into cells. Scale bar 10 µm. 

A representative sequence of images from 9 sequences acquired during 3 independent experiments is 

shown. (d) Time-lapse images showing the intracellular distribution of DPPC LUV (black) following 

their injection into cells. Scale bar 20 µm. A representative sequence of images from 14 sequences 

acquired during 3 independent experiments is shown.  



 

Figure 3.5 Analysis of the intracellular agglomeration of injected LUV, SUV and QD. (a) Time-lapse 

images of LUV, SUV and QD 0 and 8 h after injection, upon setting an intensity threshold for the 

quantification of the area occupied by the colloids inside the cell. Scale bar 20 µm. (b) Residual area 

occupied by the different colloids in the cell after 8 h from injection in comparison to 0 h. Between 23 

and 32 cells from 3 independent experiments were analyzed in total. Red bar indicates median value. 

(c) Results of the statistical analysis of the data shown in (b) using Kruskal-Wallis and Dunn’s Test. 



 

Figure 3.6 Analysis of the intracellular resuspension of aggregated LUV, SUV and QD. (a) Time-lapse 

images of LUV, SUV and QD before and after PBS injection to trigger resuspension of the aggregates, 

and upon setting an intensity threshold for the quantification of the area occupied by the colloids inside 

the cell. Scale bar 20 µm. (b) Fold increase in the area occupied by the colloids after injection of PBS. 

Between 25 and 31 cells from 3 independent experiment were analyzed in total. Red bar indicates 

median value. (c) Results of the statistical analysis of the data shown in (b) using Kruskal-Wallis and 

Dunn’s Test. 



Asymmetric dilution of injected colloids during cell c ycle 

 

During the 48 h that the injected liposomes stably persisted in the cytoplasm, the host cells would 

inexorably undergo cell division. For endocytosed NP, the intracellular dose achieved is known to 

distribute among daughter cells upon cell division, leading to an overall dilution of the initial dose [173, 

175]. Whether the NP contained in the parent cell are inherited by the daughter cells in a symmetric or 

asymmetric fashion seems to depend on several factors, such as the NPs’ size and physicochemical 

characteristics, the internalization pathway exploited and the subcellular compartment they accumulate 

in [173, 175]. The dilution pattern of injected LUV, SUV, QD and coinjection marker was therefore 

studied over two subsequent rounds of cell division by microscopy. The intracellular fluorescence of 

cells containing either colloids or coinjection marker was normalized to the values obtained for the 

parent cells that had originally received the MI. The SUV and the QD behaved similarly to the soluble 

coinjection marker, with which the dilution occurred in a linear fashion (Figs. 3.7A-C; Fig. A3.5). 

Compared to the parent generation (P), most of the cells of the first generation (F1) had approximately 

half of the fluorescence intensity, and those of the second generation (F2) retained half of the 

fluorescence of the F1 cells and less than a fourth of the P cells. The observed dilution pattern resembled 

that of other soluble molecules, such as the well-known dye carboxyfluorescein diacetate succinimidyl 

ester, which is indeed extensively used as a marker to track cell division cycles [172]. Strikingly, the 

LUV were diluted non-linearly upon cell divisions (Figs. 3.7D-E). The F1 generation included cells 

retaining up to 100% of the liposomal load of the P generation, as well as cells with virtually no 

liposomes at all. The uneven dilution became even more prominent in the F2 generation, where most 

cells retained a minor portion of the liposomes and a few cells still bore nearly 100% of the load of the 

P generation. 

 



 

Figure 3.7 Dilution of injected material during cell division. (A-D) Analysis of the dilution during two 

cell divisions of the coinjection marker (A, n = 19), QD (B, n = 18), SUV (C, n = 12) and LUV (D, n = 

19). The integrated intensity of individual cells was measured and normalized to 100% (generation P). 



Red lines indicate median values of data pooled from 3 independent experiments. (E) Microscopy 

images of P, F1 and F2 generations of cells microinjected with LUV (Cy5) and coinjection marker 

(TRITC). Scale bar 50 µm. A representative image of 36 images obtained during 3 independent 

experiments is shown. (F-H) Schematic representation of the dilution upon cell division of microinjected 

coinjection marker (F, red), SUV and QD (G, red dots), and LUV (H, red dots). P represents parent 

generation; F1 and F2 describe first and second generations, respectively. 

 

The contrasting dilution patterns observed for the smaller colloids (SUV and QD) and the LUV could 

be a consequence of their fundamentally distinct intracellular distributions, which could in turn be 

ascribed to their size differences. Whereas the smaller colloids diffused evenly throughout the 

intracellular milieu as would be expected for soluble molecules like the coinjection marker, the 130-nm 

LUV formed the aforementioned agglomerates after their injection, and hence were not equally 

distributed in the cytoplasm when it was divided between the daughter cells (Figs. 3.7F-H). Thus, the 

results suggest a link between the sizes of the colloids injected, their cytosolic distribution and their 

dilution upon cell division. It is worth noting that such link is not observed with particles internalized 

by endocytosis, since in this case it is instead particle-loaded vesicles that get diluted over cell division 

and therefore the dilution pattern is linked to the behaviour of the vesicular organelles, which might fuse 

into larger vesicles, be subject to exocytosis and other biological processes [44, 173-175]. Achieving 

even dosing among injected carrier cells can therefore be challenging because it is not only linked to the 

precision of the injection volume [98], but also to the pattern of dilution upon cell division. In only a 

few cell division cycles, the asymmetric dilution pattern observed with the injected LUV would result 

in heterogeneous loads of material among the population of carrier cells. Injecting smaller nanocarriers 

can lead to more even intracellular distributions, as observed with QD and SUV, presumably due to an 

easier diffusion across the porous cytoskeletal meshwork [162, 217]. However, small vesicular carriers 

are generally associated with lower loadings and would not be able to deliver as much functional 

material [218]. 

 

 

Microinjection of liposomes containing catalytically active cargo 

The liposomes’ innocuous persistence in the recipient cells’ cytoplasm and their efficient retention of 

cargo over at least 2 days, suggest the potential of MI as a platform to empower cells with novel 

functions through the introduction of artificial organelles. Catalytically active cargo was therefore 

encapsulated inside DOPC LUV (Fig. A3.6; Table A3.2) and its activity was studied upon injection into 

the cytoplasmic milieu of cells. UnPEGylated DOPC LUV were chosen in this case in order to maximize 

the enzyme encapsulation efficiency [219] and stability, since in contrast to DPPC-based LUV, the 

preparation of DOPC ones does not require heating at enzyme-degrading temperatures. The removal of 

residual trypsin bound to the outer membrane of the liposomes was corroborated after an enzymatic 

digestion step (Fig. A3.7).Trypsin was selected as a model enzyme due to its relatively small size of 

23.3 kDa and its resistance to external stress, such as the repeated freeze-thaw cycles involved in 

liposomes preparation. Importantly, trypsin does not need additional cofactors for its activity, a crucial 

feature in view of its confinement in liposomes and ultimately in the injected cells. 



 

 

Figure 3.8 Intracellular activity of liposome-encapsulated trypsin. (A) Schematic representation of the 

assay used to determine the enzymatic activity inside the trypsin-loaded LUV of injected cells. The 

fluorogenic substrate (BZiPAR) permeates through the cell and the liposomal membrane (1), inside of 

which it is cleaved by the encapsulated trypsin (2) and dequenched. (B-C) Enzymatic activity in cells 

injected with liposomes containing trypsin (B) or PBS (C). White arrowheads indicate the overlap of 

processed substrate (GFP) with liposomal marker (Cy5). The insets show zoomed-in subcellular areas, 

and the insets in the Merge images show the XZ and YZ orthogonal views of the Z-stacks. Scale bar 20 

µm. For the trypsin-containing liposomes, a representative image from 25 images obtained during 5 

independent experiments is shown. For the PBS-containing LUV, a representative image from 22 

images obtained during 5 experiments is shown. 

 

The catalytic activity of the trypsin-loaded LUV was assessed upon their injection into cells with a 

fluorescence microscopy-based assay involving the enzymatic cleavage of the cell-permeable substrate 

BZiPAR. After permeating through the cell and the liposomal membranes, BZiPAR can be cleaved and 

dequenched by the encapsulated trypsin, leading to an increase in fluorescence (Fig. 3.8A). The assay’s 



validation in a cell-free environment confirmed that only when substrate and trypsin-loaded LUV were 

simultaneously present could a fluorescent signal be detected (Fig. A3.8). Since cells contain 

endogenous proteases to which BZiPAR is also sensitive, a pre-incubation step with the protease 

inhibitor AEBSF was included. Hence, upon pre-incubation with AEBSF, the cells were injected with 

trypsin-loaded LUV and imaged in the presence of BZiPAR substrate. Substrate cleavage was 

successfully detected in the cells injected with trypsin-loaded LUV and although not all the injected 

cells were positive for protease activity, there was a clear-cut difference with those injected with blank 

liposomes, where enzymatic activity could not be detected at all (Fig. 3.8B-C). Variable degrees of 

enzymatic activity in the cells injected with trypsin-loaded LUV were noted, an observation that could 

be attributed to the limited permeation of BZiPAR across membranes. Indeed, the enzymatic activity 

increased by 4-fold after inducing the rupture of the trypsin-loaded LUV and releasing the enzyme into 

the substrate-containing buffer (Fig. A3.7). In addition to the potentially underestimated values obtained 

with this assay, the relatively low encapsulation efficiency of trypsin implies a low absolute number of 

enzymes per liposome in the range of 23 (see calculation in Materials and Methods). In addition, the 

microscopy-based approach we have used to detect the enzymatic activity allows limited sampling, 

potentially over-representing differences between individual cells. MI itself bears the intrinsic limitation 

of achieving small sample sizes, as even an expertly trained operator cannot inject more than a few 

hundreds of cells within 1 h. In this regard, advances in automated MI setups will be of great value, as 

well as microfluidic platforms that allow injecting up to 20’000 cells in only 1 s [6, 38]. Finally, the 

range of enzymes that can be encapsulated in the nanocarriers for their subsequent injection might be 

restricted in view of the substrates’ capacity to permeate through cells’ and liposomes’ membranes, as 

shown by the significant difference in enzymatic activity between intact and detergent-permeabilized 

liposomes. Future efforts shall focus on developing suitable pairs of prodrugs and prodrug-converting 

enzymes, and on increasing the throughput of MI. Nevertheless, the semi-quantitative study showed an 

unequivocal response in the cytoplasm of cells injected with trypsin-loaded LUV, indicating 

microinjected material can preserve its biological activity inside the lumen of liposomal vesicles. 

 

Besides biologically active cargo, microinjected liposomes could encapsulate chemical environments 

that are incompatible with cell viability. They could thus be exploited as bioreactors in which to perform 

chemical reactions in the cytoplasm of live cells. As a proof of concept, DPPC-PEG LUV encapsulating 

extremely acidic pH were prepared and successfully delivered intracellularly through MI. The liposomes 

contained 250 mM citrate buffer adjusted to pH 2. These “new organelles” which did not affect cell 

viability (Fig. A3.9) could be detected for at least 2 days in the cytoplasm of the injected cells and 

notably, their interiors remained visibly acidic upon injection (Fig. 3.9). This was indicated by the 

positive staining with a marker for acidic compartments in presence of an acidification inhibitor, which 

allowed us to distinguish the acidic liposomes from typically acidic subcellular compartments, such as 

endosomes and lysosomes. The introduction of vesicles containing biologically functional cargo into 

the intracellular compartment of cells brings exciting possibilities for cell-based therapies and emerging 

drug delivery strategies. Artificial properties may be added to cells by providing them with synthetic 

organelles encapsulating exogenous proteins or enzymes. The vesicles could also be conceived as 

bioreactors which carry out chemical reactions under conditions that are normally incompatible with 

cell viability, such as extremely acidic, alkaline, oxidizing or reducing milieu [195]. 



 

Figure 3.9 LUV encapsulating acidic buffer injected into cells. Epifluorescence microscopy images of 

live cells treated with bafilomycin A1 (inhibitor of organelles’ acidification) and stained with 

Lysotracker Green DND-26 (GFP, marker for acidic compartments) 4, 24 and 48 h after being injected 

with DiD-stained liposomes (Cy5) with internal pH of 2 (a) or pH 7.4 (b). White arrowheads indicate 

colocalization between liposomes and Lysotracker stain. Scale bar 25 µm. White dotted lines show the 

outlines of individual cells. Representative images from 9-10 images obtained during 3 independent 

experiments are shown. 

 

 



 

Having established the feasibility of introducing vesicles containing biologically active material and 

unnatural chemical environments in HeLa cells, MI was then applied to primary DC, a migratory cell 

type directly relevant for cell-based therapies [184, 185]. During immune responses, DC act as antigen-

presenting cells which are activated in the context of infections or vaccinations. Upon encounter of an 

antigen in the peripheral tissues, DC migrate to the draining lymph nodes and activate an immune 

response [220]. Cell-based therapies propose to exploit such site-directed migration properties to shuttle 

therapeutic cargo to sites of inflammation or tumour growth. The effect of liposomal MI on the 

migratory behaviour of DC was thus investigated using murine primary DC expressing yellow 

fluorescent protein (YFP). In specific, DC were generated in vitro from bone-marrow of CD11c-YFP 

mice and matured with lipopolysaccharide for 24 h according to established protocols [206, 221]. The 

matured DC were injected with fluorescent DPPC-PEG LUV suspensions and/or coinjection marker, 

and were subsequently flushed on top of a monolayer of imLECs [206]. The migration of the DC over 

the monolayer of imLECs was recorded via time-lapse microscopy (Fig. 3.10A). By tracking the DC 

migration paths, the migration speed could be calculated for every injected cell and compared to that of 

uninjected cells. The injection of liposomes and also of coinjection marker alone reduced the migration 

speed by almost 30% (Fig. 3.10B), suggesting the MI procedure in itself had a significant impact on the 

migratory capacity of DC. In fact, the decrease in speed observed with the MI was comparable to the 

effect of the actin inhibitor cytochalasin D, which reduces the migratory speed due to the disorganization 

of the intracellular actin filaments [209], as well as to the Rho-associated protein kinase (ROCK)-

inhibitor Y27632, which blocks the detachment of the DC from adhesion molecules expressed by 

imLECs (Fig. A3.10) [210]. The injection of DPPC-PEG LUV, however, did not disrupt the DC 

migratory properties any further than the coinjection marker alone, suggesting that the speed impairment 

resulted mainly from the impact of the MI procedure itself, likely mediated by hindrance of 

microtubules’ dynamics. The ex vivo modification of tissue-homing migratory cells could enable 

innovative therapeutic approaches. For instance, an inactive prodrug could be systemically administered 

and only be activated at the site of disease upon encountering the modified migratory cells, which would 

carry synthetic organelles loaded with the prodrug-activating enzyme. 

 



 

Figure 3.10 Migratory properties of injected DC. (A) Schematic representation of the channel slide 

assay used to evaluate the migratory properties of DC. A suspension of DC (drawn in green and visible 

in the GFP channel) was flushed over a monolayer of imLECs (drawn in grey and visible in the phase 

contrast image, PH). Injected DC containing coinjection marker were drawn in red and are visible in the 

TRITC channel. Scale bar 50 µm. (B) Time-lapse microscopy images of the migration of DC on top of 

the monolayer of imLECs. A DC simultaneously injected with coinjection marker and DPPC-PEG LUV 

appears in orange, while uninjected DC appear in green. The trajectory over time of the injected cell is 

indicated with a red line in the last panel (Track), whereas those of uninjected cells are indicated with 

grey lines. Scale bar 20 µm. (C) Analysis of the migratory speed of DC injected with DPPC-PEG LUV 

(Liposomes), coinjection marker (Dextran-TRITC) or left uninjected (Control). Each dot represents a 

tracked cell. The red lines indicate the median values of pooled data from 6-11 independent experiments. 

A Mann-Whitney-U-Test was applied, n = 28 – 37 for treated cells (*p-value < 0.05, ****p-value < 

0.0001). 

 

 

 

 

 

 

 



Conclusion 

In the present study, well-characterized phospholipid vesicles were introduced directly into the cell’s 

cytoplasm and several fundamental aspects were examined. MI efficiently bypassed the bottleneck 

imposed by degradative subcellular organelles and did not affect cell viability. Indeed, the injected 

liposomes remained intact in the cells’ cytoplasm for at least 2 days without fusing or undergoing further 

processing beyond their physical agglomeration in seemingly random corners of the cell. Notably, the 

encapsulated cargo was effectively retained in the liposomes’ core and did not leak into the cytoplasm. 

Furthermore, the injection of enzyme-loaded liposomes into cells confirmed that exogenous catalytic 

activity can be preserved and detected in the interior of carrier cells. In view of these findings, we 

validated the platform on DC, one of the migratory cell types recurrently proposed for cell-based 

therapies and vaccines. Although the migration speed of these cells was decreased by the MI procedure, 

their migratory properties over an endothelial monolayer were essentially preserved upon injection of 

cargo. These experiments provide proof-of-concept on the applicability of MI on such therapeutically 

relevant systems, and will pave the way for further studies on artificial organelles as well as future 

developments in cell-based therapies. Based on the encouraging findings in this chapter, triggered 

release systems were investigated in the following chapter in order to gain control over time-specific 

delivery of the cargo.
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Introduction 

After studying the fundamental aspects of the MI of colloids and gaining an understanding of the 

parameters that are relevant from a drug delivery perspective, the possibility to inject liposomes with 

controlled release properties was investigated. These systems have the capacity to respond to a given 

stimulus (e.g. pH, temperature, oxidative stress) that triggers the release of their encapsulated cargo [58]. 

Despite the advantages that MI offers in comparison to co-incubation, only a few published reports exist 

on the MI of controlled release systems [59, 222]. In one of these publications, the release of inositol 

triphosphate from gold-coated liposomes was triggered by an increase of temperature after applying a 

near infrared pulse of light [59]. Since the objective of our work was to deliver the liposomes by MI into 

the cytosol of viable cells, pH was discarded as a potential trigger for controlled release because the 

cytosolic pH cannot be altered without disturbing the homeostasis and risking the induction of cell death 

[223]. Temperature was instead deemed as a suitable trigger, since it can be easily modulated externally 

and the cells can withstand fluctuations of a few degrees without jeopardizing their viability. 

Numerous thermo-responsive systems have been described in the literature employing different 

strategies. Generally, temperature-sensitive formulations include lipids or polymers, which either assist 

in membrane destabilization upon phase transition of the main lipid, or show phase separation and 

subsequent membrane disruption upon heating above the lower critical solution temperature (LCST, in 

case of polymers). Lysolipids such as 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (MSPC) are 

commonly included in these systems to assist membrane destabilization upon phase transition of the 

main membrane-forming lipid, e.g. DPPC (42 °C) [224]. However, upon contact with blood within in 

vivo experiments, the lysolipids can desorb from the liposomal membrane, leading to loss of 

thermoresponsiveness [225, 226]. It is possible that the MI of such liposomes into the cytoplasm would 

have a similar outcome; therefore, we considered testing a different thermo-responsive system.  

Back in 2012, Sung and coworkers reported liposomes encapsulating ABC that would rupture and 

release the payload above 42 °C [80]. The release mechanism was said to be mediated by the 

temperature-induced decomposition of ABC, which would generate CO2 bubbles and cause transient 

cavitation. The liposomes were also said to induce cell death via necrosis in the absence of cytotoxic 

drugs by disrupting the cells’ lysosomal membranes. Naturally, the system’s thermoresponsiveness 

combined with its benignity at physiological temperature but cytotoxicity at 42 °C, caught our attention. 

Moreover, hyperthermia is a suitable trigger to control treatments in time and space, since it can be 

easily modulated externally (as opposed to physiological stimuli such as pH). Follow-up publications 

by the authors described applications of increasing complexity where the ABC liposomes were used for 

localized delivery of chemotherapeutics and in vivo tumor targeting with aptamer-conjugated or FRET-

guided versions of the vesicles [227-230]. We intended to apply the system in our laboratory but 

encountered insurmountable technical obstacles. Protocol clarifications kindly provided by the authors 

did not aid the reproduction of the work; therefore, to understand the root cause for the irreproducibility, 

we travelled to Sung’s laboratory to work jointly. Numerous discrepancies were noted with the original 

protocol published by the authors, and most importantly, the purification of the liposomes was found to 

be ineffective. Residual ABC and calcein were highly abundant in the liposomal suspension, 

compromising the validity of the calcein release kinetics estimated by the authors. Indeed, when the 

liposomes were purified further, the release of calcein at 42 °C did no longer differ from that at 37 °C. 

Liposomes prepared following the methods specified by Sung and coworkers lack the thermoresponsive 

properties described in their 2012 paper. Essentially, in our hands neither the extent nor the rate (profile) 



of cargo release from the ABC liposomes could be reproduced, and we attribute this to several reasons 

for which we provide evidence below.  

 

Materials and Methods 

Liposomes’ preparation 

Liposomes were prepared by the lipid-film rehydration method. The lipids used were DPPC, 

hydrogenated soybean phosphatidylcholine (HSPC), DSPE-PEG2000  (Lipoid, Ludwigshafen, Germany), 

CHOL (Fluka, Buchs, Switzerland), 1,2-di-O-octadecenyl-3-trimethylammonium-propane (chloride 

salt) (DOTMA) and MSPC (Avanti Polar Lipids, Alabaster, AL). The formulations used for the ABC-

encapsulating liposomes and the negative control (temperature-insensitive) liposomes were 

HSPC:CHOL:DOTMA (57.1:38.1:4.8 mol%; 63.8 mM total lipid), whereas for the positive control 

(temperature-sensitive) liposomes the formulation was DPPC:DSPE-PEG2000:MSPC (86.5:3.9:9.6 

mol%; 5 mM total lipid). Briefly, lipids dissolved in chloroform were dried in small vials and kept in a 

desiccator overnight. For the negative and positive control liposomes, calcein (Sigma-Aldrich, Buchs, 

Switzerland) was dissolved at 200 mM in 1 M NaOH and subsequently diluted to 50 mM in PBS pH 

7.4 (Na2HPO4 10 mM, KH2PO4 1.8 mM, NaCl 87 mM and KCl 2.7 mM). For the ABC-encapsulating 

liposomes, ABC was first dissolved at 2.7 M in milli-Q water at 4 °C and then the 50 mM calcein was 

dissolved in the ABC buffer. The dried lipid films were rehydrated with the corresponding solutions 

containing calcein. In the case of negative control and ABC liposomes, the liposomes were prepared via 

sonication in an ultrasonic bath at 40 kHz (Elma Transsonic Digital S, Singen, Germany) in order to 

dissolve the lipid film completely. Intervals of 5 s (sonication on and off) were applied for 15 min. The 

formed liposomes were then dialysed (100 kDa cut-off Float-A-Lyzer, Spectrum, Rancho Dominguez, 

CA) 1:2000 (v/v) against PBS pH 7.4 for 24 h at 4 °C with 3x dialysis buffer change according to the 

original publication [80]. Since the dialysis did not completely remove the unencapsulated calcein, the 

liposomes were further purified with a G-25 column (GE Healthcare, Little Chalfont, UK). The positive 

control liposomes underwent vortexing and 7 freeze-thaw cycles after lipid film rehydration. The final 

liposome suspension was extruded 10x through two stacked 200-nm polycarbonate membranes 

(Sterlitech, Kent, WA) and the unencapsulated dye was removed with a G-25 column. The size of the 

liposomes was determined after sonication using laser diffraction (Mastersizer® 2000, Malvern 

Instruments, Malvern, UK). For the positive control liposomes, size was determined after extrusion 

using DLS (DelsaNano®, Beckman Coulter, Indianapolis, IN). 

Calcein release from liposomes 

Cumulative release curves were recorded at excitation 490 nm and emission 520 nm with a Cary Eclipse 

fluorescence spectrophotometer (Agilent, Santa Clara, CA) equipped with a thermostatted multicell 

holder. The samples were diluted 1:100 (v/v) with PBS and measured in quartz glass fluorescence 

cuvettes (Hellma Analytics, Mühlheim, Germany). Values obtained were normalized to the fluorescence 

measured after Triton X-100 treatment (see below). For the cumulative release curves as a function of 

temperature, fluorescence measurements were recorded at increasing temperatures (0.1 °C/min) starting 

from 25 °C until 50 °C. For the cumulative release curves as a function of time, single measurements 

were recorded every 5 min over a period of 180 min at the constant temperatures 25 °C, 37 °C and 42 

°C. 



The fold increase in fluorescence intensity upon Triton X-100 treatment was measured with a plate 

reader (Tecan, Männedorf, Switzerland). Equal volumes of liposomes and Triton X-100 1% (m/v) 

(Sigma) were incubated for 10 min at 65 °C to rupture the liposomes’ membrane and release the 

encapsulated calcein. The mixtures were then diluted in PBS 1:10 (v/v) and the fluorescence was 

measured. The values obtained were normalized to non-treated liposomes.  

 

Results and Discussion 

In their original publication, the authors measured the cumulative release of encapsulated calcein at 

different temperatures, and reported that at 42 °C about 50% of the encapsulated calcein was released 

after 30 min and approximately 80% by 180 min. However, in our lab the liposomes produced (average 

diameter 188 ± 17 nm for ABC liposomes, 206 ± 51 nm for negative control liposomes and 151 ± 4 nm 

for positive control liposomes) only achieved 5% release after 30 min at 42 °C, which increased to 

merely 17% after 180 min (Fig. 4.1A). The modest release became even more apparent when compared 

to a well-established temperature-sensitive system, used here as a positive control. Such formulation 

consisted of phospholipids (transition temperature 40 – 43 °C) and lysolipids (phospholipids lacking 

alkyl chains) [231], and accordingly it released nearly all cargo at 42 °C in contrast to only 15% at 37 

°C (Fig. 4.1B). Temperature-insensitive liposomes hydrated with PBS instead of the ABC solution were 

used as negative control, and these did not release any of the encapsulated calcein at any of the 

temperatures tested (Fig. 4.1C). Equivalent results were obtained as well with a different encapsulated 

cargo of smaller molecular weight, the fluorescent dye carboxyfluorescein (CF) (Fig. A4.1). 

To investigate whether the ABC liposomes produced in our laboratory would perhaps have a higher 

release-triggering temperature, the release of calcein was measured as a function of temperature ranging 

from 25 to 50 °C. Whereas the positive control liposomes exhibited a sigmoidal profile with an abrupt 

release within the expected temperature window leaking essentially all their cargo at 41 °C, the ABC 

liposomes showed a very gradual release profile that barely reached a modest 15% leakage at 42 °C 

(Fig. 4.2). Experiments with CF instead of calcein revealed the same results (Fig. A4.2). 



 

Figure 4.1. Release of encapsulated calcein as a function of time. The release of calcein from (A) ABC, 

(B) Positive control and (C) Negative control liposomes was measured at 25, 37 and 42 °C over a period 

of 180 min (mean ± SD, n = 3).  

These results led us to question the sensitivity of the ABC liposomes to temperature, since in our hands 

they behaved similarly at 37 and 42 °C. Indeed, a freshly prepared solution of ABC generated 

macroscopically visible CO2 bubbles already at 37 °C (Fig. 4.3), suggesting the encapsulation of ABC 

could not yield a temperature-sensitive system. Our observations are in line with a 1994-patent where 

an ammonium transmembrane gradient was exploited to load amphiphilic drugs into liposomes. The 

patent described that the mechanism relied on the acidification of the liposomes’ core, which occurred 

upon exchange of the surrounding buffer for one without ammonia. 



 

Figure 4.2. Release of encapsulated calcein as a function of temperature. Fluorescence intensity was 

measured as temperature was increased 0.1 °C/min. Data were normalized to the fluorescence obtained 

after incubating the samples with Triton X–100, which was considered as 100% release (mean ± SD, n 

= 3).  

In order to reestablish the equilibrium upon the buffer exchange step, the encapsulated ammonia exited 

from the liposome core in its deprotonated form, leaving behind a proton which ultimately acidified the 

vesicles’ lumen. Such decrease in pH in turn causes the remaining carbonate to decompose into water 

and CO2, generating bubbles from the initially encapsulated ABC solution [232]. Hence, from this 

earlier work and also from our results it is clear that CO2 bubbles would be generated as soon as the 

buffer exchange would take place during the liposomes’ preparation. This would imply that the transient 

cavitation that Sung and coworkers reported would not be a phenomena controllable through 

hyperthermia, but through the timing of the buffer exchange.  

 

Furthermore, based on the high concentration (2.7 M) at which ABC was encapsulated in the published 

protocol and considering its substantially higher osmolality compared to the PBS used for the buffer 

exchange (4460 ± 139 vs. 297 ± 2 mOsm/kg, as measured with a freezing point osmometer), we 

hypothesized that the preparation method would establish an excessively strong osmotic gradient across 

the liposomal membranes that would compromise their stability. The stability of the ABC liposomes 

was therefore studied by measuring the efficiency with which they retained the encapsulated cargo 

during the purification procedure. Calcein release was measured after inducing the liposomes’ rupture 

by addition of Triton X-100. While the negative control liposomes exhibited a 5-fold increase of 

fluorescence (11-fold with encapsulated CF) after addition of the detergent, the ABC liposomes only 

increased by 3-fold (4-fold with CF). This suggests that the ABC liposomes’ membrane integrity would 

have already been compromised before the addition of the detergent, and that part of the initially 

encapsulated calcein had already leaked out of the vesicles at the time of the experiment. 

 

 

 

 



 

 

Figure 4.3. Generation of CO2 bubbles from ABC. Freshly prepared ABC solution (2.7 M) was 

incubated in petri dishes for 15 min at 25 °C, 37 °C and 42 °C, after which images were acquired with 

a digital camera. Representative images of three independent experiments are shown.  

Hence, in our hands the ABC liposomal system described by Sung and coworkers lacked the 

thermoresponsive properties that motivated us to work with it. More importantly, due to the strong 

transmembrane osmotic gradient, the authors’ method yielded unstable liposomes that could not retain 

the encapsulated cargo. 

 

Conclusion 

The results herein presented cast serious doubts on the ABC liposomes’ potential value as nanocarriers 

with controlled release and question the follow-up publications in which the authors applied the system 

[227-230]. Certainly, simple drug delivery systems controllable by hyperthermia are of great interest to 

the drug delivery field and would be a valuable contribution. Since our findings preclude us from further 

investing resources on ABC-triggered thermoresponsive release, other systems have to be considered. 

A possible option would be the use of polymer-modified liposomes, e.g. the insertion of poly(N-

substituted acrylamides) into liposomal membranes, since these vesicles also show a good stability in 

biological fluids like blood [224]. In temperature-triggered release systems, the working principle is 

different from that of formulations with lysolipids. Upon heating above the LCST, the polymers undergo 

coil-to-globule transition due to changes in water-binding capacity and then phase separate. This effect 

leads to the destabilization of the liposomal membrane and the release of the encapsulated compound. 

In summary, cell manipulation with microinjected liposomes will probably increase in versatility when 

implementing stimuli-responsive release systems.     



 



 

Chapter 5 

Conclusion and Outlook 

Fueled by the rise of new genome-editing technologies and cell-based therapies, the development of 

intracellular delivery strategies to manipulate cells has increasingly received attention in the past years. 

Among the existing techniques [1], MI was used during this doctoral thesis for its capacity to introduce 

materials in cells while circumventing the endolysosomal pathway to prevent the degradation of 

sensitive biomacromolecules and colloids. In addition, MI’s unique features such as the possibility to 

inject compounds at a precise time in specific subcellular compartments, rendered it especially 

appropriate for the introduction of liposomal carriers explored in this thesis. The fundamental aspects 

concerning the liposomes’ intracellular delivery and activity upon MI were explored, and their potential 

to endow cells with artificial organelles containing enzymatic cargo or chemical reactions was analyzed. 

By injecting nanocarriers of different compositions, surface properties and size, a comparative study 

was carried out on several aspects of the MI of colloids into live cells. In order to test the influence of 

particle size, we chose different liposomal and nanocrystal systems (LUV of 130 nm, SUV of 80 nm 

and QD of 20 nm). Our main findings presented in Chapter 3 and summarized in figure 5.1, show that 

neutral charged liposomes induced marginal toxicity on the injected cells and that after their introduction 

in the cytosol they remained stable without releasing the encapsulated cargo. Liposomal stability inside 

the injected cells was found to be comparable among the different formulations tested, although small 

differences were observed depending on the lipid composition of the vesicles. Specifically, liposomes 

made of lipids with higher transition temperatures remained intact inside the cells for slightly longer 

time. This could be explained by the fact that lipids with higher transition temperatures build liposomal 

membranes exhibiting a gel-crystalline state at 37 °C, which is less permeable compared the unordered 

liquid-crystalline state above the transition temperature. Moreover, PEGylation was also found to have 

a stabilizing effect. This was an expected outcome in view of the well-known shielding properties of 

PEG chains.  

 

 

 

 

 

 



 

Figure 5.1 Main findings of this thesis.  

 

These initial experiments showed that it was possible to introduce artificial vesicles in live cells via MI 

and that they could remain intact inside the cells for at least two days during which different aspects 

could be studied by fluorescence microscopy. Investigations on the intracellular processing of the 

injected liposomes were therefore carried out, revealing that over this period of two days the vesicles 

were not trapped inside of autophagosomes or lysosomes. This is a desirable outcome from a drug 

delivery perspective and a finding that differs from what has been reported for microinjected proteins 

and other NP like poly(styrene) beads [50, 53]. While interesting, it remains to be clarified why the 

liposomes were not detected and taken up by the autophagosomes. Although the shielding effect of 

PEGylation may contribute to the liposomes “invisibility” for the autophagic response [51], there were 

no differences in terms of colocalisation with autophagosomal or liposomal markers between the 

PEGylated and non-PEGylated liposomes. This would suggest that the reason for their stealth properties 

could be given by their lipid composition, which in resembling that of natural cell membranes, might 

have gone unnoticed by the cell’s own machinery. Further investigations are needed to fully understand 

the underlying reasons for this positive outcome, which would be important in order to extend it to other 

drug delivery systems in the future.  

Besides evading their capture by subcellular vesicles, the injected colloids were found to agglomerate 

in the cytosol following different patterns that appeared to correlate with some physicochemical 

properties. Whereas PEGylation did not seem to play a role, particle size was the main factor 

determining the differences in intracellular agglomeration. LUV agglomerated visibly after 8 hours of 

MI displaying a polarized distribution, while SUV did not segregate and instead remained more 

uniformly distributed in the cytosol. This could be connected to the architecture of the cytoplasm, which 

has been modelled as a “molecular sieve” of cytoskeletal components, as pointed out in Chapter 2, that 

form a meshwork through which molecules and nano-sized objects have to make their way [32]. In line 



with the molecular sieve model, the larger particles would face more obstacles in their movement 

through the cytosol, accumulating in regions of lower sheer stress and ultimately adopting a polarized 

distribution. Interestingly, the agglomeration was reversible as the aggregates quickly redispersed in the 

cytosol upon injection of buffer, confirming that the liposomes did not coalesce. The colloids’ size was 

found to affect not only their intracellular distribution in the cytosol but also their dilution pattern upon 

cell division. The dilution of material internalized by endocytosis had been previously studied in the 

context of cell division [174]. Our work revealed that SUV and QD were on average distributed evenly 

between the nascent daughter cells, whereas LUV were inherited unevenly by the cells of the new 

generation. This finding could have far-reaching implications for cell-based therapies. Although larger 

vesicles encapsulate larger amounts of cargo, they might entail difficulties when ensuring that the 

injected cells carry similar loads of material after their expansion for cell-based therapies. Further studies 

should pursue the size cut-off at which the dilution pattern upon cell division might become uneven. 

In a second part of our study, we explored possible applications of liposomes delivered intracellularly 

by MI. We produced enzyme-encapsulating liposomes and showed that these exhibited catalytic activity 

inside the cells upon injection. Although a model enzyme was used for this proof-of-concept 

experiments, the study may be viewed as a first step towards the introduction of artificial organelles into 

cell by MI instead of co-incubation [68]. During the development of this system, we identified several 

crucial points that have to be addressed, like the low encapsulation efficiency of the enzyme in the 

liposomes, and the need for cell-permeable substrates that can be used to report on the catalytic activity 

of the enzyme after MI. Follow-up studies should address these points either by inserting channels into 

the liposomes membranes [68] or by changing the encapsulation method to for instance reverse phase 

evaporation [233]. 

Regarding the potential application of the developed liposomes for cell-based therapies, we found that 

the injected vesicles had inhibitory effects on the migratory properties of DC. In fact, the injection 

procedure itself inhibited cell migration, since similar results were obtained with injections of buffer. It 

is unclear if and to what extent these findings could affect potential in vivo experiments where the 

injected cells would be used as Trojan horses to deliver their cargo to the site of inflammation. The 

impact of MI on migration speed will need to be addressed in future studies to determine for instance if 

there is an injection volume that would not hamper cell migration. Alternatively, different approaches 

to manipulate the cells will need to be explored, such as injecting them with magnetic particles and 

actively directing their movement towards chosen sites [234]. This has been shown for natural killer 

cells (NK), which were labelled with Ab-bound magnetic beads and directed with an external magnet 

to tumor cells in vitro.  

The introduction of a functional artificial organelle in migratory cells could open up new possibilities in 

drug delivery. For instance, enzyme-directed prodrug therapy could be implemented. In this concept, 

enzymes are either bound to polymers [235] or liposomes [236] to enhance half-life and accumulation 

in the tumor, or expressed by cells of the tumor tissue or migratory cells [237, 238]. Afterwards, non-

toxic prodrugs, which are distributed within the whole body, get cleaved preferentially at the tumor site, 

where the corresponding enzymes are present. With the MI platform, it would be possible to harness the 

properties of migratory cells (or magnetically labeled cells) and combine them with liposome-

encapsulated prodrug-converting enzymes (Fig. 5.2). These cells could be directed to the inflammation 

or tumor sites, activating the prodrug on site. Still, certain obstacles which we described in this thesis 

have to be overcome. The prodrug has to be carefully chosen in terms of cell and liposome permeability, 

and the low throughput of MI has to be taken into account. 

 



 

Figure 5.2 Possible application of MI of liposomes. A, Migratory cells (mesenchymal stem cells, T 

cells, DC (serving as example in this cartoon)) are injected with liposomes encapsulating a prodrug-

converting enzyme. B, injected cells migrating towards tumor-sites due to chemotactic attraction. C, 

migratory cells invading the tumor and converting the non-toxic prodrug into its active form (red 

squares). 

Furthermore, we attempted to use thermosensitive liposomes as an example of controlled release system 

that could be introduced in cells by MI and triggered externally by temperature increase. In this system, 

liposomes encapsulating ABC buffer would produce CO2 bubbles upon heating, releasing their cargo 

due to transient cavitation. Although it was not possible to reproduce the system following the published 

protocols -which were cited in numerous follow-up publications by the same group- the successive 

attempts led us to identify the reasons for the system’s irreproducibility. Several flaws were identified 

in the protocol and were confirmed experimentally, both in our facilities and in the laboratory where the 

system was originally developed. While our work with these allegedly thermosensitive liposomes did 

not lead to the interesting application of our fundamental findings that we envisaged, the conclusions 

published in the resulting communication to the corresponding journal will hopefully raise the attention 

about the limitations of this thermoresponsive system. For future studies, other better-established 

stimuli-responsive systems like those based on lysolipids or thermosensitive polymers should be 

employed. 

In summary, we have established a new platform for modifying cells with artificial organelle-like 

vesicles that can be loaded with catalytically active enzymes and exhibit biological activity inside the 

cell. Given the presented versatility of our approach, we believe it will find widespread use in the 

scientific community in the coming years.



 

 

 

 Appendix 

 

Figure A3.1 Quantification of the injected volume per cell. Box plot shows standard deviation (mean 

= 793 fL) and 25 and 75 percentiles of the volume of Cy5-dextran injected into HeLa cells. Dot plot 

shows individual measurements (n = 11). The injection volume was determined based on previously 

described methods [23]. 

 

  



 

 

Figure A3.2 Absence of colocalization between the autophagosomes and LUV regardless of 

PEGylation state. (a-b) DPPC LUV (Cy5) 24 and 48 h after injection, respectively. (c-d) DPPC-PEG 

LUV 24 and 48 h after injection. Scale bar 25 µm. Autophagosomes were stained with LC3-GFP. White 

dotted lines indicate the perimeter of individual cells. Representative images of 18-23 images obtained 

during 3 independent experiments are shown. 

  



 

Figure A3.3 Absence of colocalization between the lysosomes and LUV regardless of PEGylation 

state. (a-b) DPPC LUV (Cy5) 24 and 48 h after injection, respectively. (c-d) DPPC-PEG LUV 24 and 

48 h after injection. Scale bar 25 µm. Lysosomes were stained with LAMP1-GFP. White dotted lines 

indicate the perimeter of individual cells. Representative images from 16-23 images obtained during 3 

independent experiments are shown. 



 

Figure A3.4 Positive controls for colocalization with autophagosomes and lysosomes. (a) DOTAP 

liposomes (Cy5) incubated for 2 h and internalized by HeLa-LC3 cells overexpressing the 

autophagosomes marker LC3-GFP. Scale bar 20 µm. White dotted lines indicate the perimeter of 

individual cells. White arrowheads indicate colocalization between the Cy5-labelled DOTAP liposomes 

and LC3-GFP. Representative images of 23 images obtained during 3 independent experiments are 

shown. (b) DPPC LUV internalized by HeLa cells upon 4 h incubation and imaged 24 h later. Scale bar 

20 µm. Lysosomes were stained with the lysosomal marker LAMP1-GFP. White dotted lines indicate 

the perimeter of individual cells. White arrowheads indicate colocalization between the DPPC LUV and 

LAMP1-GFP. Representative images from 41 images obtained during 3 independent experiments are 

shown. 

 

 



 

Figure A3.5 Dilution of injected SUV and QD during cell cycle progression. (a) Microscopy images 

of P, F1 and F2 generations of cells injected with SUV (Cy5). Scale bar 50 µm. White dotted lines 

indicate the perimeter of individual cells. A representative image from 24 images obtained during 3 

independent experiments is shown. (b) Microscopy images of P, F1 and F2 generations of cells injected 

with QD (Cy3). Scale bar 50 µm. White dotted lines indicate the perimeter of individual cells. A 

representative image from 24 images obtained during 3 independent experiments is shown.   



 

Figure A3.6 Purification of trypsin-encapsulating LUV. (a-b) UV absorption at 280 nm (a) and 340 

nm (b) of the eluted fractions obtained during the purification of the trypsin-encapsulating LUV. (c) 

Fractions’ enzyme content, calculated based on enzymatic activity measurements.  



 

Figure A3.7 Absence of residual surface-bound trypsin enzyme in trypsin-encapsulating LUV. 

Enzymatic activity measurements performed on trypsin-encapsulating LUV incubated with or without 

pepsin to digest potential surface-bound trypsin, and before or after treatment with Triton X-100 to 

induce cargo release. Mean ± SD (n = 3). *p = 0.042, ***p < 0.001, ****p < 0.0001, ns = not significant. 

 

 

Figure A3.8 Validation of the enzymatic activity assay used to evaluate liposome-encapsulated 

trypsin. (a) Epifluorescence microscopy images of high viscosity silicon oil injected with droplets of 

BZiPAR substrate alone (1), DiD-labelled trypsin-encapsulating LUV (2) or a combination of the two 

(3). Scale bar 50 µm. A representative image from 6 images acquired during 3 independent experiments 

is shown. (b) Fluorescence intensity quantification of the droplets shown in a. Mean ± SD (n = 3).  

 
Figure A3.9 Cell viability upon injection of LUV encapsulating acidic buffer. Values were 

normalized for total injected cells at time 0 (mean + SD, n = 302 in 3 independent experiments).  



 

Figure A3.10 Positive controls for migration speed impairment. Analysis of the migratory speed of 

DC treated with the actin inhibitor cytochalasin D or the ROCK inhibitor Y27632, compared to untreated 

DC (Control). Red lines indicate the median values. Pooled data from 3 independent experiments are 

shown. A Mann-Whitney-U test was applied, n = 16 – 22 for treated cells (**p-value < 0.01). 

 

  



Table A3.1 Sizes of liposomes after extrusion measured by DLS. For each sample, at least three 

independent batches were prepared and analyzed. SD represents the standard deviation among the three 

batches. Diameter and polydispersity index (PDI) are shown. 

Sample name Liposome formulation (mol%) Diameter (nm) PDI (±SD) 

DPPC-PEG LUV DPPC:CHOL:DSPE-PEG (50:45:5) 124 ± 6 0.08 ± 0.03 

DPPC LUV DPPC:CHOL (55:45) 135 ± 9 0.07 ± 0.02 

DOPC-PEG LUV DOPC:CHOL:DSPE-PEG (50:45:5) 120 ± 5 0.10 ± 0.06 

DOPC LUV DOPC:CHOL (55:45) 137 ± 18 0.12± 0.08 

SA LUV DPPC:CHOL:SA (40:50:10) 129 ± 5 0.08 ± 0.02 

Trypsin-loaded 

LUV 

Trypsin-loaded DOPC:CHOL 

(90:10) 

130 ± 0.4 0.07 ± 0.01 

DPPC-PEG SUV DPPC:CHOL:DSPE-PEG (50:45:5) 78 ± 2 0.12 ± 0.01 

DPPC SUV DPPC:CHOL (55:45) 75 ± 1 0.05 ± 0.01 

 

 

  



Table A3.2 Encapsulation efficiency of trypsin in liposomes. The encapsulation efficiency percentage 

of the trypsin-containing liposomes was calculated dividing the encapsulated amount in ng (determined 

via enzymatic activity measurements with the BZiPAR assay) over the amount of trypsin used during 

the encapsulation procedure (300 µg). 

 
Encapsulated trypsin (ng) Encapsulation efficiency (%) 

Batch 1 8115 2.71 

Batch 2 10659 3.55 

Batch 3 11914 3.97 

   

Mean (±SD)  3.41 ± 0.53 

 



Figure A4.1 Cumulative release of encapsulated CF as a function of time. The release of CF from (a) 

ABC, (b) Positive control and (c) Negative control liposomes was measured at 25, 37 and 42 °C over a 

period of 180 min (mean ± SD, n = 3). CF was encapsulated at 40 mM according to the method described 

for calcein in the methods of Chapter 4. 

 

 

 

 



 

Figure A4.2 Cumulative release of encapsulated CF as a function of temperature. Fluorescence intensity 

was measured as temperature was increased 0.1 °C/min. Data were normalized to the fluorescence 

obtained after incubating the samples with Triton X–100, which was considered as 100% release (mean 

± SD, n = 3). 
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3H-dTTP 3H –(2’-deoxythymidine-5’-triphosphate) 

Ab  Antibodies 

ABC Ammonium bicarbonate 

AEBSF 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride 

AFM Atomic force microscopy 

ANOVA Analysis of variance 

ATP Adenosine triphosphate 

Au NP Gold nanoparticles 

BSA Bovine serum albumin 

BZiPar Rhodamine 110, bis-(Cbz-L-isoleucyl-L-prolyl-L-arginin amide), 

dihydrochloride 

CF Carboxyfluorescein 

CHOL Cholesterol 

COP Vesicle associated coat protein 

CRISPR/Cas9 Clustered regularly interspaced short palindromic repeats 

DC Dendritic cells 

DiD 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 

 4-chlorobenzenesulfonate salt 

   



DLS Dynamic light scattering 

DMEM Dulbecco’s modified eagle medium 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOTAP 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) 

DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium-propane 

(chloride salt) 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

DPX p-xylene-bis-pyridinium bromide 

DSPE-

PEG2000 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) 

EBV Epstein Barr virus 

ESCRT Endosomal sorting complexes required for transport 

EsR Estrogen receptor 

FBS Fetal bovine serum 

FISH Fluorescence in situ hybridisation 

FRAP Fluorescence recovery after photobleaching 

FRET Foerster Resonance Energy Transfer 

GFP Green fluorescent protein 

GM-CSF Granulocyte macrophage colony-stimulating factor 

Hela Human cervical cancer cells 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPTS 8-hydroxypyrene-1,3,6-trisulfonic acid  (trisodium salt) 

HRP Horseradish peroxidase 

Hrs Hepatocyte growth factor regulated tyrosine kinase substrate 

HSPC Hydrogenated soybean phosphatidylcholine 



imLECs Immortalized mouse lymphatic endothelial cells 

IVF In-vitro fertilisation 

LAMP-1 lysosomal associated membrane protein 

LC3 microtubule-associated protein 1A/1B-light chain 

LCF Light chain ferritin 

LCST Lower critical solution temperature 

LUV Large unilamellar vesicles 

MI Microinjection 

MLS Mitchondrial localization sequence 

MSPC 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine 

MW Mass weight 

NLS Nuclear localization signal 

NP Nanoparticles 

NPC Nuclear pore complex 

NSC Neural stem cells 

ON Oligonucleotides 

PBS Phosphate buffered saline 

PDI Polydispersity index 

PEG Poly(ethylene) glycol 

PEI Poly(ethyleneimine) 

PI Propidium iodide 

PLL Poly(lysine) 

Protac Proteolysis of targeting chimeric molecule 



QD Quantum dots 

ROCK Rho-associated protein kinase 

ROI Region of interest 

SA Stearylamine 

SUV Small unilamellar vesicles 

TRITC Tetramethylrhodamineisothiocyanate 

VSV-G Vesicular stomatitis virus glycoprotein 

YFP Yellow fluorescent protein 
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