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Summary 

 

Cells are the smallest units of life. The study of single cells as the universal building blocks 

of life is essential to advancing the understanding from cellular evolution to collective behavior 

of multicellular systems. Increasingly precise tools are being developed to enable insights into 

patterns and mechanisms governing the behavior of individual cells, which are themselves 

inherently complex systems. Fluidic force microscopy (FluidFM) unites the high spatial 

precision of an atomic force microscope (AFM) with the capability to control fluid flows. 

FluidFM cantilevers are hollow rigid structures that are supported at one end, composed of 

silicon nitride and with dimensions in the micrometer range. The apex carries a structural 

element, consisting of a pyramid or a cylinder, which interacts directly with the biological 

sample. These structural features can be further shaped using focused ion beam technology, 

allowing removal of material with nanometer precision. The hollow interior acts as a 

microchannel that is connected to an external pressure controller to regulate fluid flow into -and 

out of the cantilever through an aperture located at the apex. The aperture is the critical area of 

the cantilever concerning the ability to perturb fluidic flow and pressure, as it is the connecting 

point between the sample and the pressure controlled fluidic system. In addition, its size restricts 

the transported substances by affecting the range of acting fluid forces and forming a steric 

barrier for objects smaller than its own extent. In the presented work, the position and size of 

pyramidal and cylindrical cantilevers were tuned to allow injection and extraction from and into 

various cell types, as well as the extraction and re-injection of organelles from and into cultured 

mammalian cells and injection of bacteria into cultured mammalian cells. 

In the first part of this thesis, minimization of aperture area as well as precise positioning of 

the aperture was crucial to manipulate fungi. Injection and extraction of fluids in walled fungal 

cells is challenging and the most common methods for delivery into fungi rely on the generation 

of protoplasts using cell wall degrading enzymes. This step represents a bottleneck when 

working with different species, in terms of experimental time and cell viability. Here, it was 

shown that FluidFM enables the injection of solutions into the cytoplasm of fungal cells as well 

as the extraction of cytoplasmic fluids from fungal cells, including the unicellular yeasts 

Schizosaccharomyces pombe and Saccharomyces cerevisiae and the multicellular fungus 

Coprinopsis cinerea. The approach preserves cell viability and allows for the study of cell 

responses of chemical as well as physical stimuli. Active transport of a fluorescently labelled 

protein carrying a nuclear localization signal to cell nuclei after injection was observed, as were 

transcriptional responses following extraction of cytoplasm from the syncytial fungus 

C. cinerea. 
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In the second step, the aperture area of FluidFM probes and concomitant hydrodynamic 

forces were optimized towards exertion of larger forces and cylindrical cantilevers were 

sharpened to allow minimally invasive organelle manipulation in cultured mammalian cells. 

Mitochondria and the complex endomembrane system are hallmarks of eukaryotic cells, which 

are difficult to manipulate in a spatially defined fashion. The developed approach allows 

extraction and transplantation of organelles from, and into, cultured live cells. Impaired 

mitochondria from HeLa cells were transplanted into primary keratinocytes and the fate of 

mitochondria after transplantation was followed in real time. The established protocol made it 

possible to observe subsequent remodeling and rescue of transferred mitochondrial 

subpopulations. Moreover, mitochondria can be studied in different nuclear backgrounds as their 

genomic content is propagated without the need for selection pressure. When extracting 

individual- or groups of mitochondria, their morphology transitions into a pearls-on-a-string 

phenotype, resulting in fission along tens of micrometers along mitochondria due to locally 

applied pulling forces. Studying the force induced pearling process, it was shown that the 

transition is calcium-signaling independent and coincides with recruitment of the canonical 

mitochondrial fission machinery.  

In the third chapter, the use of sharpened cylindrical cantilevers was extended to facilitate 

the injection of bacteria into mammalian cells. By creating a synthetic merger of a cell-within-

a-cell, y  defined starting point for an emerging endosymbiosis can be initiated. Here, two 

heterotrophic organisms, mammalian HeLa cells and Escherichia coli bacterial cells were 

brought together. The intracellular growth behavior was analyzed using fluorescence microscopy 

and rapid growth of E. coli observed, leading to an unstable relationship. In order to impede this 

excessive growth behavior, auxotrophic mutants of E. coli were created. Intracellular growth was 

robust towards mutational load in amino acid synthesis and prone to pleiotropic effects when 

creating bottlenecks in purine metabolism. Hence, the system requires further engineering 

towards a stable synthetic merger. 

In summary, the technological advances introduced in this work were translated towards the 

use in relevant biological systems beyond the establishment of technical proof of principles. 

Additionally, they provide powerful tools for single cell research across fields of biological 

research. 
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Zusammenfassung 

 

Zellen sind die kleinsten Einheiten des Lebens. Die Untersuchung einzelner Zellen als 

universelle Bausteine des Lebens ist für das Verständnis der zellulären Evolution und des 

kollektiven Verhaltens multizellulärer Systeme von wesentlicher Bedeutung. Es werden immer 

präzisere Werkzeuge entwickelt, die Einblicke in die Muster und Mechanismen ermöglichen, die 

das Verhalten einzelner Zellen bestimmen, die ihrerseits komplexe Systeme sind. Die 

Fluidkraftmikroskopie (FluidFM) vereint die hohe räumliche Präzision eines 

Rasterkraftmikroskops (AFM) mit der Fähigkeit, Flüssigkeitsströme zu kontrollieren. FluidFM-

Cantilever sind hohle, starre Strukturen, die an einem Ende gestützt werden, aus Siliziumnitrid 

bestehen und Maße im Mikrometerbereich haben. Die Spitze trägt ein Strukturelement, 

bestehend aus einer Pyramide oder einem Zylinder, das direkt mit der biologischen Probe 

interagiert. Diese Strukturelemente können mit der fokussierten Ionenstrahltechnologie weiter 

geformt werden, was einen Materialabtrag mit Nanometerpräzision ermöglicht. Der hohle 

Innenraum fungiert als Mikrokanal, der mit einem externen Druckregler verbunden ist, um den 

Flüssigkeitsstrom in den und aus dem Cantilever durch eine Öffnung an der Spitze zu regulieren. 

Die Öffnung ist der kritische Bereich des Cantilevers in Bezug auf die Fähigkeit, den 

Flüssigkeitsstrom und den Druck zu beeinflussen, da sie der Verbindungspunkt zwischen der 

Probe und dem druckgesteuerten Flüssigkeitssystem ist. Darüber hinaus schränkt ihre Größe die 

transportierten Substanzen ein, indem sie den Bereich der wirkenden Fluidkräfte beeinflusst und 

eine sterische Barriere für Objekte bildet, die kleiner als ihre eigene Ausdehnung sind. In der 

vorliegenden Arbeit wurden Position und Größe von pyramidalen und zylindrischen Cantilevern 

so abgestimmt, dass sie die Injektion und Extraktion aus und in verschiedene Zelltypen sowie 

die Extraktion und Re-Injektion von Organellen aus und in kultivierte Säugetierzellen und die 

Injektion von Bakterien in kultivierte Säugetierzellen ermöglichen. 

Im ersten Teil dieser Arbeit war die Minimierung der Öffnungsfläche sowie die präzise 

Positionierung der Öffnung entscheidend für die Manipulation von Pilzen. Die Injektion und 

Extraktion von Flüssigkeiten in wandständige Pilzzellen ist eine Herausforderung, und die 

gängigsten Methoden zur Substanzeinbringung in Pilze beruhen auf der Erzeugung von 

Protoplasten unter Verwendung von zellwandabbauenden Enzymen. Dieser Schritt stellt bei der 

Arbeit mit verschiedenen Arten einen Engpass in Bezug auf die Versuchsdauer und die 

Lebensfähigkeit der Zellen dar. Hier wurde gezeigt, dass FluidFM die Injektion von Lösungen 

in das Zytoplasma von Pilzzellen sowie die Extraktion von Zytoplasmaflüssigkeiten aus 

Pilzzellen ermöglicht, einschließlich der einzelligen Hefen Schizosaccharomyces pombe und 

Saccharomyces cerevisiae und des mehrzelligen Pilzes Coprinopsis cinerea. Der Ansatz erhält 

die Lebensfähigkeit der Zellen und ermöglicht die Untersuchung der Zellreaktionen auf 
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chemische und physikalische Reize. Nach der Injektion eines fluoreszierend markierten Proteins, 

das ein Kernlokalisierungssignal trägt, wurde ein aktiver Transport zu den Zellkernen 

beobachtet, ebenso wie transkriptionelle Reaktionen nach der Extraktion von Zytoplasma aus 

dem synzytialen Pilz C. cinerea. 

Im zweiten Schritt wurden die Öffnungsfläche der FluidFM-Proben und die damit 

verbundenen hydrodynamischen Kräfte optimiert und die Öffnung der zylindrischen Ausleger 

geschärft, um eine minimal invasive Manipulation von Organellen in kultivierten 

Säugetierzellen zu ermöglichen. Mitochondrien und das komplexe Endomembransystem sind 

charakteristische Merkmale eukaryontischer Zellen, die nur schwer räumlich definiert 

manipuliert werden können. Der entwickelte Ansatz ermöglicht die Extraktion und 

Transplantation von Organellen aus und in kultivierte lebende Zellen. Beeinträchtigte 

Mitochondrien aus HeLa-Zellen wurden in primäre Keratinozyten transplantiert, und das 

Verhalten der Mitochondrien nach der Transplantation wurde in Echtzeit verfolgt. Das etablierte 

Protokoll ermöglichte es, den anschließenden Umbau und die Rettung der übertragenen 

mitochondrialen Subpopulationen zu beobachten. Darüber hinaus können Mitochondrien in 

verschiedenen Kernhintergründen untersucht werden, da ihr genomischer Inhalt ohne 

Selektionsdruck vermehrt wird. Bei der Entnahme von einzelnen Mitochondrien oder Gruppen 

von Mitochondrien geht deren Morphologie in einen Perlen-auf-einer-Schnur-Phänotyp über, 

was zu einer Spaltung entlang von mehreren Mikrometern entlang der Mitochondrien aufgrund 

von lokal angelegten Zugkräften führt. Bei der Untersuchung des kraftinduzierten 

Perlbildungsprozesses konnte gezeigt werden, dass der Übergang kalziumunabhängig ist und mit 

der Rekrutierung der kanonischen mitochondrialen Spaltungsmaschinerie zusammenfällt.  

Im dritten Kapitel wurde die Verwendung von geschliffenen zylindrischen Cantilevern 

erweitert, um die Injektion von Bakterien in Säugetierzellen zu erleichtern. Durch die Schaffung 

einer künstlichen Verschmelzung einer Zelle mit einer Zelle kann ein definierter Ausgangspunkt 

für eine entstehende Endosymbiose geschaffen werden. Hier wurden zwei heterotrophe 

Organismen, HeLa-Säugetierzellen und Escherichia coli-Bakterienzellen, zusammengebracht. 

Das intrazelluläre Wachstumsverhalten wurde mit Hilfe von Fluoreszenzmikroskopie analysiert 

und ein schnelles Wachstum von E. coli beobachtet, was zu einer instabilen Beziehung führte. 

Um dieses exzessive Wachstumsverhalten zu unterbinden, wurden auxotrophe Mutanten von E. 

coli eingesetzt. Das intrazelluläre Wachstum war robust gegenüber Mutationen in der 

Aminosäuresynthese und anfällig für pleiotrope Effekte, wenn Engpässe im Purinstoffwechsel 

entstehen. Daher muss das System weiter entwickelt werden, um eine stabile künstliche Fusion 

zu erreichen. 

Zusammenfassend lässt sich sagen, dass die in dieser Arbeit vorgestellten technologischen 

Fortschritte über den funktionellen Nachweis hinaus auf die Anwendung in relevanten 
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biologischen Systemen übertragen wurden. Zusätzlich bieten sie wirksame Werkzeuge für die 

Einzelzellforschung in verschiedenen Bereichen der Biologie. 
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I Introduction 

 

Technologies in single cell analysis  

 

The cell is the smallest unit of life and every step taken in the evolution of life is based on a 

genetic change initially occurring in an individual cell. The timeframe in which genetic changes 

drive transition in behavior and genotype of a population are dependent on the impact of the 

introduced selective advantage within a given environment. These fundamental principles of 

evolution initially laid out in Darwin’s description of speciation of animals1 were substantiated 

in the earliest experiments on bacterial populations in the fully artificial environment of 

chemostats2:  

 

“Manifestation of "Evolution" in the Chemostat. If a bacterial strain is grown over a long 

period of time in the Chemostat, from time to time a mutant might arise which grows faster, 

under the conditions prevailing in the Chemostat, than the parent strain. If this happens, 

practically the entire bacterial population in the Chemostat will change over from the parent 

strain to the new strain.”        

       

 Novick and Szilard, Science 36, 1950 

 

Thus, all shifts occurring in nature begin with the change of a singular cell within a larger 

population, be it bacteria in Chemostats, or in the evolution of mammals.  

Limited by technology in terms of precision and sensitivity, biological studies historically 

focus on the investigation of cell populations rather than the behavior of single cells. However, 

since all evolutionary changes arise from single cell events, their investigation is central in 

understanding life’s complexity. Furthermore, even if a cell population shares the same genetic 

information, variations in their state may give rise to heterogeneous responses to stimuli due to 

stochastic behavior or varying microenvironments3,4. In recent years, the number of novel 

discoveries based on single cell studies rose rapidly. This development was driven by 

technological innovations that allow the investigation of biological processes in higher detail, be 

it in time and space via microscopy or at the molecular level, i.e. protein, metabolite or mRNA, 

using ‘omics’ technologies. This general trend is reflected in the relative interest search score for 

the terms ‘single cell’, ‘single cell analysis’ and ‘single cell sequencing’ (Fig. 1).  

The study or manipulation of individual cells requires either their separation in space, e.g. 

via (micro) fluidic devices5 for subsequent analysis, or their direct manipulation and analysis in 

situ. Single cell analysis following cell isolation enables high throughput and connection with 
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‘omics’ technologies for downstream analysis, but all spatial context is lost. In situ studies rely 

on the high spatial resolution provided by microscopy methods and  

are just beginning to link to ‘omics’ technologies via single cell sampling techniques6–8. 

Methods for single cell sampling and manipulation in situ additionally allow measurement of 

multiple time points if they are able to preserve cell viability while manipulating or extracting 

part of the cell content. In this thesis, the focus lies on the development of new techniques for 

minimally invasive manipulation and analysis of single cells using fluidic force microscopy 

(FluidFM)9, in combination with light microscopy for parallel analysis.  

 

 Single-cell extraction and injection technologies 

 

Monitoring individual cells at different time points is crucial for understanding fundamental 

cellular processes. In time-resolved experiments, single cell technologies are used either to 

analyze globally induced stimuli at the single-cell level, or to perturb individual cells and 

subsequently monitor the cells’ response to the stimulus. In both cases, miniaturized probes are 

powerful tools that combine high spatiotemporal control with minimal invasiveness.    

Standard single cell analysis protocols are destructive and involve lysis of the cells, 

effectively ruling out dynamic studies over multiple time points. However, techniques for the 

extraction of small quantities of the cytosol of cells without impairing cell viability have been 

established in recent years10. The aim of single cell sampling techniques is to take a snapshot of 

a cell at a given time via downstream analysis of the extract, which requires sample amounts in 

the range of picoliters (pL)7,11. To facilitate cell entry and defined extraction of cytosolic 

components, miniaturized probes are directly inserted. The probes are traversed by a microfluidic 

channel that allows controlled directional fluid flow into or out of the inserted device. Probes 

have been designed to be in a similar size range as the analyzed cell to improve spatial precision 

while preserving cell viability during cell entry (Fig. 2)11. Several studies show engineering of 

hollow glass needles to deliver and extract small molecules and particles into and from cultured 

Figure 1: Popularity of search terms related to single cell technologies since 2012. Data from 

trends.google.com. The search interest is based on the popularity of indicated terms based on the 

absolute number of searches of indicated terms relative to the total number of searches received by 

google within all scientific searches.   
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cells. The use of glass needles as micro-injection tools emerged in the 1970’s12 i.e. for the 

intracytoplasmic injection of sperm into oocytes with a glass needle of an inner diameter of 

approximately 10 µm13. Building on these early successes, the approach was later refined and 

modified.  

Nanopipette-based methods use fine glass needles with an aperture pore size of around 50-

100 nm in diameter14,15. These needles can be integrated into a scanning ion conductance 

microscope (SICM). SICM was developed to image cells by measuring the current between the 

glass needles interior and the surrounding media. The measured current changes depending on 

the probes proximity to the surface, close proximity increasing the resistance, effectively 

allowing mapping of surfaces without requiring physical contact16. Extraction of molecules is 

achieved utilizing the potential-induced change of surface tension of 1,2-di-chloroethane, a 

process termed electrowetting, causing aqueous solutions to flow into the Nanopipette17. The 

volume typically extracted via Nanopipettes ranges around 50 femtoliters (fL). The high 

precision Nanopipettes was demonstrated to facilitate extraction of mRNA18, proteins and single 

mitochondria15. 

Another refinement of glass needles can be achieved by combining them with carbon 

nanotubes, which was used for ‘cellular endoscopies’19. Here, a carbon nanotube is placed at the 

tip of a glass pipette. Carbon nanotubes are even smaller (50-200 nm in diameter) and were 

shown to facilitate minimally invasive cell entry, extraction of fluorescently labelled Ca2+ and 

Figure 2: Four ways for removing cell contents: Nanobiopsy, Carbon nanotube endoscopy, 

Nanostraw extraction and fluid force microscopy. (Figure from Higgins and Stevens11.) 
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delivery of fluorescent nanoparticles. However, they are limited to low amounts of liquid 

(attolitre volumes). 

Glass micropipettes can also be chemically modified for the delivery of ‘large cargo’ i.e. 

bacteria or mitochondria into mammalian cells in a device termed the photothermal 

nanoblade20,21. This technique has been exclusively used for cell injection. The authors used 

titanium (Ti) coated glass pipettes to facilitate cell entry by locally heating up the Ti layer 

via a laser pulse, resulting in local bubble formation cutting the cell membrane when in proximity 

to the probe. Using simultaneous exertion of positive pressure via a coupled pressure control 

system connected to the glass pipet, the authors showed injection of Burkholderia thailandensis 

into HeLa cells20. 

Beyond miniaturized probes for single cell sampling and injection, microfluidic- embedded 

substrates facilitate analysis and manipulation of adherent cells, although not necessarily 

designed for single cell studies. In Nanostraw extraction22, adherent cells are cultivated on top 

of a polycarbonate membrane traversed by Nanostraws that connect the cell interior to a small 

reservoir of extraction buffer kept below the membrane (see Fig. 2). Cell entry is facilitated by 

electroporation permitted by connecting the bottom of the system to an indium tin oxide 

electrode and immersing a platinum electrode into the cell culture media at the top of the setup. 

The method offers 7% extraction efficiency by diffusion of molecules into the extraction buffer. 

The authors show downstream analysis of extracted mRNA and multiple time point sampling of 

usually several cells.  

The biophotonic laser-assisted surgery tool (BLAST)23 is based on a similar principle; 

however, focusses on the delivery of particles and cells into multiple cultured cells. Again, the 

cells are cultivated over a porous SiO2 membrane that separates the cargo storage buffer below 

from the cell culture medium on top. The pores of the membrane are coated with a thin titanium 

membrane that can be stimulated for bubble formation similar to the photothermal nanoblade 

described above. Reminiscent of the electroporation protocol of Nanostraw injection, this opens 

up small pores into the cells cultivated on top. Pressure driven flow subsequently drives particles 

kept in the storage buffer below into the cells’ cytoplasm. The authors show efficient delivery of 

Listeria monocytogenes and Francisella novicida bacterial cells into cultured mammalian cells.  

All tools for single cell analysis and manipulation described above show different strengths 

and weaknesses. Miniaturized probes generally allow high precision in time and space and 

preserve cell viability but are limited in throughput because only one cell can be probed at a time 

and automation is limited. Additionally, narrow apertures and thin fluidic channels (~50- 200 

nm in diameter) are generally susceptible to clogging. Microfluidic-embedded substrates offer 

higher throughput at the cost of spatial resolution and the extracted molecules are hard to analyze 

because they are diluted by several orders of magnitude from femtoliters (10-15 l) to microliters 



14 

 

(10-6 l). The inability to control extracted and injected volumes together with a narrow working 

range of each individual technique is limiting their connection to downstream analyses.  

 

Fluidic force microscopy (FluidFM)    

 

Fluidic force microscopy9 is a technique that enables control over the amount of liquid 

extracted or injected into single cells (fL to pL)24,25. The setup falls into the class miniaturized 

probes used for serial processing of cultured cells. FluidFM combines atomic force microscopy 

(AFM) with microfluidics (Fig. 3), creating a tool that adds two tunable parameters to the  

Figure 3: The fluidic force microscopy (FluidFM). (A) Schematic of a FluidFM system, which 

combines an atomic force microscope with a microfluidic probe on top of an inverted optical 

microscope; the watertight pipeline from the pressure controller to the probe aperture enables 

operation in liquid. (B) Force (F) and pressure (P) progress during a cell adhesion measurement by 

FluidFM. (C) Force (F) and pressure (P) progress during an intracellular injection by FluidFM. 

(Figure and description taken from Guillaume-Gentil et al.148) 
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miniaturized probes used for single cell sampling and injection described above: The first 

parameter is the capability of atomic force microscope. AFM was first published in 198526, it is 

based on directly measuring the inclination of a probe, termed cantilever, upon its interaction 

with a given substrate. The technique quickly moved from high vacuum conditions to 

physiological experiments conducted in aqueous solution (1989)27 paving the way for its use to 

study and manipulate biological systems in situ. The technique allows precise control of five 

dimensions within an experiment, piezo-driven positioning of the cantilever in time, space (x-y-

z) and force, enabled by monitoring the tip-surface interaction using deflection of a laser beam 

reflected on the probe surface. The laser deflection (d) can be translated to forces (F), knowing 

the spring constant (k) of the used probe: 𝐹 = 𝑘 × 𝑑. This fifth dimension of force is used for 

direct readout of sample properties such as stiffness or adhesion- and to control the probe position 

in the z dimension in ‘force spectroscopy’ via direct force measurement – and force-feedback of 

the piezoelectric element. Force spectroscopy is also used to drive the FluidFM cantilever into 

the nucleus or cytoplasmic compartment of cultured cells without comprising their viability and 

allowing for minute positioning of the probe in respect to the upper- and lower cell membrane25. 

Beyond time, space and force, the hydrodynamic pressure within the hollow FluidFM cantilevers 

can be controlled with millibar resolution. FluidFM uses a standard external pressure controller 

to set the pressure within the microfluidic system within a range of -800 to +1000 mbar. Pressure 

control is used to locally dispense agents28, repeatedly immobilize and release small objects like 

cells or beads for isolation29 or for cell adhesion measurements combined with force sensing30–

32. The exerted pressure also has direct effect on the injection or extraction process modulating 

volume flow over time and exerting hydrodynamic forces in dependence of aperture area 

following: 

 

 

𝐹 = 𝑝 × 𝐴 

𝐹 = 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑛𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 

𝑝 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

𝐴 = 𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝑎𝑟𝑒𝑎 

 

However, pressure control alone is not sufficient to quantify injected-or extracted volumes, 

as they vary from cell to cell. Therefore, simultaneous optical control is crucial. Coupling of 

FluidFM with an optical microscope allows for real-time observations and tuning of the 

injection-and extraction process. Thus, the injection process can be manually adjusted to inject 

a range of volumes into mammalian cells25, e.g. observing accumulation of a fluorophore during 

injection- or by monitoring injection-induced bleb formation on the outer cell membrane. 



16 

 

Extracted volumes can be monitored by using immiscible mineral oil as the liquid phase inside 

the cantilever, since the refractive index of the oil differs from the index of water, thus creating 

two visibly separated phases during cell extraction24,33. The low-impact of probe positioning and 

the ability to extract, quantify and dispense- or inject a wide range (fL - pL) of volumes increases 

the working range of FluidFM compared to the tools introduced above. FluidFM cantilevers used 

for single cell injection and extraction comprise a pyramidal apex comprising a triangular 

aperture with a height-and width of 400 nm25. Other concepts for cantilever fabrication allow the 

creation of novel cantilever geometries, offering a possible angle for novelties34. Furthermore, 

the cantilever design and aperture size can be further refined using focused ion beam (FIB) 

technology35. This leaves room for further improvement and expansion of the range of exerted 

hydrodynamic and mechanical forces by the FluidFM technology. 

 

 

 Molecule delivery into fungal cells 

 

Fungi represent a vast range of eukaryotic organisms that group in the eukaryotic taxon of 

‘Amorphea’, together with animals36. Fungal cells and organisms are very diverse in terms of 

genetics- and cell structure, ranging from purely single celled yeasts to large filamentous 

organisms expanding over several hectares37. Fungi harbor a huge potential for industry and 

fundamental research38, requiring the need for chemical and genetic manipulation. However all 

fungi are protected by a cell wall, acting as a structural barrier maintaining cell shape- and 

shielding against unwanted physical stimuli. The cell wall composition of fungi is composed 

mainly of chitin or cellulose microfibrils, varying greatly in cross-linking and chemical 

composition39. The wide range of cell wall composition is hindering unified protocols for 

transformation, especially for filamentous fungi40. All available transformation protocols provide 

means to loosen the cell wall integrity in order to facilitate delivery of substances. 

Molecule delivery methods usually rely on the formation of fungal protoplasts41. Protoplasts 

are commonly created by the use of lytic enzymes42. Due to the diverse chemical composition of 

fungal cell walls, protocols for cell wall degradation via one or several lytic enzymes need to be 

established separately for each organism. In 1978, Hinnen and coworkers showed that a leucine 

auxotrophic strain Saccharomyces cerevisiae protoplasts could be readily transformed into a 

prototroph, when protoplasts were incubated in presence of plasmidic wild-type DNA and 

CaCl2
43. In the following years, similar transformation protocols were established for other 

fungal species44. Protoplasts were also used in combination with the addition of polyethylene 

glycol (PEG) to introduce larger structures into yeast cells such as whole genomes45 or isolated 

mitochondria46.  



17 

 

Effective transfer of DNA into yeast cells has also been shown to function after the addition 

of monovalent cations, particularly Li+47. The transformation efficiency was highest in 

combination with PEG and heat shock at 42°C. The use of Li+ was later expanded further fungal 

species such as Pichia pastoris and Schizosaccharomyces pombe48. Another prominent DNA 

transfer method is electroporation, having a similar ability to introduce DNA and even 

macromolecules such as dextran into S. pombe cells49.    

From a purely mechanical standpoint, fungal cell walls vary in stiffness between species and 

even within individual cells50,51, within a defined window52. This fact is exploited by a range of 

methods, including the use of shear forces and shock-waves for protoplast formation40. Partida-

Martinez et al. showed transformation induced by outer membrane damage via a laser beam. The 

protocol facilitated the incorporation of fluorescently labelled bacteria into Rhizopus 

microsporus hyphae. However the correlation between the laser-beam induced membrane 

damage and the bacterial host-invasion remains vague53. In 2015, S. pombe cells were 

successfully immobilized on microstructures and subsequently subjected to mechanical shear-

stress induced by a micropipette, damaging the cell wall and membrane and allowing some of 

the simultaneously released dye to enter the fungal cell54. These methods, relying on non-

enzymatic cell perturbation, show promising results, but have not been investigated further, 

leaving much to be desired in terms of efficiency and throughput. The use of miniaturized probes 

is problematic for the injection of fungal cells, because it requires prior immobilization on a 

substrate or microstructure and weakly immobilized cells are prone to evade the probe via lateral 

movement, making probe insertion impossible. FluidFM has the technical benefit of force-

feedback during probe positioning, allowing a controlled establishment of probe-cell contact. 

Furthermore, AFM probes approach the sample from a 90° angle, which limits the probability 

of the cell to evade the strain via lateral evasion. Together with the possibility to produce stiff 

cantilevers that are able to exert high forces (>5 µN), FluidFM is a promising tool for the 

injection into fungal cells.  

           

Controlled manipulation of organelle structures within single cells 

 

Eukaryotic cells harbor numerous organelles that form a highly dynamic ensemble55–57. 

Organelles subdivide eukaryotic cells into dedicated compartments separated by biological 

membranes. Each compartment being unique in its cellular task and chemical composition. Their 

intertwined relationships complicate the study of individual tasks of organelles. To date, 

sampling methods rely on purification protocols from bulks of cells, connected to various 

downstream analyses58. Cell biological studies usually perturb the state of the cell as a whole e.g. 

via drug-treatments or genetic perturbations, not achieving local perturbation of individual parts 
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of the cell. Defined tools for the study of mechanical responses of ‘whole’ cells include a wide 

range of methods, e.g. AFM59, microfluidic tools60, micropipette aspiration61 and optical 

tweezers62. These techniques fostered the knowledge on cell responses to mechanical stimuli in 

mammalian cells, which initially could not be connected to molecular mechanisms. Engler et al 

(2006) showed that substrate stiffness impacts stem cell differentiation63 and a mammalian 

mechanorezeptor, Piezo1, was discovered in 201464. Later, mechanical strain was directly 

connected with calcium gating, ‘mechanogating’, by Piezo165. These findings boosted the young 

field of mechanobiology. Mechanical perturbation of whole cells can be linked to mechanistic 

insights using techniques facilitating single-cell readouts: Aragona et al. establish a connection 

between cell-stretching and skin expansion due to transcriptomic changes using a combination 

of a self-inflating hydrogel with microscopy and single cell RNA sequencing66.  

Studies focusing on the perturbations of individual cell compartments are rare. To perturb 

individual organelles, optogenetic tools were developed to locally affect organelle positioning, 

while inducing mechanical shear-forces created by motor-proteins67. This was shown to effect 

axon outgrowth in hippocampal neurons, which could be connected to local positioning of 

recycling endosomes. Elevated local concentration of endosomes enhanced growth, while 

removal of endosomes reversibly suppressed axon growth.  

Local damage can be caused using optically induced photosensitizers, who generate 

cytotoxic reactive oxygen species (ROS) when illuminated. The laser-induced catalysis of ROS 

was used to locally damage mitochondria, showing a localized degradation of damaged 

mitochondria68,69.  

Apart from optogenetics, AFM studies show localized measurements of organelles, usually 

in the cell periphery, or are able to exert local mechanical forces while simultaneously following 

organelle responses50,70,71. Mitochondria undergo constant rearrangement within mammalian 

cells and are able to switch between morphological states, either forming a large connected 

network, or many isolated spheres72. This dynamic behavior puts the focus on regulatory 

mechanisms of mitochondrial shape. An influence of mechanical forces and dynamic 

mitochondrial fission was speculated73,74 and later experimentally established75, using a 

combination of mechanical perturbation via AFM and motile intracellular bacteria.     

 

 Genetic manipulation of mitochondria 

 

Within the ensemble of membrane compartments mitochondria hold a special place: they 

are at the heart of energy conversion of most eukaryotic cells and link cellular metabolism to 

signaling pathways and cell fate decision76. Furthermore, mitochondria in extant eukaryotes are 

the remainder of an ancient endosymbiosis that led to the emergence of eukaryotes77. The 
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presence of a DNA pool outside of the nucleus, which is distributed and propagated within the 

mitochondrial network is one of the cornerstones of endosymbiotic theory78. The mitochondrial 

genome of humans is a circular, double stranded molecule containing 37 genes, with a separate 

set of repair mechanisms, compared to nuclear DNA79. Each mammalian cell preserves a pool 

of mitochondrial DNA (mtDNA) molecules comprising different variants, usually differing in 

single nucleotide polymorphisms (SNPs), and varying copy numbers. The heteroplasmic nature 

of mitochondrial genomes and the high mutation rate exacerbates genotype to phenotype 

correlations as well as the study of mtDNA inheritance80. The mitochondrial genome is prone to 

accumulation of erroneous mutations, associated with to a number of inherited diseases and 

aging in humans81–83; however, depending on the type of mutation, a threshold value of over 25 

- 90% of mutant mtDNA is required in order to show a phenotype84. To deplete such defective 

mitochondrial DNA sequence variants in vivo, genetic tools have been employed 

successfully85,86. These genetic approaches utilize the nature of mtDNA repair mechanisms: 

DNA strands experiencing a double strand break are rapidly degraded87. This knowledge was 

exploited by targeting pathogenic mtDNA variants and inducing double-strand breaks using 

transcription activator-like effector nucleases targeted to mitochondria (mitoTALENs), leading 

degradation of said mtDNA88. While the removal and study of present mtDNA variants is 

feasible,  approaches for the introduction of novel mtDNA sequences remain challenging89,90. In 

order to be propagated within a new host cell, mtDNA has to be surrounded by a double 

membrane that is either able to facilitate protein import from a new host cell, or is able to fuse 

with the host mitochondrial network. Furthermore, it needs to be recognized and propagated by 

the host cells’ mtDNA replication machinery.  

Early studies show that mtDNA sequences carrying resistance markers can be introduced by 

mitochondrial transformation under selective pressure, showing a possibility for non-specific 

uptake of mtDNA sequences in cultured cells91. This protocol was later refined using centrifugal 

force to elevate transfer efficiency, still relying on non-specific mitochondrial uptake of 

mitochondria and mtDNA92. Cytoplasmic cell-cell fusion approaches show creation of cybrid 

(cytoplasmic hybrid) cells based on chemically assisted cell fusion. This technique allows 

creation of cells with mixed mitochondrial content, when fusing a cell with a enucleated cell, or 

of cells having a fully exchanged mitochondrial content when fusing a enucleated cell with a cell 

previously depleted of their mtDNA (rho0-cell)93. Enucleated cells can be artificially created, or 

blood platelet cells, naturally devoid of a nucleus, can be used. Cybrid cells were used to 

investigate whether mitochondria from primates are able to re-establish functional oxidative 

phosphorylation in human rho0-cells, showing that mtDNA from closely related primates 

(chimpanzee, pigmy chimp and gorilla) shows compatibility with human nuclear DNA in 

‘xenomitochondrial hyprids’94.   
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Introduction of mtDNA variants via injection into oocytes or embryonic stages of 

Drosophila was established in the 1980’s: Microinjection techniques were developed to create 

trans-mitochondrial flies95. The generated mitochondrial hybrids were used to study selection on 

mitochondrial genomes within the germline, showing that mitochondrial fragmentation is not 

only necessary, but even sufficient to trigger selection on defective mtDNA variants in other 

tissues96. Similar microinjection approaches were used to follow the fate of injected 

mitochondria into mouse oocytes and modes of mitochondrial selection in early embryo 

development97.  

Using a modified microcapillary pipet21 or microfluidic-embedded substrate98, a delivery of 

mitochondria into somatic rho0-cells was achieved, with  an efficiency of mtDNA delivery to 

about 2 to 25 % of the targeted cells respectively. Although mitochondria can be introduced into 

cells, the rate of successful transfer of individual mitochondria into cultured single cells is still 

low and therefore requires subsequent selection of successfully transformed cells. This limits 

mitochondrial transplantation and inheritance of introduced mtDNA under nonselective 

conditions.  

Koob and colleagues focus on another layer of mtDNA manipulation: cloning and 

engineering of entire mitochondrial genomes99. While mtDNA molecules can be technically 

manipulated and cloned outside of mitochondria, their functional re-introduction into cells 

difficult. Several attempts were made to introduce plasmids into mitochondria via 

electroporation99 or bacterial conjugation100 and the authors showed active transcription of the 

introduced plasmids in vitro. Unfortunately, the mitochondria were not functional when 

introduced into human cells. Later, introduction and maintenance of mammalian mitochondrial 

genomes into the yeast mitochondrial network90 of rho0-cells was shown but functional transfer 

is still lacking. 

 

Mitochondrial quality control  

 

Mitochondria are a hub in cell metabolism, playing a central role in fatty acid metabolism, 

synthesis of iron sulfur clusters, amino acid synthesis and generation of ATP. Generation of the 

cellular ‘energy currency’ is based on functional oxidative phosphorylation complexes I – V and 

their ability to generate a membrane potential across the inner mitochondrial membrane and to 

use it, converting ADP + Pi to ATP. Components of these complexes are encoded in the 

mitochondrial genome (see above). This process carries the risk of creating reactive oxygen 

species (ROS), damaging mitochondria101. To protect mitochondria from excessive damage, 

ROS can be locally detoxified to H2O2 by the nuclear encoded superoxide dismutase and later to 

O2 and H2O. However, damaging events are inevitable, potentially threatening cell function and 
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survival, because mitochondria are also central players in apoptosis activation102. ROS-induced 

damage and the high mutation rate of mtDNA require an active machinery to keep mitochondrial 

quality in check and to selectively remove damaged mitochondria in order to maintain eukaryotic 

cell function. Genetic studies suggest that unfavorable mtDNA haplotypes are selected against 

in humans, influencing mitochondrial genome diversity103. These selection processes may occur 

on several levels104: Local repair and exchange of damaged proteins, cytosolic mitochondrial 

degradation, cell death or competitive removal of cells from tissues, control of mitochondrial 

subpopulations and rescue via mitochondrial transfer. The named processes are discussed below. 

Local repair of mitochondria: Mitochondria often form a large syncytium allowing rapid 

exchange and diffusion of most mitochondrial content. This buffering capacity of an enlarged 

mitochondrial network offers an explanation how relatively high loads of pathogenic mutations 

are managed by individual cells before detrimental effects, usually defects in OXPHOS, affect 

viability80. Mitochondria additionally have a high natural protein turnover, in which case 

damaged proteins are degraded and newly synthesized or imported from the cytosol105. For 

protein degradation separate elaborate systems exist, acting on different mitochondrial 

compartments and protein types. The serine protease Lon has been studied in detail. It is present 

in the mitochondrial matrix and acts on soluble matrix proteins. Lon is also capable of binding 

mtDNA and plays a role in its maintenance106. Besides degradation of damaged or misfolded 

proteins, protein refolding is another available repair mechanism, aided by the heat shock 

proteins Hsp22, Hsp60 and Hsp70107. These mitochondrial chaperones are upregulated in 

response to the mitochondrial unfolded protein response, which is activated upon a high load of 

misfolded proteins inside mitochondria. At the amino acid level, the methionine sulfide reductase 

Figure 4: Mitochondrial Structure. a, Schematic cross section of a mitochondrion. Mitochondria 

contain two membranes; the outer mitochondrial membrane isolates the intermembrane space from 

the cell cytoplasm and the inner mitochondrial membrane delimits the mitochondrial matrix from 

the intermembrane space. The mitochondrial matrix contains mtDNA and mitochondrial 

ribosomes. b, Enlarged section of inner -and  outer mitochondrial membrane. The inner 

mitochondrial membrane houses the oxidative phosphorylation complexes I-IV (CI-CIV) and the 

F1F0-ATPase, complex V. Protein translocation into the mitochondrion is organized by the 

translocase of the outer membrane (TOM) complex and the translocase of the inner membrane 

(TIM) complex.    
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system MsrA/MsrB system is facilitating repair of oxidative damage directly by reducing 

oxidized methionine moieties108. 

Mitochondrial degradation: Mitochondria, can be fully degraded via a type of selective 

autophagy, mitophagy. Depending on the model system and inducer of mitophagy, several 

pathways are in place to recruit the autophagic machinery via different cascades of adaptor 

proteins109. The best described pathway is induced via PINK1 / Parkin. In healthy mitochondria, 

PINK1 is imported into mitochondria and degraded. Impaired mitochondria show defects in 

protein import. Subsequently, PINK1 accumulates on the outer mitochondrial membrane, where 

it facilitates recruitment of the E3 ubiquitin ligase Parkin. Parkin in turn conjugates ubiquitin to 

proteins resident on the outer mitochondrial membrane. Ubiquitin then signals recruitment of the 

autophagosomal machinery110–112. The most prominent trigger of this form of mitophagy is loss 

of membrane potential, providing a means for integration of several possible malfunctions such 

as a non-functional OXPHOS cascade or a damaged membrane towards the same outcome: 

mitophagy. In vitro, this pathway is artificially induced via treatment of uncoupling agents like 

CCCP113.  

Other pathways have been described to act after induction of Ivermectin114, ischemia / 

glucose deprivation115 or in cancer cells lacking functional parkin expression116. Further, a body 

of literature hints towards yet another way of degrading parts of mitochondria based on the 

creation of mitochondria derived vesicles that were shown to directly fuse to late endosomal 

structures. The content of these vesicles can either be limited to mitochondrial outer membrane 

structures or can include outer, inner-and matrix components. These vesicles actively bud off of 

mitochondria in a PINK/Parkin dependent fashion117–119. Degradation and selection of 

mitochondrial content and quality is likely part of the development of multicellular eukaryotes: 

Competition amongst different mtDNA haplotypes existing within individual cells was shown 

in mice embryo development120 and in the drosophila germline96, influenced by genes 

responsible for mitochondrial fission.          

Cell death and removal of cells from tissues: Mitochondrial damage is an inducer of 

apoptosis in eukaryotic cells102. Apoptosis is conserved in eukaryotes and centers around the 

activation of caspases, a certain type of protease121. The best studied apoptotic pathway activates 

cytosolic caspases via mitochondria in response to Bak and Bax. Bax is located mostly cytosolic 

and undergoes constant retrotranslocation from mitochondria to the cytosol, while Bak is a 

transmembrane protein residing to a large fraction in the outer mitochondrial membrane. Both 

proteins, when activated by apoptotic stimuli, oligomerize on the outer mitochondrial membrane, 

causing permeabilization and release of pro-apoptotic factors including cytochrome c122. 

Cytochrome c, once in the cytosol, triggers caspase activity and cell death102. Since release of 

mitochondrial material into the cytosol induces cell death, structural integrity of mitochondria is 
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key for cell survival and excessive mtDNA damage is associated with apoptosis123. Calcium 

overload and oxidative stress in mitochondria induce formation of the mitochondrial 

permeability transition pore (MPTP), an nonspecific pore in the inner mitochondrial membrane, 

resulting in uncoupling of the OXPHOS chain. Formation of the MPTP also induces 

oligomerization of Bak/Bax on the outer mitochondrial membrane resulting in necrotic cell 

death124–126. Mitochondria induced apoptosis can be seen as a last resort when cell and 

mitochondrial damage accumulate. Active selection processes against unfavorable 

mitochondrial quality may act on an intra-cellular selection process as described above, but also 

on the level of cell-cell competition: Lima et al. show a possible mechanism for cell selection 

during murine development. Based on mitochondrial performance, cells are either eliminated via 

induction of cell apoptosis, or are able to progress127. 

Control of mitochondrial subpopulations: In eukaryotic cell division, the distribution of 

organelles to the offspring cells is a directed process. In symmetric cell division, the two daughter 

cells are receive equal mitochondrial quality and amounts. In asymmetric cell division however, 

several studies show non-uniform organelle segregation in yeast and mammalian cells128–130. 

Directed inheritance of mitochondrial subpopulations provides another level of quality control. 

Katajisto et al. showed that mammary stem-like cells partition ‘aged’ mitochondria and ‘young’ 

or newly synthesized mitochondria into different daughter cells The cell receiving young 

mitochondria retains stem-like properties while the other cell is more likely to differentiate131. 

New mechanisms for directed mitochondrial transport into dedicated daughter cells were 

elucidated recently132.   

Cell rescue via mitochondrial transfer: Cell-cell competition and selection and degradation 

of unfavorable mitochondrial content are important factors in the regulation of mitochondrial 

quality. Yet, another possible scenario presents itself in multicellular eukaryotes. Cell 

populations in tissues may drift towards a state in which they cannot revitalize their own 

mitochondrial pool via cycles of selection, yet cell death is not an option because the cells are 

needed in order to maintain tissue function. In that case, the only escape might be aid from other 

cell types maintaining a higher mitochondrial quality. Cytoplasmic transfer between different 

cell types has been shown to occur in vivo133 and several mechanisms for mitochondrial transfer 

exist such as non-specific uptake, extracellular vesicles or tunneling nanotubes91,134,135. 

Intercellular mitochondrial exchange has been associated with adipose tissue homeostasis136, 

cancer cell growth137 and cell survival after ischemia138. These studies show clear phenotype 

correlations between cytoplasmic mitochondrial uptake and cell behavior; however, mechanistic 

insights and dose-response relationships are still missing. 
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Synthetic minimal systems in Symbiogenesis 

 

Symbiogenesis describes the role of endosymbiosis in crucial evolutionary inventions. The 

term is generally used in connection with Eukaryogenesis or the transition of eukaryotes to 

photosynthetic organisms139. However, there are many other examples for emerging (endo-) 

symbioses. The boundary conditions for the initiation of symbiogenesis remain highly 

speculative and are in principle impossible to reenact, which leaves only the study of naturally 

existing systems in nature140,141. A multitude of host-endosymbiont pairs were found between the 

eukaryotic and bacterial domain: Plants and nitrogen fixing bacteria show various stages of host-

endosymbiont relationships142, and associations between single celled protists and bacteria are 

speculated to undergo organellogenesis, the transition from an endosymbiont towards and 

organelle143. The study of endosymbiosis in nature is promoted by new technologies, which 

manage to retrieve and allocate complex information from either host, endosymbiont or both, for 

example utilizing ‘omics’ technologies: For instance Smith et al. use transcriptomics to study 

dynamic responses of both, host and endosymbiont during increasing endosymbiont loads within 

the symbiotic relationship between aphids and Buchnera, providing evidence for joint anabolism 

of host and symbiont in cobiosynthesis of adenine144. Nanometer-scale resolution secondary ion 

mass spectrometry (nano-SIMS) was utilized by Bublitz et al. to unravel protein exchange within 

the complex endosymbiosis of Moranella residing in Tremblaya within Planococcus citri 

bacteriocytes, offering high spatial resolution necessary to show exchange of metabolites 

between host and endosymbiont145. Research conducted on established endosymbiotic systems 

provides snapshots of individual evolutionary trajectories. The nature and individual starting 

points are highly diverse, impeding deduction of common predispositions and circumstances 

under which two organisms form stable host-endosymbiont mergers. Furthermore, the long 

timescales in which they develop into stable entities make it challenging to reconstruct individual 

evolutionary paths. While symbiogenesis itself is seemingly a prevailing evolutionary pattern in 

eukaryotes, it is unclear whether deeper patterns within the process itself can be reconstituted 

from individual paths. Metabolite allocation, genome reduction and horizontal gene transfer for 

instance are common themes that are well described77,146, but mechanistic knowledge is limited.  

To provide insights into early symbiogenesis, artificial or synthetic endosymbiotic systems 

step into the spotlight, aiming to create designer host-endosymbiont pairs. Synthetic biology 

projects usually try to expand and reinvent systems by building on previously established rules 

in order to foster and exploit established knowledge (‘What I cannot create, I do not understand’ 

– R. Feynman). Since there is no set of rules for a defined starting point for the establishment 

host-endosymbiont pairs, the requirements on synthetic biology are more challenging and 

fundamental in this case (‘Learning by building’). Nonetheless, fully accessible model systems 
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provide a promising starting point for the study of symbiogenesis, because all steps required to 

form stable cell mergers can be monitored and constantly rearranged. Additionally, common 

patterns of stable endosymbiosis like genome reduction and horizontal gene transfer can be 

artificially induced, accelerated and engineered. Mehta et al. provide a first possible framework 

for the development of an artificial endosymbiosis, by introducing engineered E. coli bacterial 

cells into yeast eukaryotic cells147. However, the promising system leaves important questions 

regarding stability, growth and metabolite exchange open. The surface of possible pairings for 

synthetic host-endosymbiont pairs is hardly scratched and provides an open playground for the 

creation of novel cell mergers.   
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Aims and outline of this thesis 

 

This work aims to build an experimental platform for the analysis and perturbation of single 

cells. A special focus lay on expansion of the FluidFM platform by creating new cantilever 

designs by fine-tuning aperture positions and sizes. To facilitate visualization and readout of the 

perturbed cells, optical- and computational tools based on confocal spinning disc microscopy 

were created. The created designs were applied in the background of different biological systems. 

In chapter II, we showed that FluidFM cantilevers harboring a cylindrical apex can facilitate 

enclosed connection to the cytoplasm of various fungi. This allowed direct delivery of molecules 

via intracellular injection into uni- and multicellular fungi while sustaining cell viability and 

growth. A fluorescently labelled histone H1, which is actively transported to the nucleus of 

viable eukaryotic cells, was injected into unicellular S. cerevisiae cells and C. cinerea hyphae. 

The fluorescent stain showed accumulation in the cell nucleus. Additionally, we showed 

extraction of cytoplasm from C. cinerea hyphal cells. As a biological proof of principle, 

nematode feeding on hyphal cells was simulated using cytoplasmic via using FluidFM on a C. 

cinerea reporter strain.       

In chapter III, we expanded the FluidFM platform towards the manipulation of organelle 

structures of mammalian cells. We designed a new set of pyramidal cantilevers harboring 

enlarged apertures as well as a new type of cantilever containing slanted cylindrical apexes. 

Enlarged apertures increased exerted hydrodynamic forces while limiting steric limitation, which 

enabled extraction of organelles from cell cytoplasm, while preserving their viability. We 

establish protocols for the extraction of exclusively endoplasmic reticulum or mitochondria 

including endoplasmic reticulum. Exerted hydrodynamic flow induced mitochondrial shape 

transition towards a pearls-on-a-string phenotype, which was independent from calcium 

signaling. Subsequently, we showed that mitochondria, either isolated using standard protocols 

or extracted via FluidFM could be transplanted into recipient cultured cells. We followed the 

uptake behavior of cancer cells and primary keratinocytes of transplanted mitochondria via 

fluorescence microscopy and found that mitochondria were mostly integrated into the host cell 

network. Subsequently, the transfer of mitochondrial genomes along with the mitochondrial 

transplant was quantified; comparing non-specific mitochondrial uptake from the culture 

medium, injection of mitochondria isolated using standard protocols and mitochondrial 

transplantation via the cell-to-cell approach.  

In chapter IV, protocols for the injection of bacteria into cultured mammalian cells were 

established. Cytoplasmic growth of fluorescently labelled bacteria was verified and an image 

analysis platform was written to extract growth speed data of intracellularly growing bacteria. 
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Furthermore, the impacts of mammalian cell mutant strains affected in amino acid uptake and 

synthesis as well as nucleotide synthesis on intracellular growth speed of E. coli were evaluated.     

In chapter V, general conclusions, and future perspectives in relation to this work are 

discussed. 
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Abstract 

 

The direct delivery of molecules and the sampling of endogenous compounds into and from 

living cells provide powerful means to modulate and study cellular functions. Intracellular 

injection and extraction remain challenging for fungal cells that possess a cell wall. The most 

common methods for intracellular delivery into fungi rely on the initial degradation of the cell 

wall to generate protoplasts, a step that represents a major bottleneck in terms of time, efficiency, 

standardization, and cell viability. Here, we show that fluidic force microscopy enables the 

injection of solutions and cytoplasmic fluid extraction into and out of individual fungal cells, 

including unicellular model yeasts and multicellular filamentous fungi. The approach is strain- 

and cargo-independent and opens new opportunities for manipulating and analyzing fungi. We 

also perturb individual hyphal compartments within intact mycelial networks to study the cellular 

response at the single cell level.  
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Introduction  

 

Fungi play pivotal ecological and economical roles in nature, agriculture, medicine, and for 

industrial applications, from the degradation of dead organic material to their beneficial role in 

plant growth and the production of many drugs and food products.1-5 In addition, numerous plant 

and animal pathogenic fungi are known, many of which are difficult to combat.6 They are also 

important model organisms in biological research to study the molecular biology of eukaryotes. 

The manipulation of fungi is thus crucial to deepen our understanding of fungal biology in 

general and to optimize their use in agriculture and bioproduction. However, in practice, the 

development of such manipulation techniques faces many obstacles. These are mainly due their 

complex cell wall structure, acting as a physical barrier, and to the enormous diversity of fungal 

species and thus the difficulty in developing universally applicable protocols.  

A crucial aspect in fungal cell biology is the ability to deliver exogenous materials into living 

cells e.g. of DNA for transformation. Other cargos of interest include RNA, proteins, peptides, 

and small (anti) metabolites, as well as synthetic nanomaterials such as quantum dots or 

nanoparticles.7-9 While effective delivery methods are available for animal cells, introducing 

exogenous materials into fungal cells has proven challenging, especially for filamentous fungi.7 

Bulk transformation approaches include protoplast-mediated or Agrobacterium tumefaciens-

mediated transformation, electroporation, biolistics, and shock waves. However, most of these 

approaches show relatively poor efficiency.1 Although fungal protoplasts are most widely used 

for transformation, cell wall removal requires dedicated protocols for each fungal species 

because they differ in cell wall composition and structure, and remains a challenge for most 

fungi. In addition, the formation of protoplast leads to a dramatic decrease in cell viability.1 

A promising alternative for efficient intracellular delivery relies on the use of nanopipettes 

to directly access the interior of an individual cell.10 As a general concept, a fluidic nanoprobe is 

inserted into a cell to create a channel across the cell membrane, and molecules loaded in the 

probe are released into the cell. The approach also allows molecules to be captured from the cell 

into the nanoprobe. Thus, these technologies not only provide a straightforward universal 

approach for intracellular delivery, but also enable the sampling of endogenous molecules, 

offering a powerful means of analysing animal cells.11 Fluidic force microscopy (FluidFM) has 

shown a great potential in this area. The FluidFM technology is a force-sensitive nanopipette 

that enables pressure-driven fluid handling in the femto- to pico-litre range.12, 13 We have 

previously demonstrated FluidFM-based injection of exogenous molecules into mammalian 

cells,14 as well as the extraction of cytoplasmic or nuclear biopsies from living cells for molecular 

analyses.15, 16 
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However, the use of nanopipettes with fungi has shown only limited success so far, mostly 

hindered by the high rigidity of the cell wall, the difficulty to immobilizing the cell to prevent its 

lateral displacement during manipulation, as well as their relatively small cell size.17 Riveline et 

al. trapped Schizosaccharomyces pombe in microstructures, and shear-damaged their cell wall 

locally while releasing solution with the same pipette, which resulted in some of the solution 

reaching the cell interior.18 

Here, we introduce a quantitative FluidFM-based method for injection into and extraction 

from fungi, including filamentous fungi and unicellular yeasts, that is widely applicable (Figure 

1a).  

 

 

Results 

 

Technological developments 

 

Fungi are characterized by a large diversity of life forms. In order to establish a broadly 

applicable platform for their manipulation, we selected four model organisms that cover their 

main distinctive morphological features: the unicellular fungi Saccharomyces cerevisiae and 

Schizosaccharomyces pombe, which are the two major models for budding and fission yeasts, 

respectively; the dimorphic yeast Candida albicans, an opportunistic pathogen that can switch 

from a unicellular budding growth to a multicellular mycelial growth under specific 

environmental conditions; and Coprinopsis cinerea, a multicellular filamentous fungus and 

model organism for studying fungal development and the evolution of multicellular fungi. S. 

cerevisiae, S. pombe and C. albicans belong the phylum Ascomycota whereas C. cinerea is a 

representative of the phylum Basidiomycota of the kingdom Fungi.19  

The general workflow for injecting or extracting fluid into and from living cells using 

FluidFM consists of the following steps: 1) positioning the pyramidal FluidFM tip above a 

selected cell; 2) driving the tip through the cell wall and membrane using force spectroscopy; 3) 

maintaining the tip in the cell at a constant force while applying over- or underpressure for 

injection or extraction, respectively; 4) withdrawing the tip from the cell. (Supplementary Figure 

1) This approach works reliably with mammalian cells.14 However, it is not readily applicable to 

fungal cells due to their unique physical properties, particularly the rigid cell wall. 

The insertion of the FluidFM tip into a cell requires that the cell is immobilized on a hard 

substrate. While most animal cells spread and adhere to solid substrates, the adhesion of fungal 

cells is comparatively weak.20-22 Therefore, we first evaluated whether fungal cells maintained a 

fixed position upon indentation as a prerequisite for injection. On flat substrates, the spherical 
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yeast S. cerevisiae and the rod-shaped yeast S. pombe were laterally displaced upon contact with 

the FluidFM tip. We therefore designed microstructured substrates and could show that the yeast 

cells were spatially constrained (see Methods for a description of the microstructured substrates). 

In contrast, the hyphae of the dimorphic yeast C. albicans and of the filamentous fungi C. cinerea 

adhered sufficiently on glass and plastic polystyrene, respectively, to prevent cell displacement 

upon tip insertion.   

Furthermore, the cell wall surrounding fungal cells results in a drastically increased cell 

rigidity, causing an increase in the forces required to insert a probe into the cells compared to 

animal cells. The high stiffnesses of fungal cells were reflected in the force-distance curves 

obtained by indentation and eventual insertion of the probe inside fungal and animal cells (Figure 

1b). For effective probe insertion into a typical adherent mammalian cell (e.g. HeLa), the 

maximal force was set such that the tip crossed the entire cell to the underlying substrate, which 

typically required forces up to 200 nN.14 In comparison, the force-distance curves on fungal cells 

showed that, while the indentation distances were similar or shorter than for HeLa cells, the 

forces required for maximal indentation were 10 times larger, i.e. up to 2 μN. FluidFM probes 

were thus re-designed, optimizing their length and thickness to increase their stiffness to ~2.3 ± 

0.5 N/m, so that forces up to several micro-Newtons could be exerted. 

Finally, cell size also represents a crucial aspect for the development of an injection protocol 

for fungal cells. It determines the upper injectable volumes, especially due to the cell wall, which 

provides a physical barrier to cell expansion. We estimated the cell volumes of the four selected 

fungi, in comparison to human HeLa cells (Figure 1c). The mean (SD) cell volumes of the yeasts 

C. albicans, S. pombe and S. cerevisiae were 75 (50), 105 (25) and 80 (55) fL, respectively. The 

average volume of hyphal compartments of the mushroom C. cinerea was 360 (290) fL. In 

comparison, HeLa cells had a mean volume of 2500 (950) fL, approximately ten- to thirtyfold 

larger. Because the volumes injected into animal cells were typically on the order of hundreds 

of femtoliters,14 we anticipated that volumes injectable into fungal cells will be on the order of 

tens of femtoliters. Cell size is also relevant in the context of proper probe insertion, as the probe 

aperture must be sufficiently narrow and close to the pyramid apex to be fully within the cell just 

upon puncturing. Yet, at the same time, the aperture area should be large enough for sufficient 

flow. We thus shaped probe apertures with focused ion beam embracing two of the four sides of 

the tip, with aperture sizes down to 200 nm in height and width (Figure 1d). 

 

Fluorescent tracer injection 

 

To assess the ability to cross the cell wall and inject solutions into fungal cells and to adjust 

the injection parameters, we first used the membrane-impermeable fluorescent tracer Lucifer 
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yellow (LY). We performed force spectroscopy on the fungal cells and subsequently monitored 

LY fluorescence in real time during and after applying a pressure difference of +1000 mbar for 

several minutes. Using a fluorescent probe allowed detection of both cell staining resulting from 

a successful injection and extracellular leakage in the event of a compromised tip insertion 

(Supplementary Figure 2). Consistent with the force-distance curves (Figure 1b), the application 

of a force of 2.0 ± 0.1 μN resulted in 100% successful injection of the dye into fungal cells 

without apparent leakage (N=9), indicating full insertion of the probe aperture into the cell 

(Figure 2). Of note, when we tested the injection with lower forces, i.e. 1.0 ± 0.1 μN and 1.5 ± 

0.1 μN, this resulted in intracellular staining, but with concomitant leakage of the fluorophore 

into the extracellular environment in 100% of the cases (N=11), and 83 % (N=18), respectively. 

The simultaneous release of LY both inside the cell and in the extracellular environment 

indicated effective cell wall pervasion but incomplete insertion of the probe aperture. With 

applied forces lower than 1.0 ± 0.1 μN, the cell wall was not pierced, and the fluorophore was 

released entirely in the extracellular medium. These results highlight the need to apply sufficient 

force for robust injection into fungal cells, which we achieve with 2 µN and represents an 

important step from earlier studies.18  

Following injection, the unicellular yeasts S. pombe and S. cerevisiae were uniformly 

labeled, whereas neighboring yeasts remained unlabeled (Figure 2a and 2b). Although 

homogenous staining may also result from extracellular binding of the fluorophore to the cell 

wall, the selective labeling of the targeted but not the neighboring yeasts indicated successful 

delivery of the fluorophore inside the cell.    

Unequivocal intracellular targeting of the fluorophore was achieved by injection of hyphal 

and pseudohyphal cells of C. albicans (Figure 2c). While single cells of the dimorphic yeast are 

similar in size to S. pombe and S. cerevisiae (see Figure 1c), C. albicans forms multicellular 

structures under certain environmental conditions. Upon injection of hyphal germ tubes, a 

homogenous staining of the entire structure was observed, as expected. In fact, germ tubes are 

hyphal projections that develop in the first cell cycle, before septation. When injecting hyphal 

compartments, the released fluorophore selectively stained the targeted compartments and did 

not cross the mature septa. In addition, injection of pseudo-hyphae resulted in labelling of some 

but not all compartments, in agreement with the dye passing through primary but not mature 

septa. In addition, vacuoles in the injected compartments remained unlabeled, validating the 

cytoplasmic location of the injected fluorescent tracer. 

Similarly, in C. cinerea mycelia, the injected fluorophore dispersed throughout the targeted 

hyphal compartments, included their branches, but did not pass through the septa delimiting the 

cells, indicating effective intracellular injection (Figure 2d). The intracellular delivery of LY was 
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further validated by injecting vacuolated hyphal compartments, whereby the injected dye clearly 

located in the cytoplasmic fluid and was excluded from the vacuoles (Figure 2d, right panels). 

Next, we estimated the volumes of solution that we injected based on the fluorescence 

intensities of the injected cells. The volumes were similar for the four organisms and ranged 

between 1 and 100 femtoliters (Supplementary Figure 3). We note here that eventual 

extracellular staining of the cell wall may result in additional fluorescence and the injected 

volumes may thus be slightly overestimated. For comparison, volumes up to 900 fL were injected 

in HeLa cells.14 The estimated injected volumes were thus consistent with the respective sizes of 

fungal and animal cells described above. 

Regarding the pressure pulse applied to release the fluorophore solution in the cell, we 

applied a pressure difference up to more than 1000 mbar, during several minutes. In mammalian 

cells, such pressure pulses resulted in injection volumes larger than 1 pL, which led to inflation, 

membrane rupture and cell death. In the fungal cells, no cell deformation was observed, 

consistent with the rigid cell wall maintaining cell shape and the high internal pressure of the 

cells. 

 

 

 

Post-injection cell viability 

 

The results described above showed that injection into fungal cells is indeed feasible. The 

next set of experiments was aimed to assess whether the method preserves cell viability. We 

therefore monitored the growth of the fungi following injection. In addition, we used a 

fluorescently-labeled histone H1 (H1-AF488) injected into S. cerevisiae and C. cinerea. When 

the exogenous nuclear protein is delivered into the cell, it is expected to be actively transported 

to the nucleus in fully functional cells.  

In the unicellular S. cerevisiae, the injected histone protein effectively accumulated in the 

nuclei, while a diffuse fluorescence signal was observed in the cytoplasm and cell wall; 

moreover, the fluorescent protein was excluded from vacuoles (Figure 3a). After injection of a 

budding mother cell, the labeled histone was transported into the nucleus of the mother and the 

daughter cells, with a lower fluorescence intensity in the daughter cell (Figure 3b). Monitoring 

of the injected yeasts by time-lapse microscopy showed that the injected cells were moving, and 

continued to produce a daughter cell in the hours following injection (Figure 3c). After the 

budding event, the labelled histone was observed in both nuclei of the mother and daughter cells 

(Figure 3d).  
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Similarly, in the filamentous fungi C. cinerea, the injected histone proteins were effectively 

transported into the nuclei, while slightly labeling the walls of the cells (Figure 4a). The 

homokaryon strain of C. cinerea most frequently contains two nuclei per hyphal segment.23 

Consistent with this, we mostly observed the staining of two nuclei per injected hyphal 

compartments, with a weaker stain for the nucleus most distant from the injection site (Figure 

4a). Vegetative mycelia of C. cinerea grow by apical extension of hyphae and the formation of 

subapical branches, each of which becomes an apically elongating hypha. To evaluate post-

injection growth, we injected hyphal tip cells and subsequently monitored them by time-lapse 

microscopy (Figure 4b). Apical growth was observed for all injected hyphal tip cells, with a 

similar elongation rate as for non-injected hyphae. Upon mycelial growth, the injected H1-

AF488 remained in its location and observable for at least 2 days. 

The observation that the injected histone protein accumulated in nuclei not only validated 

the successful intracellular injections, in both uni- and multicellular fungi, but also demonstrated 

the short-term preservation of cellular functions. Further monitoring of fungal growth after 

injection confirmed the absence of significant adverse effect on cell viability. 

 

Extraction 

 

Next, we evaluated the ability to extract cellular fluid from fungal cells. We used an oil-

prefilled FluidFM probe to allow confinement and visualization of cytoplasmic fluid extracted 

into the probe. Tip insertion into C. cinerea hyphal compartments was performed as for injection, 

but instead of applying overpressure, we applied underpressure for the suction of the cell content. 

When exerting underpressure, we effectively observed the collection of fluid in the cantilever 

probe (Figure 5a, inserts). When targeting a hyphal tip cell, continued growth of the hypha was 

observed after tip insertion, but stopped after aspiration of the cytoplasmic fluid into the probe 

(Figure 5a, blue arrows). The extraction was accompanied by the appearance of vacuoles in the 

targeted hyphal compartment. No morphological changes were observed in the adjacent hyphal 

compartments (Figure 5a). These observations indicated successful extraction of cytoplasmic 

fluid. 

 

 

Examining single cells within a multicellular fungus 

 

After demonstrating extraction from individual hyphal cells, we applied this method to 

address an open question in C. cinerea research. The filamentous fungus represents a prey for 

fungivorous nematodes, such as Aphelenchus avenae.24 It has been shown that A. avenae feeds 
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on C. cinerea by perforation of the cell wall with its stylet and suction of the cellular fluid.25 This 

attack in turn triggers a defense response of C. cinerea that involves the expression of the defense 

gene cgl2.25, 26 Previous results suggest that the physical cue of penetration and suction is 

necessary to trigger cgl2 expression but it remained unclear whether it is sufficient or whether 

chemical cues, such as the concomitant release of molecules by the fungivorous nematode, are 

needed.27 We hypothesized that extraction with the FluidFM could mimic nematode feeding and 

thus, allow us to test whether hyphal content removal is sufficient to induce the fungal defense 

response. To address this question, we used a reporter strain of C. cinerea carrying a dTomato 

expression cassette driven by the promoter of the cgl2 gene.25 Volumes ranging from 210 fL up 

to 1750 fL were extracted from different hyphal compartments, and the mycelia was then 

monitored overnight for the expression of the fluorescent reporter. Time-lapse fluorescence 

microscopy after extraction showed an increasing dTomato signal, selectively in the hyphal 

compartments that had been extracted (Figure 5b). Quantitative measurements of the fluorescent 

reporter confirmed a steady increase of the reporter fluorescence over time within hyphal 

compartments that had been extracted, whereas neighboring cells, which did not undergo 

extraction, did not express the fluorescent reporter (Figure 5c). This suggests that the suction of 

cytoplasm was sufficient to induce a defense response in C. cinerea. As pointed out above, we 

had observed that single hyphal cell extraction resulted in growth arrest. It is thus interesting to 

note that the cells remained viable and maintained the capacity to express the fluorescent reporter 

protein, despite the important loss of cytoplasmic fluid. A previous study revealed that upon 

localized challenge with nematodes, the fungal defense response was generally confined to the 

site of predation, but it propagated over several millimeters in a distinct subset of specialized 

hyphae, characterized by a large diameter.25 While such “trunk” hyphae were not targeted in the 

present study, the FluidFM extraction approach will provide an attractive tool to investigate the 

propagation of the fungal defense response at the single-cell resolution. 

 

 

Discussion 

 

The method developed in this work allows traversing the cell wall of living fungi with a 

nano-fluidic probe and either delivering a solution into individual fungal cells or extracting 

cytoplasmic fluid. It provides a straightforward universal technique for intracellular delivery that 

is adapted to virtually any natural or synthetic molecules that can be dispersed in solution as well 

as to the diversity of fungal species. We demonstrated proof-of-concept delivery of a fluorescent 

dye and a labeled protein into uni- and multi-cellular fungi, and further showed sustained cell 

viability and growth after the injection. Numerous applications are conceivable in which the 
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injected cargo enables either monitoring or interfering a particular endogenous molecular 

process in living single cells or multicellular networks. A relatively large cell-to-cell variation in 

the injected volumes was observed, similar to what has been reported for injections into 

mammalian cells.14, 31 The determination of the volumes injected can thus only be achieved post-

injection, using fluorescence measurements. If the molecule of interest has no fluorescence, it 

can be co-injected together with a fluorescent marker. In contrast to mammalian cells, direct 

injection into fungi nuclei was not possible, as those are too small for insertion of the FluidFM 

tip. In addition to intracellular delivery, the method also enables extraction of cytoplasmic fluid 

from single fungal cells. In this work, we applied this technique to mimic nematode feeding and 

study the fungal defense response to this predation. This proof-of-concept study illustrates the 

ability to manipulate and analyze hyphal cells within intact mycelial networks at single-cell 

resolution, opening new avenues for studying cell-cell communication and organization in 

filamentous fungi.  Furthermore, with emergent developments in bioanalytics, it will also be 

possible to use the approach to analyze the molecular content of individual fungal cells, similar 

to studies emerging for mammalian cells.11 

 

Methods 

 

Fungi strains and media 

Yeast extract-peptone-dextrose (YPD) medium was prepared with 1 % (w/v) yeast extract 

(Oxoid), 2 % (w/v) bacto peptone (BD) and 2 % (w/v) glucose (Sigma). Yeast maltose and 

glucose (YMG) medium was prepared with 0.4 % (w/v) yeast extract (Oxoid), 1.0 % (w/v) malt 

extract, and 0.4 % (w/v) glucose (Sigma). Defined synthetic dextrose (SD) medium was prepared 

with 0.19 % (w/v) yeast nitrogen base without amino acids and ammonium sulfate (ForMedium), 

0.082 % (w/v) complete supplement mixture of amino acids (ForMedium), and 2 % (w/v) 

glucose (Sigma). Phosphate-buffered saline (PBS) was prepared with 0.8 % (w/v) NaCl (Merck), 

0.02 % (w/v) KCl (Sigma), 0.144 % (w/v) Na2HPO4 (Sigma) and 0.024 % (w/v) KH2PO4 

(Sigma), adjusted to pH 7.4. 

Wild-type Schizosaccharomyces pombe and Saccharomyces cerevisiae (W303) were grown 

in YPD medium. For injection experiments, 5 mL cultures were grown overnight at 180 rpm and 

a temperature of 28 °C. A 100 L of the cell suspension was seeded onto the microstructured 

substrates. For initial experiments (fluorophore injection), 5 mL of PBS were added. For later 

experiments (cell viability), 5 mL of SD medium were added. The cells were let sediment onto 

the substrate for at least 15 minutes. 

Wild-type Candida albicans (SC5314) were grown in YPD medium. For injection 

experiments, 5 mL cultures were grown overnight at 180 rpm and a temperature of 28°C. To 
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induce yeast-to-hyphal transition, 1 mL of the cell suspension was then resuspended in 4 mL 

PBS and supplemented with 1 mL foetal bovine serum (Chemie Brunschwig AG). The cells were 

then cultured for about 5 hours at 37 °C and 180 rpm. 500 µL of the cell suspension was then 

seeded onto a 50 mm glass bottom dish (low side wall, WillCo Well B.V.) and 5 mL PBS were 

added. 

Vegetative mycelia of Coprinopsis cinerea wildtype strain (A43mutB43mut; 

homodikaryon) and of the reporter strain A43mutB43mut cgl2p-dTom (expression of 

cytoplasmic dTomato under control of cgl2p) were cultivated on YMG agar plates at 37 °C in 

the dark. Samples for injection and extraction experiments were prepared as follow: a plug was 

inoculated onto the cover (~low side wall) of a 50mm-petri dish. 2 mL of YMG liquid medium 

were added and the fungi were let grown at 37 °C in the dark for 4 to 5 days. Fresh medium was 

added every 1-2 days. Shortly prior to the experiment, 4 mL low-fluorescence SD medium was 

added to the dish. 

 

 

Reagents for injection 

HEPES-2 buffer was prepared with 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid 

(HEPES, 10 mM), supplemented with sodium chloride (150 mM) in Millipore water, with a pH 

adjusted to 7.4 using NaOH (6 M). Lucifer Yellow CH dipotassium salt (LY, Sigma-Aldrich 

Chemie GmbH), and Alexa488-labeled histone H1 (Invitrogen) were used at concentrations 

ranging from 0.5 to 2.0 mg/mL in HEPES-2 buffer. All solutions were filtered through 0.2 μm 

pore size filters before use. 

 

Micro-structured substrates 

Atomic force microscopy studies (AFM) of microorganisms require their immobilization on 

the substrates, otherwise they roll away as soon as the AFM tip enters in contact with their cell 

wall.28, 29 Immobilization strategies were pioneered by the Dufrêne’s group taking advantage of 

porous polymer membranes.30 For this study, we designed substrates with micro-structures of 

different lateral and height dimensions and assayed their efficacy for the immobilization of 

unicellular yeasts upon indentation with a FluidFM probe. The micro-structured substrates were 

produced by Wunderlichips GmbH, and were made of Kraton A1536 polymer, with the 

microstructures laying on a 40 ± 5 μm thick bottom layer. Successful immobilization of S. 

cerevisiae was obtained with circular and oval micro-wells, with a depth of 5 μm, and lateral 

dimensions ranging from 5 to 12 μm. Successful immobilization of  S. pombe was obtained using 

trenches or rectangle micro-wells, with a depth of 3μm, a width of 4 to 5 μm, and a length of 12 

μm or longer. 1 cm × 1 cm arrays of microstructures were laid on a drop of 100 % ethanol onto 



48 

 

a 50mm glass bottom dish (Willco Well B.V.). The overall thickness of the sample allowed the 

use of objectives with high numerical apertures. 

Optical microscopy 

We used an inverted AxioObserver microscope equipped with a temperature-controlled 

incubation chamber (Zeiss), and coupled to a spinning disc confocal microscope (Visitron) with 

a Yokogawa CSU-W1 confocal unit and an EMCCD camera system (Andor). Phase-contrast and 

fluorescence images were acquired using 10×, 40× (0.6 na), and 63× (1.4 na, oil) objectives and 

a 2× lens switcher using VisiView software (Visitron).  

Lucifer yellow CH and Alexa Fluor 488-Histone H1 were imaged using a 488 nm laser and 

a 525/50 emmision filter. The dTomato fluorescent reporter was imaged using a 561 nm laser 

and a 609/54 nm emission filter. 

Microscopy images were analyzed using the AxioVision and Fiji softwares. When indicated 

(Figure caption), fluorescence images were created by summing the slices of a Z-stack 

(maximum intensity projection) in Fiji. 

 

FluidFM setup 

We used a FluidFM system composed of a FlexAFM-NIR scan head and a C3000 controller 

driven bythe EasyScan2 software (Nanosurf), and a digital pressure controller unit (ranging from 

-800 to + 1000 mbar) operated by a digital controller software (Cytosurge). A syringe pressure 

kit with a three-way valve (Cytosurge) was used in addition to the digital pressure controller to 

apply larger pressure differences. 

FluidFM Rapid Prototyping probes made of silicon nitride were obtained from Cytosurge. 

The probes were coated with an 18 nm carbon layer using a CCU-010 Carbon Coater 

(Safematic), and the aperture was milled using a FIB-SEM Nvision 40 device (Zeiss) equipped 

with a gallium ion source using the Atlas software (Zeiss). The front face of the pyramidal probe 

was aligned perpendicularly to the FIB-beam, and the aperture, extending on two faces of the 

pyramidal tip, was milled (see figure 1d) with an acceleration voltage of 30 kV at 10 pA (100 

nm thick silicon nitride layer at the aperture region). The processed probes were then mounted 

onto a cytoclip holder by Cytosurge.  

For experiments with S. cerevisiae, S. pombe, and C. cinerea, the FluidFM probes were 

plasma treated for 1 min (PDG-32G, Harrick Plasma) and coated with the hydrophobic, anti-

fouling SL2 Sigmacote (Sigma-Aldrich) on the inside and outside with heat stabilization for ≥ 

45 min at 100 °C prior to use (see 15 for a detailed protocol), before filling the probe with the 

solution to inject.  

For experiment with C. albicans, the probes were filled with the solution to inject, and then 

coated with hydrophilic, anti-fouling polymer as follows: the probes were plasma treated for 1 
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min (PDG-32G, Harrick Plasma), and subsequently immersed for at least 45 minutes in a 

solution of poly(L-lysine)-graft-(polyethylene glycol) (PLL-g-PEG, with a PLL backbone chain 

of 20 kDa, 2 kDa PEG side chains and a grafting ratio of 3.5, obtained from SurfaceSolutionS 

GmbH) at 0.5 mg/mL in Millipore water. The probe was then immersed for at least 5 minutes in 

Millipore water for rinsing. was obtained from; the non-fouling polymer was used in Millipore 

water (0.5 mg mL-1).  

Estimation of fungal cell volumes 

All cell dimensions were measured in the AxioVision software, using brightfield images 

acquired with a 40× objective. HeLa cells were dissociated by trypsinization before imaging.  

The cell volumes were calculated from the measured cell diameters, assuming a spherical 

shape for HeLa cells and S. cerevisiae, and from the measured length and width, assuming a 

tubular shape for S. pombe and for the hyphal compartments of C. albicans and C. cinerea. 

 

Injection experiments 

Cantilever spring constant was measured using a software-implemented calibration module 

(Nanosurf), with the resonance frequencies and quality factors obtained from thermal noise 

spectrum acquired in air, before filling of the probe microchannel. The solution to inject was 

loaded in the probe reservoir, and the probe was then connected to the pressure controller unit 

to apply an overpressure Δp of 1000 mbar to flow the solution from the reservoir into the 

microchannel. The cantilever sensitivity was then calibrated in the sample experimental medium 

(PBS or SD medium). 

The cell to be injected was visualized by phase contrast microscopy, and the FluidFM probe 

was approached on the substrate in the vicinity of the targeted cell with a force set point of 20 

nN and retracted with the Z-piezo. The probe was then laterally displaced above the desired point 

of insertion, under observation by phase contrast microscopy. The tip of the probe was then 

inserted into the cell through a forward force spectroscopy routine driven by the Z-piezo with a 

velocity of 1000 nm s-1. The forward force spectroscopy was set to stop when reaching a maximal 

force (Fmax) of up to 2000 nN. The probe was then maintained in the cell interior at constant 

Fmax for 1 up to 30 min. During this pause, an overpressure pulse Δp of 1000 mbar or higher 

was applied to deliver the solution. The probe was then retracted through a backward force 

spectroscopy with a velocity of 1000 nm s-1. The entire injection process was monitored by phase 

contrast and fluorescence microscopy, and force spectroscopy. All injection experiments were 

conducted in low-fluorescence media. The initial experiments with the injection of LY were 

performed in PBS, at room temperature. To allow for viability assessment, the later experiments 

with the injection of AF488-H1 were performed in rich SD medium, at 30 °C for S. cerevisiae, 

and at 28 °C or 37 °C for C. cinerea. 
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Quantification of the injected volumes 

Fluorescence images acquired through a 40× objective were analyzed in Fiji. A sample 

region of interest (ROI) and a non-overlapping background ROI were defined, and their area and 

mean fluorescence intensity were measured. The total fluorescence intensity was calculated by 

multiplying the sample area by the mean fluorescence intensity of the sample to which the mean 

fluorescence intensity of the background was subtracted. The obtained total fluorescence 

intensities were normed to an exposure time of 1 s.  

A calibration curve to define the fluorescence intensity per volume was obtained by 

measuring the total fluorescence intensities of areas of different sizes of the FluidFM cantilever 

probe, with a known channel height of 800 nm. The fluorescent intensities were plotted against 

their respective volume, and the amount of fluorescence for a given volume was then obtained 

by linear regression. 

For injected cells, the net fluorescence was obtained by subtracting the total fluorescence 

intensity before the injection from the one after injection.  

Extraction 

The reporter strain A43mutB43mut cgl2p-dTom, which expresses cytoplasmic dTomato 

under control of the cgl2 gene promoter, was used. The probes were coated with Sigmacote (see 

above). Following spring constant calibration (k = 2.3 ± 0.5 N/m), the microchannel of the 

FluidFM probe was filled with mineral oil by application of overpressure. The probe was then 

immersed in the SD medium, and the probe sensitivity was calibrated (β = 66 ± 3 nm/V). A 

hyphal cell was selected under the optical microscope, and the probe was positioned next to the 

cell for conducting a force-controlled approach in contact-mode and retraction to 9 μm above 

the substrate. The tip of the probe was then moved above the hyphal cell and AFM force 

spectroscopy was initiated with a preset force of 2000 nN at 1.0 μm/s. Once inserted, the tip was 

maintained inside the cell by maintaining a constant force for 10 to 20 min. Maximum 

underpressure was applied to extract cytoplasmic fluid into the probe. The pressure was then 

switched back to zero, and the probe was retracted out of the cell. Extraction experiments were 

conducted at room temperature (24 ± 1 °C). 

 

Quantification of cgl2p-dTomato expression 

Following the extractions (N = 5), the area of the mycelium that comprised the extracted 

hyphal compartments was monitored at room temperature (24 ± 1 °C) with a 10x objective and 

a 2x lens, in brightfield and with the 561 laser for the dTomato reporter. Z-stacks (200 slices, 

300 nm) were acquired at 120 min intervals during 18 h. For each time-point, an image was 

created by summing the slices of the acquired dTomato Z-stacks in Fiji. dTomato fluorescence 
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intensities were then measured as described above (Quantification of the injected volumes). 

Boundaries of individual hyphal compartments and backgrounds were all manually defined, and 

background intensities were measured for each time point and subtracted from all intensity 

values. We analyzed 5 extracted and 5 unperturbed hyphal compartments. 
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Figure 1. Technological developments. a) Scheme of FluidFM-based injection/extraction of fungi. A 

microfluidic probe operated with an atomic force microscope (AFM) is inserted through the hard cell wall, 

allowing for a pressure-driven exchange of liquids between the probe microchannel and the cell interior. The 

FluidFM is mounted on an optical microscope that allows in situ monitoring of the manipulation. b) 

Representative force-distance curves obtained upon probe insertion in the different organisms. Each plot 

features 5 curves recorded with different cells. c) Estimated cell volumes, as measured from 2D microscopy 

images assuming tubular and spherical cell geometries, for (dissociated) HeLa cells (N=132), C. cinerea 

(N=88), C. albicans hyphal compartments (N=116), S. pombe (N=100) and S. cerevisiae (N=105). d) Scanning 

electron microscopy images of FluidFM probes with a custom-designed tip aperture for fungal injection. Left: 

Front view of the hollow cantilever with a pyramidal tip. Scale bar: 5 µm. Right: side- (top) and bottom- 

(down) views of the aperture on the pyramidal tip. Scale bars: 200 nm. 
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Figure 2. Fluorophore injection. a) Brightfield and fluorescence images of lucifer yellow (LY) injection in S. 

cerevisiae, before, during, and after the injection. The images show a single oval microwell (in the center) 

containing two yeasts; the right yeast in the microwell was injected and got labeled, whereas the neighboring 

yeast on its left was not injected and remained unlabeled. b) S. pombe injected with LY. c) Germ tube (left), 

hyphae (center left, center right), and pseudo-hyphae (right) of C.albicans injected with LY. d) LY injections 

in C. cinerea hyphal compartments. The white arrows in b), c), and d) indicate the injection sites. The asterisks 

in c) and d) indicate the vacuoles. The orange arrows in d) indicate the septa of the injected hyphal 

compartment.  Scale bars are 20 µm. 
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Figure 3. Post-injection viability of S. cerevisiae. a) H1-AF488 injected in S. cerevisiae accumulated in the 

cell nucleus (orange arrow), and was excluded from the vacuole (darker). The white arrow shows the injection 

site. b) Following injection of a budding S. cerevisiae (lower cell), the labelled histone accumulated in both 

the lower and the upper cell nuclei (orange arrows). The white arrows show the injection site. c) Time-lapse 

brightfield images of S. cerevisiae after injection. The first raw shows the growth post-injection of a single 

yeast. Budding was observed 1 h after the injection (blue arrow), and 2 cells were then observed on the 

following time frames. The second raw shows the growth of a yeast that was budding at the time of injection 

(same cell as in b). The injected yeast continued its growth, budding ~2.5 h after injection (blue arrows), and 

resulting in 4 cells at later time frames. d) After division of an injected single cell, the labelled histone was 

found in the nuclei of both the mother and the daughter cells. The white arrows show the injection site, the 

orange arrows show the labelled nuclei. All the images were created by summing the slices of a Z-stack. Scale 

bar: 5 µm. 
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Figure 4. Post-injection viability of C. cinerea. a) H1-AF488 injected in C. cinerea accumulated in the cell 

nuclei (orange arrows). Two representative injections are shown. The white arrow shows the injection sites. 

b) Following injection of a hyphal tip, time-lapse monitoring showed the growth of the injected cell, similar 

to the surrounding hyphae. The injected H1-AF488 remained at its location along the whole time-course. The 

fluorescence images in a), and the brightfield and fluorescence images at 0, 24, and 48 h in b) are summed 

slices of Z-stacks. Scale bar: 20 µm. 
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Figure 5. Cytoplasmic fluid extraction from C. cinerea. a) Brightfield images showing the extraction of 

cytoplasmic fluid from C. cinerea. Upon application of suction, the cellular fluid is collected in the front of 

the FluidFM probe (inserts). The targeted hyphae was growing until suction was applied for extraction (blue 

arrows). Vacuoles are visible after the extraction, exclusively within the targeted compartment. b) Extraction 

(0 h) and subsequent monitoring of the dTomato fluorescent reporter. c) Quantified dTomato fluorescence 

intensity of individual hyphal compartments over time after extraction. Red curves profiles were obtained from 

extracted hyphal compartments (N=5). Grey curves are dTomato expression profile from control, non-

perturbed hyphal compartments within the same mycelia (N=5). Scale bars: 20 µm. 
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Supplementary Figure 1.  Automated force spectroscopy approach for injection and 

extraction of fungi.  
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a) The routine consists in 3 successive phases. In the first phase, the probe is first driven down 

at constant speed (1000 nm s-1) while the force sensed at the tip is recorded; the probe 

movement is stopped when a pre-defined force set-point is reached (maximal force, up to 2000 

nN); no pressure is applied through the microchannel; phase I lasts less than 10 s. In the second 

phase, the force is kept constant at the pre-set maximal force, and vertical movement of the 

probe allows for compensating eventual drifts; shortly after stabilization of the tip inside the 

cell, a positive pressure difference is applied through the microchannel for injection; injection 

is stopped by switching the pressure back to zero; this second phase lasts several minutes. In 

the third phase, the probe is withdrawn out of the cell at constant speed; the force is recorded, 

and no pressure is applied; the phase lasts less than 10 s.  

b) Probe insertion.  Force-Distance profiles are obtained from phase I, in which the measured 

force is plotted against the Z-movement of the probe (down) to which the probe deflection (up) 

is subtracted.  When the probe is driven towards the selected cell, the force sensed by the tip is 

zero until it contacts the cell; the force then start to gradually increase as the tip is pushed 

further down, indenting the cell; pushing further down, the tip crosses through the cell wall and 

membrane. The cell wall rupture events are not detected, due to the high stiffness of the probe. 

 

 

 

 

Supplementary Figure 2. In situ fluorescence imaging upon injection of S. cerevisiae. 

Extracellular leakage of the fluorophore is readily observed in cases where the probe aperture 

is not inserted (a), or only partially inserted (b) in the cell interior. Upon complete insertion of 

the probe aperture inside the cell, cell staining but no leakage are observed (c). 
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Supplementary Figure 3. Injected volumes as measured from intracellular fluorescence of 

Lucifer yellow in C. cinerea (N=15), C. albicans (N=8), S. pombe (N=9) and S. cerevisiae 

(N=11). 
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Abstract 

 

Mitochondria and the complex endomembrane system are hallmarks of eukaryotic cells. To date, 

it has been difficult to manipulate organelle structures within single live cells. We developed a 

FluidFM-based approach to extract, inject and transplant organelles directly from and into living 

cells with subcellular spatial resolution. The approach enabled the transfer of controlled 

quantities of mitochondria into cells while maintaining their viability and monitoring their fate 

in new host cells. Transplantation of healthy and drug-impaired mitochondria into primary 

keratinocytes allowed real-time tracking of mitochondrial subpopulation rescue. Fusion with the 

mitochondrial network of recipient cells occurred as early as 20 min after transplantation and 

continued for over 16 hours. After transfer of mitochondria into somatic cells and cell 

propagation over generations, we show that donor mtDNA was replicated in recipient cells 

without the need for selection pressure. The approach opens new prospects for the study of 

organelle physiology and homeostasis, but also for mechanobiology, synthetic biology, and 

therapy.  
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Introduction 

 

Single-cell surgery approaches promise minimally invasive perturbation, i.e. removal or 

introduction of cellular compartments without compromising cell viability. Manipulation of 

mitochondria receives special emphasis due to their central cellular role: they are at the heart of 

energy conversion and link cellular metabolism to signaling pathways and cell fate decision1. 

Mitochondria harbor their own genetic content (mtDNA), which is prone to accumulating 

erroneous, disease causing mutations2–4 and are subject to quality control5,6. Although 

mitochondria are generally inherited strictly vertically to daughter cells, exchange of larger 

cellular components including mitochondria has also been observed in tissues of multicellular 

organisms7–10. To reconstitute such transfer events, therapy approaches involve the grafting of 

purified mitochondria into a damaged area of a tissue or their intravenous injection11. However 

the fate of these mitochondria is unknown12. 

With limited means to study and quantify the transfer of mitochondria into cells and without 

ways to analyze dose-response relationships experimentally, it is difficult to gain mechanistic 

insight on the actual impact of cytoplasmic and mitochondrial transmissions under healthy or 

diseased cellular states. Extraction and injection of organelles from and into single cells is 

technically demanding. Miniaturized probes have a high potential to manipulate and sample 

individual cells within their microenvironment at high spatiotemporal resolution13. Nano-scaled 

pipettes and nanotweezers allow sampling and trapping of individual charged molecules and 

single mitochondria14,15 and have been combined with –omics methods, enabling compartment-

resolved single cell studies16,17. Other specialized microfluidic devices for microinjection into 

cultured cells have been introduced18. Using a modified microcapillary pipet, mitochondria 

injection was achieved19. However, the success rate of transferring mitochondria into single 

cultured cells has been low and requires use of cells artificially depleted of mtDNA with 

subsequent selection of transformed cells. This limits the approach to selective conditions and, 

in particular, it has prevented studies on the dynamic behavior of mitochondrial subpopulations 

to this point. 

Despite all these crucial developments in single-cell technologies, functional transfer, i.e. 

transplantation of organelles from cell to cell, has not yet been achieved with exception of much 

larger oocytes.  

FluidFM20 unites the high-precision force-regulated approach of an atomic force microscope 

(AFM, pN to µN) with the volumetric dispensing of nano-scale pipets (fL to pL) under optical 

inspection, providing the forces and volume control relevant for single-cell manipulation21. 

These features are pivotal for driving the probe into the cytosolic compartment in a minimally 

invasive manner when delivering and extracting molecules (including plasmids, RNAs, and 
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proteins) into- and from viable cells22,23. In this study, we established FluidFM as a single-cell 

technology for intra- and intercellular micromanipulation of organelles in living eukaryotic cells 

(Fig. 1a-c). The fluidic handling of subcellular compartments poses a challenge for miniaturized 

probes because endomembrane structures are relatively large (mitochondria: 300-800 nm in 

diameter24) and form interconnected networks. Organelle manipulation also bears a higher risk 

of rupturing the cytoplasmic membrane compared to the few nm opening of probes used for 

molecule injection and extraction in prior work22,23. Organelle extraction and injection achieved 

here required dedicated fabrication of tips with customized aperture area (𝐴), to both overcome 

steric constraints and increase the range of applicable suction forces (𝐹𝑚𝑎𝑥) at the aperture via 

the fluidic pressure (𝛥𝑝) in accordance to 𝐹𝑚𝑎𝑥  =  𝛥𝑝 × 𝐴. We adapted the size and geometry 

of the aperture and microchannel of the FluidFM probes, and used the tips in combination with 

force control for membrane insertion via automated AFM and exertion of suction (i.e. tensile) 

forces via automated pressure controller. We simultaneously inspected target cells and the 

transplant inside the transparent cantilever (via phase contrast and fluorescence microscopy, 

Supplementary Fig. 1). We demonstrate the establishment of a robust and maximally efficient 

method for the extraction of mitochondria from living cells and for functional transplantation 

between individual cells. The gentle mode of probe insertion and extraction ensures cell viability 

and allows monitoring of mitochondrial dynamics in real time and across cell generations, and 

tracking mitochondrial variants and fate in native cells.  
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Results 

 

Tunable organelle extraction from live cells 

To enable organelle manipulations, in particular their unconstrained flow through the probe, we 

manufactured FluidFM-probes with a channel height of 1.7 µm and drilled apertures up to 1100 

nm × 1100 nm (𝐴 =  1.2 µm2)  with focused ion beam (FIB) (Fig. 1b). In addition, we designed 

and fabricated dedicated probes with a cylindrical tip to facilitate minimally invasive cell entry. 

These were sharpened by FIB milling to resemble a hollow needle to facilitate membrane 

insertion (Fig. 1b, Supplementary Fig. 1). These probes had an aperture area of 𝐴 =  1.6 µm2, 

further minimizing steric limitations and increasing the range of applicable hydrodynamic forces 

spanning from a few pN to over 100 nN, while showing great robustness towards mechanical 

stress (Supplementary Fig. 2). The general workflow for the manipulation of intracellular 

membrane enclosed compartments involves positioning the FluidFM probe above a selected 

subcellular location and their insertion by AFM force spectroscopy, followed by either extraction 

of material from the cell by exerting negative pressure (Fig. 1a) or injection into the cell by 

positive pressure (Fig. 1c). Exclusion of large organelles is achieved by fine-tuning the aperture 

size (𝐴) and the strength of the applied negative pressure (−𝛥𝑝). The extraction of cytoplasmic 

material is monitored in real time and the extract is inspected inside the FluidFM channel by 

optical microscopy after relieving the pressure (𝛥𝑝 = 0) and retracting the probe (Fig. 2a and b, 

right). The sampled material can be dispensed subsequently for downstream analyses or 

transplanted directly into a recipient cell (Fig. 1a). To examine the capabilities of the newly 

fabricated FluidFM probes for organelle sampling from single cells, we monitored the 

endoplasmic reticulum (ER) and mitochondria. We used human osteosarcoma epithelial (U2OS) 

cells and visualized in parallel the ER by expression of GFP fused to the resident protein Sec61β 

(sec61-GFP) and mitochondria by expression of BFP targeted to the mitochondrial matrix (su9-

BFP). When utilizing pyramidal probes with an aperture size of 𝐴 =  0.5 µ𝑚2 and low pressure 

offsets, 𝛥𝑝 < 20 mbar, we accumulated ER in the cantilever, which was accompanied by 

disappearance of GFP-signal in the cell (Fig. 2a). During extraction, the ER was pulled towards 

the cantilever tip and we observed a general conversion of cisternal to tubular ER, in both U2OS 

cells and a similarly labelled kidney cell line (COS7, Supplementary Fig. 3, Supplementary 

Movies 1 and 2). Notably, under these conditions, the mitochondrial network remained 

unperturbed and mitochondria were not extracted.  

Next, we aimed at extracting mitochondria using pyramidal probes with a larger aperture 

size (𝐴 =  1.2 µm2) and newly developed, slanted cylindrical probes (𝐴 =  1.6 µm2) (Fig. 1b).  

Tunable extraction of mitochondria was achieved using both kinds of probes, thus enabling 

aspiration of individual mitochondria or sampling of larger quantities of the mitochondrial 
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network (Fig. 2b, c; Supplementary Movies 3 and 4). Monitoring mitochondrial extraction, we 

noticed that mitochondrial tubules exposed to tensile forces (negative pressure) underwent a 

shape transition reminiscent of a ‘pearls-on-a-string phenotype’25 inside the cytoplasm of the 

target cells. This phenotype was characterized by discrete spheres of mitochondrial matrix, 

connected by thin and elongated membrane stretches (Fig. 2d). These globular structures 

eventually pinched off upon further exertion of a pulling force and resulted in spherical shaped 

mitochondria in the cantilever (Fig. 2b, c).  

Because mitochondria changed shape upon extraction and the integrity of mitochondria is a 

key requirement to ensure functionality, we investigated whether both mitochondrial membranes 

remained intact during the process. To this aim, we used U2OS cells and performed time-lapse 

microscopy during extraction of mitochondria in which both the matrix (su9-BFP) and the outer 

mitochondrial membrane (Fis1TM-mCherry) were labelled. Consistent with the observations 

described above (Fig. 2b, c), we observed the morphological change of mitochondrial tubules 

exclusively under direct fluid flow at the cantilever aperture and thus exertion of tensile forces, 

but not upon probe insertion without fluid flow (Fig. 2d, e, Supplementary Movie 4 and 5). Our 

data further show that the force-induced shape transition propagated over tens of micrometers 

along the mitochondrial tubules in the millisecond to second range after negative pressure was 

applied with FluidFM (Fig. 2e and Supplementary Movie 5). The shape transition of the matrix 

compartment propagated homogeneously along connected mitochondrial tubules, while the outer 

mitochondrial membrane (OMM) between the matrix foci initially remained intact. When 

traction was maintained for a few seconds, the OMM separated at one or more constriction sites 

between previously formed ‘pearls’, which resulted in isolated spherical mitochondria, while the 

remainder of the tubular structure relaxed and recovered (Supplementary Fig. 5a and 

Supplementary Movie 5). Furthermore, we demonstrate that the observed scission process of 

‘pearling’ mitochondria (Fig 2e, Movie 5) succeeds recruitment of the fission machinery protein 

GTPase dynamin-related protein 1 (Drp1)26 to the constricted sites (Supplementary Text and 

Supplementary Fig. 5). 

We examined cell viability upon subcellular manipulation of ER and mitochondria and did 

not find it compromised (>95% cell viability) (Supplementary Fig. 4). To further ensure that our 

extraction protocol does not damage the cytoplasmic membrane upon probe insertion, we 

conducted a dedicated set of experiments and monitored potentially occurring Ca2+ influx from 

the cell culture medium using a fluorescent probe (mito-R-GECO127). Our experiments 

confirmed that there was no ion influx during and after manipulation, indicating integrity of the 

cytoplasmic membrane during organelle extraction (Supplementary text on Force-induced 

mitochondrial fission for details on fluorescent probes, conditions and controls, Supplementary 

Fig. 5 and 6, Movies 6-7). In addition, we were able to show that the shape transition towards 
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the pearls-on-a-string phenotype and subsequent mitochondrial fission inside the cytoplasm was 

calcium-independent (Supplementary Fig. 6, Movies 6-9).  

 

Mitochondrial transplantation into cultured cells 

Our next goal was to demonstrate the functional delivery of mitochondria into new host cells and 

to achieve cell-to-cell organelle transplantation. In contrast to mitochondria extraction, for which 

both pyramidal probes and cylindrical probes could be used (Fig. 1b; Supplementary Fig. 2), 

injection of mitochondria was possible only with the latter, newly developed probes. FluidFM 

offers two possibilities for mitochondrial transfer: transplanting mitochondria from a donor cell 

to a recipient cell by coupling mitochondrial extraction with re-injection of the extract into a new 

host cell, or back-filling FluidFM probes with mitochondria purified by subcellular fractionation, 

followed by injection (Fig. 3 a - d). Working with bulk-isolated mitochondria allows for a higher 

throughput of cells injected in series with one cantilever (> 1 cell per minute). However, such a 

protocol might be accompanied by reduced mitochondrial quality caused by the preceding 

purification process. We compared both approaches, the cell-to-cell approach (Fig. 3a) and the 

injection of purified mitochondria (Fig. 3c), with respect to the delivery of mitochondria into the 

cytoplasm of individual cultured HeLa cells. To visualize the transfer of mitochondria, we used 

donor and acceptor cells with a differentially labelled mitochondrial matrix (Fig. 3e, f; su9-

mCherry and su9-BFP respectively). When transplanting mitochondria directly from cell to cell 

using FluidFM, we achieved successful transfer of mitochondria into the cytosol of the recipient 

cells in 95% of all cases, while maintaining cell viability (Fig. 3g, 39 out of 41 transplanted 

cells). Upon injection of purified mitochondria, we observed mitochondrial transfer and 

preserved cell viability in 46% of cases (19 of 41) (Fig. 3g, Supplementary Fig. 7). Quantification 

of the transplant showed that the number of transplanted mitochondria for these experiments 

varied from 3 to 15 mitochondria per cell (Fig. 3h). The different success rates between the two 

alternative protocols can be explained by differences in mitochondrial condition. Mitochondria 

quickly lose their membrane potential, undergo rupture of their outer membranes or accumulate 

adherent cytochrome c on their membranes under non physiological conditions28. Irreversible 

damage of mitochondria leads to targeted degradation inside cells (mitophagy) and potentially 

apoptosis. While cell-to-cell transplantation of mitochondria reduces throughput, it has the 

advantage that the extracellular time is short (< 1 min) and that mitochondria sampled by 

FluidFM are maximally concentrated in native cytoplasmic fluid, bypassing the use of artificial 

buffers altogether. We ensured that the extract remained near the aperture during extraction by 

filling the probes with immiscible perfluorooctane before extraction and transplantation. 

Therefore, only small volumes (0.5 – 2 pL) are injected into the host cells (Fig. 3b), up to the 
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volume previously extracted from the donor cell (injection of larger volumes is automatically 

prevented due to inherent flow resistance properties of the pre-filled fluorocarbon liquid).  

Labeling mitochondria of the recipient cell (su9-BFP) in addition to labeling donor cell 

mitochondria (su9-mCherry) allowed us to survey the state of the mitochondrial network in the 

transplanted cell. In both transfer approaches described above (transplantation and purification 

followed by injection), the tubular, interconnected phenotype of the host-mitochondrial network 

remained unaltered by the injection process. In addition, labeling allowed us to monitor the fate 

of the transplanted mitochondria. We observed mitochondrial acceptance, defined by fusion of 

the transplant with the host mitochondria network, and thus overlap of both fluorescent signals- 

and mitochondrial degradation, marked by further fragmentation of the transplant and 

segregation into presumptive mitophagosomal structures (Fig. 3i - k). These processes were 

observed irrespective of the transfer method, cell-to-cell (Fig. 3i), or injection of purified 

mitochondria (Fig. 3j). We followed the fate of the transplant over time in 22 cells: 18 cells 

showed full mitochondrial fusion of the transplant and 4 cells showed mitochondrial degradation. 

Fusion events were first observed within 30 minutes post transplantation in the majority of cases 

(14 of 18 cells).  

As indicated above, the high cell-to-cell transplant efficiency allows for direct observation of the 

fate of individually transplanted mitochondria. To showcase this, we transplanted labelled 

mitochondria (su9-mCherry) from HeLa cells into differentially labelled U2OS cells (su9-BFP), 

regularly used for studies of dynamic mitochondrial behavior. The strong label together with a 

highly sensitive EMCCD-camera (Andor) enables tracing of individual mitochondria within a 

recipient cell over time (Fig. 3l, Supplementary Movie 10). In this particular case, we observed 

rapid spread of the fluorescent mitochondrial matrix label after the initial fusion event to the 

network 23 minutes post transplantation.  

In summary, we established two methods for mitochondria transfer into single cultured cells. 

One involves bulk purification of mitochondria and their injection into recipient cells. The 

injection protocol is rather rapid but inevitably compromises mitochondrial and cellular function. 

The second consists in cell-to-cell transplantation. Evaluation of cell viability and transplant fate 

showed an efficient protocol that allows observation of the dynamic behavior of transplanted 

mitochondria after transfer.  

 

Fate of transplanted mitochondria in primary cells  

Having developed an efficient protocol for cell-to-cell transplantation of mitochondria, we 

sought to test whether primary cells show similar uptake behavior as the tested cancer cells and, 

if so, what are the dynamics of integration of foreign mitochondria. We considered these 

particular experiments important because quality control mechanisms are impaired in cancer cell 
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lines29 and to demonstrate the broad applicability of the established protocol. In addition, several 

studies link naturally occurring mitochondrial transfer events with short-term benefits for 

individual cells and tissues, for example in adipose tissue30 or in neurons31. However, to the best 

of our knowledge, the fate of mitochondria or dose-response relationships have not be studied, 

and appropriate technologies of mitochondrial transfer that preserve cell viability have been 

lacking.  

We used primary human endothelial keratinocytes (HEKa), a skin cell type that is generally 

susceptible to radiation damage and aging32. In standard culture conditions, the mitochondrial 

network of HEKa cells is mostly tubular, forming a large connected network (Supplementary 

Fig. 8) similar to HeLa cells studied above, indicating an active mitochondrial fusion 

machinery33. Notably, cell-to-cell transplantation of mitochondria into HEKa cells showed no 

impact on their viability, allowing analysis of all injected cells. We conducted time-lapse 

experiments of transplanted labelled mitochondria (su9-mCherry) from HeLa cells into HEKa 

cells, focusing on the fluorescent signal of the transplant and its dynamic behavior over time 

(Fig. 4a, b and c Supplementary Movie 11). The analysis revealed the rate of transplant fusion 

with the host mitochondrial network and its movement inside the cytosol. In contrast to the 

findings described above for HeLa-to-HeLa transplantations, i.e. host cells either accepting or 

degrading mitochondria (Supplementary Fig. 9, 10), we observed a third, intermediate scenario 

in which single cells both fused-and degraded parts of the transplant. To further define the 

transplant uptake mechanisms in HEKa cells, we classified the transplanted mitochondria as 

primary particles – mitochondria that retain their original shape and fluorescence intensity, 

indicating that they have neither fused with the host network, nor been targeted to degradation –

, secondary particles – mitochondria that retain their fluorescence but are distinctively smaller in 

size, suggesting fragmentation for degradation –, and tertiary particles – mitochondria fused with 

the host network, showing a characteristic decrease of transplant specific fluorescence (> 10 

fold), due to dilution into the host mitochondrial network (Fig. 4d, e, Supplementary Movie 11). 

Shape transition of the transplant from discrete spheres towards tubules, was observed 

exclusively in the context of fusion of the transplant to the existing host network. Emergence of 

secondary particles hinted towards rearrangement of the transplant into parts recognized as 

‘viable’ mitochondria, designated for fusion to the network, while another part was targeted for 

degradation. Tracing this process within an individual cell, we counted the number of ‘primary’ 

and ‘secondary’ particles over 14 h (Fig. 4f). In the first 3 h post injection, we observed an 

increase in ‘primary’- and ‘secondary particles’, which subsequently lost their high fluorescent 

signature while the fraction of fluorescent mitochondrial network increased over time (Fig. 4b, 

c). To test whether restructuring of the transplant into sub-particles was common in cells that 

showed emergence of secondary particles, we counted the number of primary and secondary 
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particles immediately after transplantation- and 3 h after in cells that showed both degradation 

and integration of the transplant (Fig. 4g; n = 10). The results indicated variance in the absolute 

extent of rearrangement; however, all cells showed an increased particle number by a factor of 

1.7 ± 0.4.  

In this first set of transplantation experiments from HeLa cells to HEKa cells, 12 cells showed 

complete uptake of the transplant, 6 showed both uptake and degradation of the transplant, and 

4 fully degraded the transplant (Fig. 4h).  

In the experiments described above, the first fusion or degradation events occurred 20 minutes 

post transplantation and continued for more than 16 hours. Remarkably, the speed at which the 

primary transplant was processed was independent of transplant sizes. Fusion or degradation of 

large transplants, >40 mitochondria per cell, advanced at similar rate as smaller transplants, <8 

mitochondria per cell (Supplementary Movie 10, Supplementary Fig. 11). 

As outlined above, the established cell-to-cell transplantation protocol is minimally invasive with 

regard to the integrity of the mitochondria themselves when using "healthy" donor cells, and 

cells receiving transplants from unperturbed donor cells showed mostly uptake of the transplant 

(Fig. 4h). Next, we wondered whether the acceptance of mitochondria by host cells was altered, 

if the quality of the transplant was impaired by prior drug treatment of the donor cell. Such 

treatments are commonly used to study the pathways that control the maintenance of the 

mitochondrial network. However, drugs have been applied to the entire cell so far, likely 

interfering with regulatory processes of cells as a whole. In consequence, the here established 

cell-to-cell transplantation of mitochondria provided an opportunity to follow the fate of 

damaged mitochondrial sub-populations in the context of an otherwise intact cell. In vitro, the 

chemical triggers used to study mitophagy are uncoupling agents, inhibitors of the respiratory 

chain or combinations thereof, robustly causing changes of membrane potential and simulating 

low mitochondrial quality34. To investigate how otherwise healthy cells respond to impaired 

mitochondrial subpopulations, we treated transplant-donor cells with the proton ionophore 

CCCP (Supplementary Fig 8) and transplanted the depolarized mitochondria into HEKa cells. 

The majority of cells, 14 of 22, showed fusion of initially depolarized mitochondria to the 

network, while 8 cells degraded the transplant (Fig. 4h). This reaction was similar to the previous 

condition tested, the transplantation of untreated mitochondria, which was  unexpected, because 

literature suggests rapid mitochondrial degradation of mitochondria having lost their membrane 

potential35. However, the membrane potential can potentially recover quickly, if a functional 

ATPase is present, as expected in our study. Next, we tested the influence of Doxycycline, an 

antibiotic, inhibiting protein synthesis of the mitochondrial ribosome, which induces 

fractionation of the mitochondrial network in HeLa cells after 24 h (Supplementary Fig. 8), 

putatively due to non-functional mitochondrial OXPHOS protein complexes36. The reaction of 
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the host cells was similar as towards depolarized and untreated mitochondria: 15 show full 

fusion, 4 show both fusion and degradation and 3 show full degradation of the transplant. We 

then treated donor cells with H2O2, which damages proteins and induces double strand breaks in 

mtDNA. The fraction of mtDNA containing double strand breaks in H2O2 treated cells was 

reported to remain high for several hours post treatment37 and the donor cells showed a 

fragmented mitochondrial network after 3 h (Supplementary Fig. 8). However, even upon H2O2 

treatment , and even upon application of all drugs simultaneously to donor cells, mitochondrial 

acceptance in healthy recipient background was still comparable to all other conditions, 

indicating the potential of cells to cope with highly damaged mitochondria when occurring as 

isolated events (Fig. 4h, Supplementary Fig 12). 

Since the tested conditions for drug-impaired mitochondria did not show an impact on 

mitochondrial uptake behavior, we wondered whether the amount of injected mitochondria 

might have an impact on transplantation outcome. Across all conditions, we transplanted 1117 

mitochondria (Fig. 4i) and followed their fate in more than 100 individual primary cells after 

transplantation of 1 up to 53 mitochondria (Supplementary Fig. 12). Pooling uptake data of cross-

tested conditions (n = 135 cells), we distributed the number of injected mitochondria per cell to 

bins of roughly equal cell numbers of 1, 2-5, 6-10 and >10 injected mitochondria per cell. We 

did not find any correlation between the number of transferred mitochondria per cell and their 

uptake behavior (Fig. 4j). 

Overall, transplantations were successful in all experiments and cells remained viable, 

irrespective of the amount of transplant received. We demonstrated that primary HEKa cells 

incorporate a majority of transplanted mitochondria into their network via mitochondrial fusion. 

A subset of transplanted cells showed individualized responses, with one fraction of 

mitochondria fusing with the mitochondrial network and another subpopulation undergoing 

rearrangement associated with particle formation, while a third fraction was subjected to 

mitophagy. This behavior highlights the presence of quality control mechanisms that are in place 

to sort each mitochondrion and exemplifies the potential of the FluidFM approach to transplant 

mitochondria into new host cells to study their fate and host cell response with single 

mitochondria resolution. 

 

Mitochondria transplantation and transfer of mitochondrial genomes 

After demonstrating the short-term response of cells to mitochondrial transplantation, we 

focused on the long-term effects of mitochondrial transfer over generations of host cells. 

Mitochondria differ from other membrane compartments in that they carry their own genome, 

which is propagated within the cell's inherent mitochondrial pool. It has been shown that mtDNA 

can be transferred into somatic cells via miniaturized probes under selective pressure, either by 
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transfer into cells artificially rendered free of mitochondrial DNA (rho-zero cells)38,39 (2-25% 

efficiency), or by selection using antibiotics (< 0.01% efficiency)7. Therefore, the introduction 

of new mtDNA sequences into functional somatic cells remains a challenge40,41. Before 

demonstrating the transfer of mtDNA into host cells upon transplantation, we first wondered 

whether the FluidFM-extracted mitochondria contain mitochondrial DNA, which is organized in 

discrete complexes termed mitochondrial nucleoids, because the extraction process leads to rapid 

fragmentation of the network. To visualize the behavior of mitochondrial nucleoids during 

mitochondrial extraction using FluidFM, we expressed a fluorescently tagged version of p55 

(p55-GFP), a polymerase-γ subunit that co-localizes with mitochondrial nucleoids and appears 

in discrete speckles scattered throughout the mitochondrial matrix42 (Fig. 5a). We evaluated 

time-lapse experiments upon mitochondrial extraction with labelled nucleoids and counted 

mitochondrial fragments either containing labelled nucleoids, or being devoid of their 

fluorescent signal (Fig. 5b and Supplementary Fig. 13). We observed p55-GFP in > 90% of 

formed mitochondrial spheres (n = 18), indicating that most transplanted mitochondria contained 

mtDNA.  

Next, we applied genomics to quantify uptake and maintainance of mtDNA after mitochondria 

transplantation (Fig. 5c). We compared two methods of mitochondrial transfer, using U2OS cells 

as mitochondria donors and HeLa cells as acceptors: direct cell-to-cell transplantation of 

mitochondria with FluidFM and FluidFM-injection of purified mitochondria. In addition, to 

control for non-specific uptake of mitochondria or otherwise unspecific mtDNA carryover, we 

seeded cells into a culture-dish and mixed them with extracted mitochondria from donor cells. 

All experiments were executed in biological triplicates and cells were passaged onto a fresh 

culture dish, for a more detailed description of the experimental procedure and conditions, see 

Supplementary information. Subsequently, we extracted DNA, then amplified and sequenced 

part of the variable D-loop region of the mitochondrial genome. Four single nucleotide 

polymorphisms43 allowed the detection of transplanted mtDNA. The percentage of transplant 

mtDNA propagation was highest in samples from cell-to-cell mitochondria transplantation 

(mean 2 %), followed by FluidFM injection of purified mitochondria (mean 0.5%), whereas 

mtDNA transfer by non-specific uptake was below the detection limit (Fig. 5d and 

Supplementary Table 1 & 2). The obtained amount of mtDNA was well in line with our 

expectations considering the amount of mtDNA copies per cell (~1100)44 and mtDNA copy 

number per nucleoid (3.2)45, and the quantity of mitochondria we transplanted within this 

experimental series (Fig. 3k, median = 6). 

In summary, we showed efficient transplantation of mitochondrial DNA into somatic cells 

without the need for selective pressure. These results indicate that HeLa cells show little or no 
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selection for mitochondrial DNA variants of another cell line, here U2OS cells, under standard 

culture conditions.  

 

 

Discussion 

 

The technology developed here allows the manipulation of intracellular compartments using 

FluidFM. We show the removal and injection of organelles from and into single cells without 

compromising organelle integrity nor cell viability. Subcellular sampling of organelles allows 

molecular downstream analyses, which are increasingly feasible thanks to the improving 

sensitivity of ‘omics’ technologies46. Samplings can be performed at one time point, but also 

repeatedly from one cell to unravel the dynamic behavior within individual cells. We 

demonstrate the application of FluidFM to exert localized fluidic forces within single cells and 

thus expand the possibilities for subcellular sampling as well as the study of organelle 

mechanobiology14,23. It has been proposed that mechanical forces and membrane constriction 

affect mitochondrial shape and dynamics47,48, but with the previously established tools it has been 

difficult to test such a hypothesis without perturbing the cellular state as a whole. While the 

application of compressive force can be controlled in time and space49, application of controlled 

tensile force has been impossible to date. Here, we demonstrate that mechanical force can be a 

driver for mitochondrial shape transition that is strictly localized to sites of tensile force 

application and propagates along membrane-connected mitochondrial tubes. Here, the purely 

mechanical nature of FluidFM presents itself as a strength, because it allows dissection from 

complex physiological stimuli, often involving calcium-influx, from isolated exertion of 

(hydrodynamic) pulling forces. Our experimental data are in-line with theoretical 

considerations50,51 that link mitochondrial shape to membrane tension (amongst other factors). 

An increase in membrane tension results in ‘pearling’, recruitment of Drp1 and fission, a process 

that we showed to be Ca2+-independent. The transition into the pearls-on-a-string phenotype 

appears to be an elegant solution that protects cells against membrane leakage during mechanical 

stress.  

Transplantation of mitochondria at a high efficiency allowed us to track organelle fate over time 

in new genetic and physiological cell backgrounds. Similar to organ transplants that are accepted 

or rejected by new hosts, here we show rescue or failure of organelles within single cells after 

transplantation. We show that transplantation is highly efficient (95% success rate) when 

mitochondria are transplanted directly between living cells rather than using isolation protocols 

prior to transfer. The FluidFM-based approach of efficient mitochondria transplantation 

permitted us to evaluate mitochondrial quality control in primary cells by transplanting healthy 
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and compromised mitochondria and observing their fate. We show that individual cells generally 

differentiate between individual mitochondria, but do not display apparent responses to 

mitochondria previously exposed to the tested stresses. Across conditions, we observe that the 

majority of mitochondria become integrated into the host network and that transplanted 

mitochondria give rise to secondary mitochondrial particles. Such particles are reminiscent of 

mitochondrial-derived vesicles that take part in mitochondrial quality control52,53. This indicates 

that the extent of mitochondrial quality control may depend on the general cellular state rather 

than the actual quality of the mitochondrial network. The study of mitochondrial quality control 

is of great interest, and the approach introduced here has the potential to significantly contribute 

further to this field by allowing defective mitochondria to be introduced locally in an otherwise 

functional cellular background. In addition, it will be interesting to study the impact of 

mitochondrial transplantation to the host cells considering metabolic activity and signaling 

responses. The manipulation and observation of mitochondrial subpopulations within a cell is 

important to drive discoveries in the dynamics e.g. of asymmetric cell division54,55. We show 

here that subcellular manipulation using FluidFM extends the scope of such studies beyond the 

application of optogenetic tools and enables the transplantation and observation of mitochondrial 

subpopulations in single cells. 

We tracked the short term-fate of mitochondrial subpopulations using fluorescent microscopy, 

but our protocol also allows for the study of the long-term impacts of mitochondrial transfer by 

showing the introduction of novel mtDNA variants into cell populations.  While mitochondrial 

transfer into oocytes has been demonstrated56,57, there are only few mechanistic insights into 

mtDNA selection in eukaryotic cells, with recent notable exceptions58,59. Heteroplasmic cells 

were generated by injection of isolated mitochondria into large oocytes, reaching levels of 7%59 

of transplanted mtDNA under nonselective conditions, which is comparable with our method for 

somatic cells (up to 2.5%). With a spread from one up to about 50 transplanted mitochondria per 

cell and the opportunity to inject individual cells repeatedly, higher shares of heteroplasmic 

variants could be achieved. FluidFM thus represents a promising way to decipher modes of 

mtDNA selection in cell culture models. It will enable the identification of metabolic and genetic 

factors that impact shifts in mtDNA heteroplasmy and nuclear-mitochondrial crosstalk. 

Recently, mtDNA polymorphisms have been used to track cells in vivo60. The FluidFM approach 

can directly introduce such polymorphisms, providing a genetic marker to track mtDNA within 

cells in complex settings. 

In the future, the technique introduced here will stimulate applications in additional research 

areas, for example, the rejuvenation of cells with low metabolic activity in stem cell therapies2 

or as an alternative strategy in mitochondrial replacement therapy approaches. Beyond, it offers 
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new perspectives to address fundamental questions in cell biology, mechanobiology and cell 

engineering. 
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Figures 

 

Fig. 1: a, Schematic of organelle extraction using FluidFM. Extraction volumes are tuned by applying negative 

pressure (-Δp). Probe prefilling with octadecafluorooctane allows for optical and physical separation of the 

extract within the cantilever. b, Selective extraction of organelle components by tuning the aperture size and 

thus the applicable range of applied fluidic forces. Top row: Schematic view of extracted cell components 

inside the cantilever. Middle row: scanning electron microscopy images of cantilever apexes with different 

apertures. Bottom row: Range of applicable fluidic forces with adapted FluidFM cantilevers. Scale bar. 2 µm. 

c, Schematic of mitochondria injection into single cells by applying positive pressure (+Δp) once the cantilever 

was inserted into the recipient cell. 
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Fig. 2: Organelle extraction. Time-lapse images of live-cell compartment extractions and z-stacks of pyramidal 

cantilevers post-extraction. Yellow boxes indicate position of the cantilever apex inside the cell. a, U2OS cell 

expressing su9-BFP (mitochondria) and Sec61-GFP (ER, cyan) during extraction. Arrows indicate the zone 

of ER retraction. A cantilever with an aperture of 0.5 µm2 was used. Scale bar: 10 µm. See also: Supplementary 

Movies 1 and 2. b, Extraction of a single mitochondrion from a viable U2OS cell expressing su9-BFP. A 

cantilever with a 1 µm2 aperture was used. Scale bar: 10 µm. See also: Supplementary Movie 3 c, Extraction 

of several mitochondria from a viable U2OS cell expressing su9-BFP. A cantilever with a 1 µm2 aperture was 

used. Scale bar: 10 µm. See also: Supplementary Movie 4 d, Images of U2OS cells expressing Fis1TM-

mCherry (OMM, cyan) and su9-BFP (mitochondrial matrix, red). Top panels: Cantilever apex is inserted 

inside the cell, Δp = 0 mbar. Bottom panels: Negative pressure is applied, Δp = -50 mbar. Scale bar: 5 µm. e, 

Time-lapse of mitochondrial network upon pulling. Arrowheads indicate sites of a fission event. Scale bar: 10 

µm. See also: Supplementary Movie 5. 
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Fig. 3: Mitochondrial transplantation. a, Scheme of mitochondrial transplantation using the cell-to-cell  

transfer approach: Mitochondria are extracted via FluidFM-aspiration. Subsequently, the cantilever holding 

the extract is moved to a recipient cell and the extract is injected. b, Image of a FluidFM cantilever prefilled 

with Perfluorooctane (C8F18) after mitochondrial extraction, mitochondria are labelled via su9-mCherry. The 

border between the extract and C8F18 can be seen due to different refractive indexes of the two solutions. 

Extracted volume ~0.8 pL. Scale bar: 10 µm. c, Scheme of mitochondrial transplantation using mitochondria 

purified by a standard mitochondrial purification protocol. The purified mitochondria are resuspended in 

HEPES-2 buffer and filled directly into the fluidic probe. Cells can be injected consecutively. d, Image of a 

FluidFM cantilever filled with mitochondria isolated from bulk, labelled via su9-mCherry. Scale bar: 10 µm. 

e, Images of a recipient cell post mitochondrial transplantation via the cell-to-cell approach. The host cells’ 

mitochondrial network is labelled via su9-BFP and the transplant is labelled via su9-mCherry. Scale bar: 10 

µm. f, Images of a recipient cell post mitochondrial transplantation via the injection of isolated mitochondria 

approach, labels similar to c. Scale bar: 10 µm. g, Evaluation of mitochondrial transplantation via the cell-to-
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cell approach upon optical inspection and the injection of isolated mitochondria approach. A total of 40 cells 

were evaluated per approach. h, Absolute numbers of transplanted mitochondria of 22 individual cells 

evaluated for the cell-to-cell and the injection of isolated mitochondria approach. i, Fusion states of 

transplanted mitochondria 30 post cell-to-cell transplantation. Mitochondria can be visualized carrying both 

fluorescent labels of the transplant (su9-mCherry) and of the host mitochondrial network (su9-BFP). Scale 

bar: 5 µm. j, Fusion states of transplanted mitochondria 30 post injection of purified mitochondria, similar 

labelling as in g. Scale bar: 5 µm. k, Degradation of transplanted mitochondria, the transplant is split into 

multiple smaller fluorescent vesicles (su9-mCherry) showing no overlap of fluorescence with the labelled host 

cell mitochondrial network (su9-BFP). Scale bar: 5 µm. l, Time lapse image series of a single transplanted 

mitochondrion (su9-mCherry). The organelle donor was a HeLa cell, recipient cell is a U2OS-cell with a 

fluorescently labelled mitochondrial network (su9-BFP). Scale bar: 10 µm.   
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Fig. 4: Mitochondrial fate in HEKa cells. a, Time series of cell-to-cell transplantation from HeLa (su9-

mCherry) to HEKa, fusion and degradation to the unlabeled host cell network. Scale bar: 10 µm. b, Surface-

render (total su9-mCherry signal) of the time-lapse series of mitochondrial fusion and degradation within the 

host cell shown in a. The transplant is depicted in red, host cell mitochondrial network carrying fluorescent 

traces of the transplant is shown in grey, presumptive mitophagosomal structure is shown in light blue. c, 

enlarged section of the 2 h timepoint surface render from b. d, Scatter plot of size and normalized fluorescence 

intensity distribution of objects detected at the 2 h- timepoint. e, Zoom in on low-size fraction of the scatter 

plot shown in c. f, Total number of objects classified as primary transplant or secondary particle over time. g, 

Absolute number of primary and secondary particles detected directly after transplantation (0 h) and after 3 

hours for 12 cells. h, Fusion and degradation behavior of drug-compromised mitochondrial transplants in 

HEKa cells. Each condition was tested with 22 cells. i, Distribution of mitochondrial quantity transplanted per 

cell from all conditions tested in e, total number of cells: 132. Dashed line indicates mean value. Total number 

of transplanted mitochondria: 1117. j, Correlation of the absolute number of transplanted mitochondria per 

cell with the cell response of either mitochondrial fusion- or degradation across all transplant conditions in 

percent. Total cell number: n = 135.   
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Fig. 5: Mitochondria transplantation and transfer of mitochondrial genomes. a, Time-lapse evaluation of 

mitochondria extraction visualizing mitochondrial nucleoids. An overlay of mitochondrial matrix shown in 

blue (su9-BFP) and mitochondrial nucleoids shown in red (p55-GFP). Yellow box indicates position of the 

cantilever. b, Dynamic localization of labelled nucleoids within a fractionating mitochondrial network. Plotted 

are the total amounts of mitochondria (su9-BFP) that show overlap with a labelled nucleoid (p55-GFP) in red 

and idle mitochondria showing no fluorescent trace of p55-GFP in blue over time. See also Supplementary 

Fig. 13. Scale bar: 5 μm. c, Strategy for the quantification of mtDNA maintenance after mitochondrial 

transplantation. d, Quantification of retained U2OS mtDNA in transplanted HeLa cells of all approaches 

tested. Bars indicate mean value.  
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Supplementary Materials and Methods 

 

Fabrication process of FluidFM probes with a cylindrical tip. The process starts with a 

standard 4” silicon wafer in the (100) crystallographic orientation. A 400 nm thick silicon-rich 

nitride (SiRN) layer is deposited by Low Pressure Chemical Vapor Deposition (LPCVD) on the 
selected wafer. The thickness of the SiRN layer determines the thickness of the bottom wall of 

the microfluidic channel. A silicon oxide layer is deposited by LPCVD from TEOS on the top 

of the SiRN layer. Then, a circular opening is patterned by Reactive Ion Etching (RIE) on the 
deposited multilayer. By using Deep Reactive Ion Etching (DRIE), a cylindrical pattern is 

subsequently formed in silicon. The depth of the cylindrical mold defines the height of the 

cylindrical tip. After formation of the cylindrical mold, a 150 nm thick SiRN layer is deposited 
by LPCVD. The thickness of the second SiRN layer determines the thickness of the walls in the 

cylindrical tip. After the tip molding, a blanket etch (RIE without an etching mask) RIE is 

performed to remove silicon nitride from the top surface of the wafer and from the bottom of the 
cylindrical mold. Due to the directionality of the RIE process, the material on the side-walls is 

preserved. The silicon oxide layer, which protects the underlying SIRN layer during the RIE 

etching, is removed. Subsequently, a 1500 nm thick polysilicon layer is deposited by LOCVD. 
Polysilicon is used as a sacrificial material to form a microfluidic channel. The thickness of the 

polysilicon layer determines the height of the microfluidic channel. The layout of the 

microchannel is patterned by RIE of polysilicon. A SiRN layer with a thickness of 400 nm is 
deposited by LPCVD after the patterning of polysilicon. This SiRN layer forms the top wall of 

the fluidic microchannel. The layout of the cantilever and the inlet of the microchannel are 

defined by RIE of silicon nitride. Next, a reflective metal layer is deposited and patterned on the 
cantilever. The silicon wafer is anodically bonded to a pre-diced glass wafer in which the fluidic 

inlets are pre-manufactured by powder blasting. After the anodic bonding, the sacrificial 

polysilicon layer is removed by TMAH etching in order to empty the microchannel and form a 
hollow cantilever. The bulk silicon is also removed during the TMAH etching to completely 

release the cantilever. A small part of silicon remains underneath the microfluidic inlet to provide 

mechanical strength for the channel walls.  
 

FluidFM probe processing and FIB-SEM imaging and milling. The FluidFM-probes were 

mounted into a custom probe holder and coated with an 18 nm carbon layer using a CCU-010 
Carbon Coater (Safematic) before milling by a FIB-SEM Nvision 40 device (Zeiss) using the 

Atlas software (Zeiss). 

 Pyramidal probes used for extraction of organelles and hydrodynamic pulling experiments: The 
milled face of the pyramidal probe was aligned perpendicularly to the FIB-beam equipped with 

a gallium ion source. Subsequently, the probes were milled with an acceleration voltage of 30 

kV at 10 pA until the aperture was milled, controlled by optical observation (approximately to 
an electric charge of 10 nC per µm2). The pyramidal probes have a 100 nm thick silicon nitride 

layer at the aperture region. 
 Cylindrical probes used for mitochondrial transplantation experiments were ‘sharpened’ by 

milling the probe apex at a 45° angle alongside the cylinder at an acceleration voltage of 30 kV 

at 40 pA. The probes were optically controlled after the milling procedure. 
Then, the probes were glued onto a cytoclip holder by Cytosurge. Before each experiment, the 

cantilevers were cleaned by a 90 s plasma treatment (Plasma Cleaner PDG-32G, Harrick Plasma) 

before coating overnight with vapor phase SL2 Sigmacote (Sigma-Aldrich) in a vacuum 
desiccator. The siliconized probe was oven dried at 100 °C for 1 h. The cantilever spring constant 

was measured using software-implemented scripts (cylindrical probes: 2 ± 0.4 Nm-1, pyramidal 

probes: 5 ± 1 Nm-1). Probes were filled with a low-salt injection buffer (10 mM 4-(2-

hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 150 mM NaCl in Millipore water 

adjusting the pH to 7.4 with KOH).  
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FluidFM setup and Microscopy. The FluidFM setup is composed of a FlexAFM 5-NIR scan 

head controlled by a C3000 controller (Nanosurf), a digital pressure controller (ranging from -
800 mbar to +1000 mbar), and Microfluidic Probes (Cytosurge). The scan head is mounted on 

an inverted AxioObserver microscope equipped with a temperature-controlled incubation 

chamber (Zeiss). The microscope is coupled to a spinning disc confocal microscope (Visitron) 
with a Yokogawa CSU-W1 scan head and an EMCCD camera system (Andor). For all images 

and videos, a 63× oil objective with 1.4 numerical aperture and a 2× lens switcher was used 

(without lens switcher: 4.85 pixel/micron and 9.69 pixel per micron with lens switcher); images 
are in 16bit format. Image acquisition was controlled using the VisiView software (Visitron); 

linear adjustments and video editing were made with Fiji1; additionally, images and videos were 

noise-filtered using the wiener noise filtering function (wiener2; 3 by 3 neighborhood size) in 
MatlabR2018a (MathWorks). Movies were created using a self-written Matlab script in order to 

visualize several sections or channels within the same movie. The colormap used for figure 3c 

originates from Thyng et al.2 Images of cantilevers containing extracts (Figure 2, Figure S4) were 
created by summing the slices of a Z-stack via Fiji. 

 

Cell Culture. U2OS, COS7, and HeLa cells were maintained in Dulbecco's Modified Eagle 
Medium containing 1% penicillin-streptomycin (ThermoFisher) and 10% fetal bovine serum 

(ThermoFisher) culture medium at 37°C and 5% CO2 in a humidified incubator. Primary adult 

human endothelial keratinocytes (HEKa) cells were purchased from ThermoFisher. HEKa cells 
were cultivated in EpiLife™ Medium, with 60 µM calcium, with Human Keratinocyte Growth 

Supplement, 1%, (ThermoFisher) and Gentamicin/Amphotericin Solution (ThermoFisher). Cells 

were seeded 48 h preceding the experiments onto 50-mm tissue-culture treated low µ-dishes 
(ibidi) inside two-well culture inserts (ibidi) or, for experiments coupling mitochondrial 

extraction via FluidFM to injection of mitochondria, inside 4-well micro-inserts (ibidi). For the 

experiments, the culture media was replaced with CO2-independent growth medium containing 
10% FBS (ThermoFisher) and 1% penicillin-streptomycin (ThermoFisher). Cell lines stably 

expressing fluorescent proteins markers were created via lentiviral transduction, the constructs 

were previously described in Helle et al3. 
 

Transient transfection. U2OS-cells were seeded 72 h preceding the experiment into two-well 

culture inserts (ibidi) inside 50-mm tissue-culture treated low µ-dishes (ibidi) in a total volume 
of 100 µL per well. Transfections were performed overnight 36 h preceding the experiment using 

0.2 µg plasmid DNA and 0.2 µL Lipofectamine P3000 solution following the manufacturer's 

instructions (ThermoFisher). The media was exchanged to standard culture medium 12 h post 
transfection. The plasmid used for calcium imaging CMV-mito-R-GECO1 was a gift from 

Robert Campbell (Addgene plasmid #46021; http://n2t.net/addgene: 46021; RRID: 

Addgene_46021). 
 

Mitochondrial pulling and extraction experiments. All experiments were executed at 37°C. 
The cells for extraction/transplantation were selected by light microscopy. Z-stacks were taken 

before and after the manipulation step to document the workflow. Subsequently, the FluidFM 

probe was moved over a targeted area in the cytosol of a selected cell, usually close to the nucleus 
or mitochondrial tubes in the cell periphery. The cantilever was then inserted at the specified 

location driven by a forward force spectroscopy routine in contact mode, until the setpoint of 

400 nanoNewtons (nN) was reached. The probe was then kept at this position (in the X-Y 
dimension) at the given force offset. Then, negative pressure in the range between -10 to -150 

mbar was applied to aspirate cellular content. Before retracting the probe at the end of the 

aspiration process, the pressure was set back to 0 mbar. The force setpoint was adjusted by 

analyzing force distance curves from neighboring cells within the same experiment; the force 

value at which the curve takes a linear shape (in this case 80 nN) was estimated. This force value 

marks the point at which the probe makes contact with the glass bottom below the cell; 
consequently, this value was chosen as a setpoint for the extraction. Extraction of the ER fraction: 
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The experiments were performed using pyramidal cantilevers featuring an aperture area of 0.5 

µm2 (see Fig. 1b) at -20 mbar using U2OS - or COS7 cells. Experiments for both cell lines were 

repeated twice on different days. Extraction of mitochondria and mitochondria pulling 

experiments were performed using pyramidal cantilevers featuring an aperture area of 1 µm2 or 

cantilevers with a cylindrical apex featuring an aperture area of 1.5 µm2 (see Fig. 1b) at -20 to -

100 mbar using U2OS - or HeLa cells. Experiments including extraction of mitochondria were 
executed in 32 individual experimental setups on 32 individual days. Experiments showing 

recruitment of Drp1 were repeated four times on four different days with at least five cells per 

experiment in U2OS cells. Mitochondrial pulling experiments connected with calcium-imaging 
and thapsigargin-treatment (Fig. 5) were executed three times, each time on an individual day 

with at least seven cells per experiment.  
For probe insertion with minimal Ca2+ influx as shown in Movie S7, newly coated (Sigmacote, 

see above) FluidFM cantilevers were used. To deliberately disturb the cell membrane (Movie 

S9), the probe was driven into the cell using the same setpoint, then the optical table (Newport) 
was gently flicked with the index finger to cause the probe to shift slightly, effectively disturbing 

the cell membrane. Cell viability was controlled using the LIVE/DEAD cell imaging kit 

(ThermoFisher).  
 

Mitochondrial transplantation experiments. FluidFM injection of bulk-purified 

mitochondria: Mitochondria were purified from approximately 2*106 cultured U2OS cells 
continuously expressing the mitochondrial matrix marker su9-mCherry using the Qproteome 

Mitochondria Isolation Kit (Qiagen) following manufacturer’s instructions. After purification, 

the mitochondria were washed two times in injection buffer (see above), and finally resuspended 
in 40 µl injection buffer before being loaded into FluidFM-probes having a sharpened cylindrical 

apex.  

Coupling mitochondrial extraction with transplantation from individual cell to cell: FluidFM 
cantilevers were prefilled with Octadecafluorooctane (Sigma-Aldrich) to isolate the extract from 

the cantilever fluid  in phase. Mitochondria were aspired as described above, using FluidFM-

probes having a sharpened cylindrical apex from U2OS-cells that were co-cultured on the same 
dish, previously seeded within another quadrant of the 4-well micro insets. Subsequently, the 

probe was moved to a region containing cells targeted for transplantation. For injection of 

mitochondria, the probe was positioned above a target cell as described above for the extraction 
of organelles. The cantilever containing the organelles was then inserted into the cell in contact 

mode (setpoint 400 nN). The injection process is controlled by observing the process in 

brightfield in real-time, at first, a positive pressure of 20 mbar was applied, if this did not cause 
the cell to visibly inflate, the pressure was slowly increased until such an inflation was visible. 

The pressure was then set to 0 mbar and the probe was retracted. Z-stacks were taken to control 

for successfully transferred mitochondria. Cell viability was controlled using the LIVE/DEAD 
cell imaging kit (ThermoFisher) following manufacturers instruction. Both experimental 

approaches were performed in six individual experiments, each on individual days. 

 
Quantification of genetic incorporation of transplanted mitochondria. All experiments were 

conducted in biological triplicates. (A) FluidFM-injection of purified mitochondria: Single HeLa 

cells continuously expressing the mitochondrial matrix marker su9-BFP were seeded into a 
single quadrant of a 4-well micro-insert (ibidi) 72h before the experiment, at the day of the 

experiment, each seeded well contained 4-6 cells. All cells were injected as described above. (B) 

Coupling mitochondrial extraction with transplantation from individual cell to cell: One quadrant 
of a 4-well micro-insert (ibidi) was seeded with recipient HeLa (su9-BFP) cells as described 

above. A second quadrant was seeded with U2OS cells continuously expressing su9-mCherry 

acting as donors. The transplantation was executed as described above. Subsequently the U2OS 
cells were removed, again using a FluidFM probe filled with 1% sodium dodecyl sulfate 

(Merck). Before sequencing, the whole cell population was controlled for any signal mCherry 

positive-cells via fluorescence activated cell sorting, but no unwanted carryover of remaining 
U2OS cells (mCherry+) could be detected. Control for non-specific mitochondrial carryover: 
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Approximately 100 000 Hela cells expressing the mitochondrial matrix marker su9-BFP were 

seeded onto a culture dish. They were mixed with purified mitochondria from approximately 
2*106 U2OS cells expressing su9-mCherry by pipetting the extracts gently on top of the cultured 

cells.  Approaches A and B were grown for 8 days, transferred into a new culture dish and grown 

for another 6 days. Approach C was grown for 3 days, transferred into a new culture dish and 
grown for another 3 days. Subsequently, the total DNA of all samples was purified using the 

MasterPure™ Complete DNA and RNA Purification Kit (epicentre) following manufacturer’s 

instructions. Part of the D-loop region was amplified via PCR using primers 1 & 2 (table S2). 
To create a ‘null hypothesis’ for the following sequencing workflow, three test-samples were 

created consisting of 0.1% / 0.5% / 1% U2OS amplicons, mixed with HeLa amplicons. 

Subsequently all samples were sequenced using the a Pacbio Sequel SMRT cell, subsequently 
analyzed as described in Russo et al.4 The reads were assigned to either U2OS mtDNA, or Hela 

mtDNA using four conserved mutations of U2OS cells within this region previously identified 

via Sanger-Sequencing (15959G>T, 16069C>T, 16108C>T, 16126T>C; see table S1). 
 

Statistics and reproducibility 

All representative experiments were repeated at least three times independently with similar 
results. Absolute counts of cells or mitochondrial particles are included in the main text or in the 

figure legends. Analysis for single nucleotide polymorphisms was performed as described in 

Russo et al4. 
 

Analysis of mitochondrial quality control mechanisms with mitochondrial transplantation 

in primary HEKa cells. Cells were seeded into as described above, into low µ-dishes (ibidi) 
inside two-well culture inserts (ibidi). The special separation allows for drug-treatments of the 

donor cell population before the experiment, while the host cell population of HEKa cells 

remains under standard culture conditions. At the beginning of the experiment, the cell media 
was replaced with  CO2-independent growth medium containing 10% FBS (ThermoFisher) and 

1% penicillin-streptomycin (ThermoFisher).  4 µM Oligomycin was added when indicated. 

Treatment conditions: 10 µM CCCP for 3 h, 8 µM Doxycycline for 24 h, 750 µM H2O2 for 3 h. 
Mitochondria were extracted from Hela cells and transplanted into HEKa cells. A Z-stack image 

series of the transplant and the host cell was taken directly after the transplantation process with 

a 63× oil objective with 1.4 numerical aperture and a 2× lens switcher in 500 nm steps. Further 
Z-stacks were taken at other time-points depending on the individual experiment. For the 

endpoint at 18 - 22 h post transplantation, the mitochondrial network was visualized using 

MitoTracker® Green FM (ThermoFisher) following manufacturers instructions. The overlap 
between the transplant and the host mitochondrial network was controlled. For the quantitative 

analysis, data was analyzed with self-written Matlab (R2018a) scripts which will be made 

available upon reasonable request.  
 

Split-kinesin experiments. pKIF5C-HA-FRB was a kind gift from Prof. Sean Munro. Expresses 
fusion of Rat kinesin minus tail to FRB; pFKBP-mCh-Fis1TM was subcloned from pFKBP-

GFP-myc-GRIP (Sean Munro) by swapping the GFP-myc-GRIP fragment with mCherry fused 

to the TM domain of yeast Fis1 for outer-mitochondrial membrane targeting. U2OS cells stably 
expressing mtBFP and a shRNA against DRP1 3 were reverse transfected with the two constructs 

above. 2 days later cells were imaged using a spinning disk microscope. Rapamycin was diluted 

in growth medium to a final concentration of 1 nM. A microfluidic imaging device was used to 
allow (rapamycin-containing) medium replacement while imaging. Experiments were 

performed twice on different days.  
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Supplementary Text  

Force-induced mitochondrial fission 

 

It has previously been suggested that mitochondrial membrane constriction is a prerequisite for 

mitochondria fission3,5; however it was impossible to exert highly localized hydrodynamic 
pulling forces intracellularly with sub micrometer resolution. FluidFM has the advantage of 

allowing to distinguish between mechanical force exertion and other cellular processes possibly 

involved such as calcium signaling. When extracting mitochondria, we observed induction of 
the pearls-on-a-string phenotype on mitochondria (Supplementary Fig. 5a), followed by division 

of the inner-and outer mitochondrial membrane (Fig. 2d and 2e Movies 3, 4 and 5). We 

wondered, whether the scission process was due to mechanical forces exerted by FluidFM or by 
recruitment of the native mitochondrial fission machinery to these sites. A main component of 

this machinery is Drp1, a mechanoenzyme that assembles circularily around mitochondria and 

uses the energy from GTP hydrolysis to mediate membrane scission6. To assess the recruitment 
of the fission machinery to constricted sites, we expressed a fluorescently labelled version of 

Drp1 (Drp1-mCherry) in U2OS cells and performed mitochondrial pulling experiments to follow 

the fluorescent signals of both the mitochondrial matrix and Drp1. We observed that the 
FluidFM-induced pearls-on-a-string phenotype led to the recruitment of fluorescently labelled 

Drp1 (Drp1-mCherry) at the induced constriction sites of targeted mitochondrial tubes 

(Supplementary Fig. 5b, n = 18), thus providing a direct link between induced constriction and 
recruitment of Drp1.  

The observed force-induced shape transition leads to the question of its relevance in vivo. To 

investigate this question further we examined kinesin as an endogenous motor protein7 as a 
potential trigger. We employed the split-kinesin strategy using rapamycin-inducible protein 

interactions8. Briefly, FK506 binding protein (FKBP) was fused to mCherry and to the 

transmembrane domain of Fis1 for OMM targeting. Its partner, FKBP–rapamycin binding 
(FRB), was fused 20 to the motor domain of kinesin. Upon rapamycin exposure, FKBP and FRB 

form a stable complex, thereby coupling mitochondria to the kinesin motor domain and directs 

their transport on microtubules. Addition of rapamycin to cells expressing these constructs 
induced a global shape transition of mitochondria similar to that observed upon FluidFM 

aspiration (Supplementary Fig. 5c), suggesting that hydrodynamic pulling forces created by 

FluidFM aspiration are in a similar range as forces created by kinesin motor proteins. 
These results are congruent with previous studies suggesting that mitochondrial membrane 

constriction is a prerequisite for mitochondria fission3,5,9.  

 
An indicator of plasma membrane damage and an inducer of mitochondrial pearling is leakage 

of calcium ions into the cytoplasm and mitochondria10. Mammalian cells tightly control calcium 

concentrations whereby the ER acts as Ca2+ storage compartment and mitochondrial pearling and 
subsequent fission has previously been associated with Ca2+ signaling11,12. To investigate whether 

Ca2+ flux is associated with shape transition of mitochondria in our approach, we used the Ca2+ 
sensitive fluorophore mito-R-GECO113 targeted to the mitochondrial matrix and followed 

mitochondrial Ca2+ dynamics in time-lapse microscopy experiments. We observed no change in 

signal intensity of R-GECO1, neither after probe insertion, nor during the extraction process 
(Supplementary Movie 6). To control for functionality of the sensor system, we probed the 

initially extracted cells twice (n =17). In the second approach, we manually displaced the probe 

while it was inside the cell, inducing rupture of the cytoplasmic membrane. Because the cell 
culture medium contains roughly a 6000-fold excess of calcium compared to mitochondria10, we 

expected an influx of Ca2+. Indeed, a systemic Ca2+ influx signal of mito-R-GECO occurred, 

propagating radially from the probe insertion site, followed by rounding of mitochondria and 

cell death (Supplementary Movie 7), in line with Ca2+ inducing apoptosis via cytochrome c 

release from mitochondria10. A similar mitochondrial calcium influx was observed when using 

imperfectly coated probes that we expected to result in localized Ca2+ influx upon membrane 
puncture. Indeed, we observed a rapid and transient increase of R-GECO1 fluorescence intensity 

in mitochondria upon probe insertion. However, there was no immediate influence on the 
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mitochondrial morphology. Only when negative pressure was applied, ‘pearling’ of 

mitochondrial tubes was observed exclusively in direct proximity of the aperture. The 
morphology of mitochondria situated further away did not change, despite being equally affected 

by the Ca2+ influx (n=14) (Supplementary Fig. 6a and Supplementary Movie 8). Finally, we 

depleted Ca2+ in the medium by adding the chelating agent EGTA. Under this condition, the 
signal intensity of R-GECO1 did not rise, neither upon probe entry nor during the mechanically 

induced fission process (Supplementary Fig. 6b and Supplementary Movie 9). To rule out an 

involvement of calcium stored within the ER, we treated U2OS-cells with thapsigargin, which 
depletes the ER calcium reservoir. We did not detect any impact of thapsigargin on force induced 

pearling of mitochondria (Supplementary Fig. 6c). Based on these results, we conclude that 

calcium influx is not linked to the observed mitochondrial shape transition. Due to the directional 
propagation along mitochondrial tubes, rather than a radial propagation from the site of probe 

insertion, as well as lacking evidence of an influence of calcium on the observed process, we 

conclude that hydrodynamic pulling forces rather than a biochemical signal is responsible for 
mitochondrial pearling and fission. 

 

Above, we show that FluidFM can be used to apply intracellular tensile forces, allowing for the 
study of mechanobiological processes intracellularly and in real time. While compressive force 

application can be controlled in time and space14, application of controlled tensile force was, to 

date, impossible. The technology developed here revealed that mechanical force can be a driver 
for mitochondrial shape transition strictly localized to sites of pulling force application. Our 

experimental data fit well to theoretical considerations15, connecting mitochondrial shape to 

membrane tension (amongst other factors), increase of membrane tension has ‘pearling’ as an 
outcome, which in turn may result in fission. Potentially damaging events are likely to play a 

role in eukaryotic cells that are exposed to mechanical stress. Transition into the pearls-on-a-

string phenotype could be an elegant solution, protecting against membrane leakage upon 
mechanical stress, for instance if a mitochondrion is attached to molecular motors of diverging 

directions, or when a cell as a whole is being stretched. In particular, mitochondria must travel 

through meters of axons and dendrites in neurons. ‘Pearling’ is frequent in these cells, and even 
more so when fission is inhibited9. Our approach opens up new opportunities to study organelle 

physiology and mechanobiology within viable cells.   
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Supplementary Figures 
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Supplementary Fig. 1: a FluidFM fabrication process. (a-n) Steps for the fabrication of hollow 

FluidFM cantilevers comprising a cylindrical apex. b, Schematic overview of the FluidFM setup. 
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Supplementary Fig. 2: Mechanical robustness of FluidFM cantilevers comprising a sharpened 

cylindrical apex. Focused Ion Beam images of FluidFM cantilevers: a, Side view of a slanted 

cylindrical FluidFM cantilever with a 1.2 µm diameter of the cylinder. b, Cantilever that was 

used for mitochondrial transplantation with a setpoint of 1000 nN, the apex is broken impairing 

insertion of the probe into cells c, Cantilever that was used for mitochondrial transplantation with 

a setpoint of 400 nN, the apex remains intact. Scale bar: 10 µm. 
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Supplementary Fig. 3: ER extraction of COS7-cells. COS7-cells stably expressing the ER 

membrane marker Sec61-GFP and mitochondrial matrix marker su9-BFP. Small square 

indicates cantilever position, big dashed line indicates a zone of ER re-arrangement. Scale bar: 

5 µm. 
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Supplementary Fig. 4: Viability of Hela cells post extraction of mitochondria. a, Overview of 

HeLa cells 2 h post mitochondrial extraction, stained with the LIVE-DEAD Cell imaging kit. 

Viable cells show green fluorescence signal, dead cells show red fluorescence. Areas 1 - 5 show 

regions with extracted cells. Scale bar: 50 µm. b, Mitochondrial networks (su9-BFP) from the 

regions shown in a, before and 2 h post extraction. The insertion sites of the cantilevers for 

extraction are highlighted by blue circles. The experiment was conducted twice, 36 out of 37 

sampled cells remained viable. Scale bar: 10 µm.  
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Supplementary Fig. 5: Mitochondrial shape transition and fission. a, Schematic representation 

of the working model of the shape transition into the pearls-on-a-string phenotype upon exertion 

of pulling forces. b, Image series U2OS-cells overexpressing Drp1-mCherry (cyan) and 

quantified fluorescent signal along mitochondrial tubes during force induced shape transition of 

pulled mitochondria. c, U2OS cell expressing kinesin-FRP (minus tail) and FKBP-Fis1. 

Mitochondria fragment following addition of rapamycin. Scale bars: 10 µm.  
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Supplementary Fig. 6: Mitochondrial shape transition is Ca2+-independent. a and b, Ca2+ 

imaging series of mitochondrial shape changes. U2OS cells express su9-BFP (mitochondrial 
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matrix, cyan) and the Ca2+ -sensing fluorophore mito-R-GECO1 (red). The upper panel shows 

an overlay of the two fluorophores during extraction. The middle panel shows an enlarged 

section of (left panel) a mitochondrion directly adjacent to the cantilever tip and (right panel) a 

peripheral mitochondrion. The bottom panel shows the total fluorescence intensity of mito-R-

GECO1 of the displayed mitochondria during the manipulation process. Yellow boxes indicate 

position of the cantilever aperture, arrows indicate time point of application of −∆𝑝. a, 

Experiment done in culture medium containing 0.7 µM calcium. b, Experiment executed in 

culture medium after addition of 2 µM EGTA. c, Pulling experiment of an individual 

mitochondrial tube 30 minutes after the addition of 5 µM thapsigargin. n = 8. Scale bars: 10 µm. 
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Supplementary Fig. 7: images of Hela cells post mitochondrial transplantations via the cell-to-

cell and the injection approach. Images show and overlay of brightfield (grey) and the transplant 

(su9-mCherry, red). Transplanted cells are outlined in yellow. Scale bars: 10 µm 
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Supplementary Fig. 8 Fusion states of the mitochondrial network of HEKa cells upon drug-

treatments. a HEKa cells in culture medium, the mitochondrial network is visualized using 

mitoTracker Green. Cells in the lower panel were treated with 4 µM Oligomycin for 22 h. b Hela 

cells in culture medium, the mitochondrial matrix is visualized via permanent expression of su9-

mCherry. Treatments: 10 µM CCCP for 3 h, 8 µM Doxycycline for 24 h, 750 µM H2O2 for 3h. 

Scale bars: 10 µm. 
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Supplementary Fig. 9 Visualisation and analysis of transplanted mitochondria in single Hela 

cells. Top: surface render of the total fluorescence of the transplant over time bottom: objects 

plotted by size in pixel and normalized fluorescence intensity. Objects carrying the high 

fluorescence intensity of the initial transplant at the 0 h time point are depicted in red; objects 

with low fluorescence are depicted in grey.  a, Hela cell showing mitochondrial acceptance of 8 

mitochondria within 2 h b, Hela cell showing full degradation of the transplant, 7 mitochondria 

were transplanted.  
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Supplementary Fig. 10: Exemplary quantification of mitochondrial degradation in HEKa cells. 
a,  Fluorescence microscopy images of a cell 19 h post mitochondrial transplantation, 4 

mitochondria were initially transplanted. The enlarged section shows a presumptive 

mitophagosomal structure. Scale bar: 10 µm.  b, Total number of fluorescent objects within the 
host cell over time. c, Time-lapse images of mitochondrial degradation. Surface-rendered images 

of all detected fluorescent images show the increasing number and spatial distribution of particles 

over time. Scale bar: 10 µm. d, Scatter plots of objects plotted by size in pixel (logarithmic scale) 
and normalized fluorescence intensity. Outlined dot shows the largest tertiary particle shown in 

the central panel in c. e, degradation of individual mitochondria over time [h]. After fusion with 

a presumptive mitophagosomal structure at 4:40 hours, the degradation progresses for over 8 
hours. Scale bar: 1 µm. 
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Supplementary Fig. 11: Fluorescent traces of the mitochondrial transplant and directly derived 

particles in single HEKa cells over time. Plots show the total volume occupied by unfused 

mitochondrial transplant over time in various conditions. The number of initially transplanted 

mitochondria per cell is depicted on the upper right. a, Transplant was treated with CCCP and 

Oligomycin. b, Transplant was treated with Doxycycline, CCCP and Oligomycin. c, Transplant 

was treated with Doxycycline. 
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Supplementary Fig. 12: a, Fusion and degradation behavior of drug-compromised 

mitochondrial transplants in HEKa cells. Each condition was tested with 22 cells. b, Distribution 
of mitochondrial quantity transplanted per cell from all conditions tested in a (22 cells for each 

conditions). Line shows median value. 
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Supplementary Fig. 13: Tracing of p55-nucleoids overlap with mitochondria during extraction 

via FluidFM. a & b traces of separated mitochondria (su9-BFP) showing overlap with p55-GFP 

signals in red and of separated mitochondria showing no traces of p55-GFP in blue. White 

arrowhead indicates cantilever apex position. Panels below show the extraction sites comprising 

the area used for data acquisition. The mitochondrial network fluorescence is shown in blue, 

p55-GFP speckles are shown in red. Scale bar: 5 µm  c, traces of all cells analyzed in this manner. 
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Captions for supplementary movies: 

 

Supplementary Movie 1: ER-extraction from a COS7 cell using FluidFM. Panels from left 

to right: Mitochondrial matrix, su9-BFP; ER, Sec61-GFP; Merge of panels one and two: 

mitochondria (red) and ER (cyan). Arrowheads mark the site of extraction. Scale bar: 5 µm. 
 

Supplementary Movie 2: Cell-wide view of ER-extraction from a COS7 cell using FluidFM. 

Channels from left to right: Mitochondrial matrix, su9-BFP; ER, Sec61-GFP; merge of channels 
one and two: mitochondria (red) and ER (cyan). Arrowheads mark the site of extraction. Scale 

bars: 10 µm. 

 
Supplementary Movie 3: Extraction of mitochondria from a U2OS cells using FluidFM. 

Mitochondrial matrix is labelled via su9-BFP. Arrowhead indicates site of extraction. Left side: 

cell wide view of the extraction process; scale bar: 10 µm. Right side: enlarged view of the 
extraction site; scale bar: 5 µm. 

 

Supplementary Movie 4: Extraction of singular mitochondrial sphere from a U2OS cell 

using FluidFM. Mitochondrial matrix is labelled via su9-BFP. Arrowhead indicates site of 

extraction. Left side: cell wide view of the extraction process; scale bar: 10 µm. Right side: 

enlarged view of the extraction site; scale bar: 5 µm. 
 

Supplementary Movie 5: Pearling of mitochondrial tubes upon exertion of pulling force. 

Channels from left to right: Mitochondrial matrix: su9-BFP; outer mitochondrial membrane: 
Fis1TM-mCherry; merge of mitochondrial matrix (red) and outer mitochondrial membrane 

(cyan). Arrowheads indicate site of extraction. Scale bars: 5 µm. 

 
Supplementary Movie 6: Calcium imaging during mitochondrial extraction without 

membrane disruption via FluidFM. Movie of an individual U2OS cell. Channels from left to 

right: Ca2+ sensor within the mitochondrial matrix, mito-R-GECO1; mitochondrial matrix, su9-
BFP; merge of the Ca2+ sensor (red) and the mitochondrial matrix label (cyan). Arrowheads 

indicate site of extraction. Scale bar: 10 µm. 

  
Supplementary Movie 7: Calcium imaging during membrane disruption via FluidFM.  

Movie of the individual U2OS cell shown in Movie S7. Channels from left to right: Ca2+ sensor 

within the mitochondrial matrix, mito-R-GECO1; mitochondrial matrix, su9-BFP; merge of the 
Ca2+ sensor (red) and the mitochondrial matrix label (cyan). Arrowhead indicates site of 

extraction. Scale bar: 10 µm. 

 
Supplementary Movie 8: Calcium imaging during extraction with mild membrane 

disruption. Channels from left to right: Ca2+ sensor within the mitochondrial matrix, mito-R-
GECO1; mitochondrial matrix, su9-BFP; merge of the Ca2+ sensor (red) and the mitochondrial 

matrix label (cyan). Arrowheads indicate site of extraction. Scale bars: 10 µm. 

 
Supplementary Movie 9: Calcium imaging during extraction with mild membrane 

disruption after addition of EGTA. Channels from left to right: Ca2+ sensor within the 

mitochondrial matrix, mito-R-GECO1; mitochondrial matrix, su9-BFP; merge of the Ca2+ sensor 
(red) and the mitochondrial matrix label (cyan). Arrowheads indicate site of extraction. Scale 

bars: 10 µm. 

 

Supplementary Movie 10: Fusion of a singular transplanted mitochondrial sphere with the 

mitochondrial network of a U2OS cell. Channels from left to right: Mitochondrial matrix of 

the transplanted mitochondrion, su9-mCherry; mitochondrial matrix of the host cell network, 
su9-BFP; merge: transplant mitochondria (red) and host network (cyan). Scale bar: 10 µm. 
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Supplementary Movie 11: Time-lapse images of mitochondrial acceptance in HEKa cells. 

Left: Brightfield images. Right: Fluorescence signal of the transplanted mitochondria, su9-
mCherry in the 'hot' colormap, Matlab R2018a: 1 256. The 

amount of the initially transplanted mitochondria are 

depicted in the first and last frame next to the respective cell. 
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Supplementary tables: 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

p o s it io n C t l1.A C t l1.C C t l1.G C t l1.T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 3 0 20059 18 20080 99 .9 0 .09

16069 0 19831 0 20 19851 99 .9 0 .1

16108 0 19650 0 20 19670 99 .9 0 .1

16126 0 19 0 19639 19658 99 .9 0 .1

p o s it io n C t l2 .A C t l2 .C C t l2 .G C t l2 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 5 0 28675 120 28800 99 .57 0 .42

16069 1 28388 0 141 28530 99 .5 0 .49

16108 0 28139 0 140 28279 99 .5 0 .5

16126 0 137 0 28129 28266 99 .52 0 .48

p o s it io n C t l3 .A C t l3 .C C t l3 .G C t l3 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 2 0 25492 164 25658 99 .35 0 .64

16069 1 25226 0 210 25437 99 .17 0 .83

16108 1 25021 0 210 25232 99 .16 0 .83

16126 0 201 0 25016 25217 99 .2 0 .8

p o s it io n TP 1.A TP 1.C TP 1.G TP 1.T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 0 0 27638 658 28296 97.67 2 .33

16069 0 27360 0 757 28117 97.31 2 .69

16108 0 27296 0 750 28046 97.33 2 .67

16126 0 734 0 27263 27997 97.38 2 .62

p o s it io n TP 2 .A TP 2 .C TP 2 .G TP 2 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 1 0 32063 498 32562 98 .47 1.53

16069 1 31738 0 571 32310 98 .23 1.77

16108 0 31674 0 571 32245 98 .23 1.77

16126 0 560 0 31662 32222 98 .26 1.74

p o s it io n TP 3 .A TP 3 .C TP 3 .G TP 3 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 0 0 15191 221 15412 98 .57 1.43

16069 0 15097 0 253 15350 98 .35 1.65

16108 1 15081 0 252 15334 98 .35 1.64

16126 0 247 0 15084 15331 98 .39 1.61

2 .58

1.7

1.58

S up p le me nt ary Tab le 1: V iab il it y o f He La c e lls p o s t mit o c ho nd ria l t rans p lant a t io n: Inje c t io n o f p urif ie d

mit o c ho nd ria ,  e x t rac t e d  f ro m b ulk c ult ure d  c e lls  

Contro l -  PCR-amplified  U2OS mtDNA was  mixed  with PCR-amplified  HeLa mtDNA to  the fo llowing  concentrat ions :   Ctl1 - 0 .1 % /  Ctl2  - 0 .5 

% /  Ctl3  - 1 %

0 .1

0 .47

0 .77

Transp lanted  - b io log ical rep licates  1-3  (i)
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p o s it io n Inj1.A Inj1.C Inj1.G Inj1.T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 0 0 12555 79 12634 99 .37 0 .63

16069 0 12434 0 92 12526 99 .27 0 .73

16108 2 12403 0 92 12497 99 .25 0 .74

16126 1 88 0 12398 12487 99 .29 0 .7

p o s it io n Inj2 .A Inj2 .C Inj2 .G Inj2 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 0 0 23824 116 23940 99 .52 0 .48

16069 0 23609 0 137 23746 99 .42 0 .58

16108 1 23567 1 140 23709 99 .4 0 .59

16126 0 135 0 23569 23704 99 .43 0 .57

p o s it io n Inj3 .A Inj3 .C Inj3 .G Inj3 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 0 0 29343 35 29378 99 .88 0 .12

16069 0 29123 0 44 29167 99 .85 0 .15

16108 2 29080 0 45 29127 99 .84 0 .15

16126 0 42 0 29075 29117 99 .86 0 .14

p o s it io n M ixe d 1.AM ixe d  1.CM ixe d .GM ixe d 1.T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 2 0 38482 3 38487 99 .99 0 .01

16069 0 38329 0 1 38330 100 0

16108 0 38281 0 0 38281 100 0

16126 1 0 0 38265 38266 100 0

p o s it io n M ixe d  2 .AM ixe d  2 .CM ixe d .GM ixe d 2 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 2 0 32911 0 32913 99 .99 0

16069 0 32764 0 1 32765 100 0

16108 1 32725 0 1 32727 99 .99 0

16126 0 0 0 32719 32719 100 0

p o s it io n M ixe d  3 .AM ixe d  3 .CM ixe d 3 .GM ixe d 3 .T To t a l  re ad s He La  mt D N A  [ %] U 2 OS  mt D N A  [ %] ave rag e   [ %]

15959 3 0 38647 0 38650 99 .99 0

16069 0 38446 0 0 38446 100 0

16108 0 38402 0 1 38403 100 0

16126 0 0 0 38389 38389 100 0

0

0 .7

0 .56

0 .14

Mixed  - b io log ical rep licates  1-3  (iii)

0

0

Injected  - b io log ical rep licates  1-3  (ii)
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Supplementary Table 2: Primers used in this study 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Binding site 

mtDNA 

Sequence 5’ – 3’ 

Primer 1 15720 ATTGACTCCTAGCCGCAGAC 

Primer 2 16298 AAGGGTGGGTAGGTTTGTTG 
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Abstract 

Synthetic endosymbiosis provides a defined starting point for studying fundamental processes in 

symbiogenesis. Here, we model the initial stages of an endosymbiont-host relationship by 

injecting commensal bacteria directly into the cytosol of cultured HeLa cells and analyzing 

intracellular growth behavior using fluorescence microscopy. To match the growth of the merged 

pair of cells, we generated auxotrophic mutants of a laboratory strain of Escherichia coli and 

introduced them into host cells. We found that E. coli mutants, auxotrophic in amino acid 

biosynthesis- and uptake have little effect on intracellular growth rate, while defects in purine 

synthesis considerably slow down intracellular growth, however inhibit intracellular cell 

division. The experimental framework provides unique opportunities to test and engineer the 

behavior and co-growth of cell-cell mergers in a fully accessible synthetic system.  
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Introduction 

Endosymbioses are symbiotic relationships in which one partner, the endosymbiont, is 

incorporated within a living host cell. This type of close and long term biological interaction is 

widespread in nature, e.g. in land plants, where endosymbiotic bacteria fix nitrogen in exchange 

for nutrients and shelter1. Endosymbiosis drives fundamental evolutionary developments in 

unifying two separate entities metabolically and genomically, it's most famous example being 

eukaryogenesis: Eukaryotic cells likely emerged from a endosymbiosis between an 

endosymbiont bacterium related to Alphaproteobacteria and an archaeal host some 2 billion 

years ago2,3. However, evolutionary younger endosymbioses exist in nature, revealing common 

patterns in the evolution of host-endosymbiont pairs like gene transfer from endosymbiont to 

host and conjunct biosynthesis of metabolites4–7. 

Boundary conditions for the formation of a stable merger between to organisms are under debate8 

and there are several challenges that need to be overcome in order to create a stable unicellular 

host-endosymbiont pair, one of the requirements being a matching growth speed. Once the 

endosymbiont resides inside the host cytosol, three scenarios present themselves: (i) The host 

cell grows faster than the endosymbiont, resulting in loss of the symbiont within one-or several 

generations (Fig. 1a). (ii) The endosymbiont grows faster than the host, inevitably draining the 

host of nutrients and killing it (Fig. 1b). (iii) Similar growth rate of both organisms, stable co-

growth is possible (Fig. 1c).  

Active mechanisms need to be in place to regulate growth rates of host and symbiont in order to 

ensure a stable partnership. Nutrient allocation and metabolic co-regulation were speculated to 

be major factors in the establishment and stabilization of host-endosymbiont pairings, but the 

weighting of individual contributing factors in such a complex setting are unknown and hard to 

dissect9,10. In nature, the host is often predicted to be dependent on the endosymbiont, while the 

endosymbiont is not necessarily dependent on the host organism. In this case, the host is 

speculated to facilitate matching of growth rates actively; ‘host control’ over endosymbiont load 

was reported to be enforced via nutrient limitation11,12. Whether there are other mechanisms for 

regulating co-growth is a matter of speculation, theoretical considerations suggest that self-

limited division of endosymbionts is in general possible13. Whether coordinated metabolic 

regulation alone is sufficient to achieve stable synchronized growth of host and endosymbiont 

remains an open question that is difficult to answer by studying natural endosymbioses. 

Endosymbioses formed in nature already went through evolutionary processes resulting in a 

stable organism, a development that is difficult to infer due to genetic drift of the two ancestral 

organisms and changing environmental conditions. Therefore, the use of naturally occurring 
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endosymbioses for the study of isolated scientific questions is problematic because the complex 

environmental backgrounds under which they evolved cannot be accounted for. Furthermore, 

the investigation of natural host-endosymbiont pairs is aggravated by practical hurdles such as 

long generation time and limited genetic accessibility10.  

The establishment of artificial biological systems provides an opportunity to tackle questions 

regarding the boundary conditions and early steps of co-regulation. Recently, a first synthetic 

merger between Escherichia coli and Saccharomyces cerevisiae was published10, as a first step 

towards an artificial minimal system, but central characteristics of the system like parallelization 

of growth speed or resource allocation remain to be investigated. E. coli has been extensively 

studied over the years and the organism provides a great platform as endosymbiontic partner for 

synthetic biology14. However, its metabolic capabilities far outstretch the capabilities of evolved 

endosymbiotic bacteria like Buchnera and Wigglesworthia, who likely underwent large genome 

reduction events15–17. This might indicate that the reduction of metabolic capabilities from once 

larger genomes as present in E. coli is part of the establishment and stabilization of stable host-

endosymbiont pairs. 

To create a synthetic minimal system for the analysis of intracellular growth rate and its 

regulation in context of the intracellular environment of a host cell, cytoplasmic entry has to be 

facilitated. Several publications describe genetic and chemical modifications facilitating cell-

entry and phagosomal escape of non-invasive bacterial strains18, however these protocols need 

to be adapted for every tested strain and may influence the strains growth behavior. An 

alternative delivery protocol of bacteria into the cytosol of mammalian cells consists in the use 

of microinjection devices19,20. Among such devices, fluidic force microscopy (FluidFM) is 

particularly promising. The technology features an atomic force microscope (AFM) that 

connects the ability of microinjection devices to dispense small volumes (fL - pL) with the 

precision of an atomic force microscope21. Recent developments show the transfer of 

mitochondria in between cells utilizing a novel set of FluidFM probes harboring a cylindrical 

apex that allow for the injection of mitochondria into cultured cells (see chapter III). Here, we 

expanded the toolbox of the FluidFM platform for the introduction of non-pathogenic E. coli 

bacteria into cultured HeLa cells for the analysis of their intracellular growth speeds. We explore 

the impact of rationally designed metabolic E. coli mutants, aiming to match the growth speeds 

of E.coli to that of cultured HeLa cells as the designated host organism, in order to explore the 

genetic impact of shrinking metabolic capabilities towards host-endosymbiont stability. 
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Results 

Bacteria injection via FluidFM and evaluation of intracellular growth  

 

Figure 1: Intracellular growth and bacteria injection via FluidFM. a-c, Schemes for possible growth scenarios 

of possible host-endosymbiont pairs. a, Host grows faster than the endosymbiont. b, Endosymbiont grows 

faster than the host. c, Host and endosymbiont show similar growth rates. d, Schematic view of bacteria 

injection experiments using FluidFM. e, SEM-images of cylindrical FluidFM-cantilevers pre- (left) and post- 

(right) milling via FIB for injection experiments. Scale bar: 5 µm. f, Size constraints of FluidFM cantilevers 

for bacteria injection. Scale bar: 1 µm. 

In order to create a cell merger between a bacterial cell and a eukaryotic cell, we adapted the 

FluidFM platform towards injection of bacteria into mammalian cultured cells. Cantilevers 

featuring a cylindrical apex, sharpened using a focused ion beam, were proven to be minimally 

invasive and allowed injection of mitochondria (Fig. 1e). Absolute dimensions of the hollow 

channel of FluidFM cantilevers can be fine-tuned to fit cargo sizes (Fig. 1f). In this study, we 

optimized FluidFM cantilever dimensions towards efficient injection of E. coli bacteria: The 

fluidic channel had a height of 1 µm and cylinder diameters of 1.2 µm. Smaller sizes (< 1 µm) 

are prone to be clogged by the dispensed bacteria while larger sizes (> 1.4 µm) are less efficient 

in facilitating bacterial injection because the aperture needs to be fully inserted into the 

cytoplasmic membrane and larger apertures are more likely to protrude from the cell. 
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In a first set of experiments, we injected a laboratory strain of E. coli (BW25113) and Salmonella 

enterica bacteria into cultured HeLa cells and followed the behavior of host cell and injected 

bacteria. To reassure purely intracellular growth, we added 5 µM gentamicin to the culture 

medium, an antibiotic not permeating eukaryotic membranes22. Both bacteria strains expressed 

a constitutive cytosolic fluorescent marker (eGFP) enabling optical control of intracellular 

growth.  E. coli (n = 43) and S. enterica (n = 16) proliferate within HeLa cells after injection into 

the cytoplasm (Fig 2a and b respectively). These results stand it contrast to a previous study: 

Goetz et al observed intracellular growth after microinjection exclusively for facultative 

intracellular pathogens in Caco-2, HepG2 and J774 macrophage cells, but not for extracellular 

bacteria strains, including an E. coli strain19.   

The injected E. coli cells exhibited variations in their lag phases and absolute cell yield within 

individual HeLa cells, which complicated the assessment of growth rates. Therefore, we 

developed a protocol to quantify bacterial load within mammalian cells based on fluorescence 

microscopy, using intensity thresholding. The approach allowed investigation of bacterial cell 

growth from Z-stack data (Supplementary Fig. 1) and extraction of growth curves from single 

bacterial cells to small intracellular populations (Fig. 2c, d). We observed that the yield of E. coli 

Figure 2: Intracellular growth of injected Bacteria. a, Time-lapse series of E. coli cells injected 

into HeLa cells. Scale bar: 10 µm. b, Microscopy images of injected S.enterica cells, directly after 

– and 3 h post injection. Scale bar: 10 µm. c, Growth curve of intracellular E. coli cells within 

single host cells. d, Growth curve of intracellular E. coli cells within a single host cell with a 

logarithmic scale, same data as in c. e, Time-lapse series of DRAQ7 influx into HeLa during 

intracellular growth of E. coli. Scale bar: 5µm. f, Growth curve of intracellular E. coli cells within 

a single host cells, spheres indicate earliest timepoints of DRAQ7 fluorescence in the HeLa 

nucleus. 
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cells per injected Hela cell varied greatly (Fig. 2c), while the growth speed remained constant 

for individual bacterial strains, independent of total E. coli cell doublings (Fig. 2d). The 

calculated mass doubling times matched those previously observed for Shigella flexneri cells23 

(37 ± 4 min), a close relative of E. coli harboring similar metabolic capabilities.       

To have an indication of host cell viability in relation to the intracellular cell mass and growth 

rate exhibited by E. coli, we used the nucleic acid stain DRAQ7. DRAQ7 does not permeate 

intact plasma membranes of living cells, therefore, influx correlates with damaged plasma 

membranes and apoptosis24. We simultaneously monitored the fluorescent signal of 

intracellularly growing E. coli cells and the fluorescence signal of DRAQ7 in the cell nucleus 

and observe an onset of DRAQ7 fluorescence after 3 h for the depicted cell (Fig. 2e). The rise 

of DRAQ7 fluorescence correlates with deceleration of E. coli growth (Fig. 2f). This behavior 

was expected, since influx of the DRAQ7 dye likely correlates with Gentamicin influx from the 

culture media. 

Having established protocols for the determination of E. coli growth from volumetric 

fluorescence data and HeLa cell death via DRAQ7 influx time points, we approximated the 

absolute E. coli cell numbers per host cell at the time of membrane permeabilisation. Assuming, 

that the average E. coli cell size remains constant within an individual experiment, we calculated 

and averaged voxel number for a single E. coli cell in our setup: 522 ± 120 voxel. We estimated 

an absolute cell number of 110 ± 23 E. coli cells per HeLa cell, corresponding to 6-7 doublings. 

Within this experimental series we injected between 1 and 6 E. coli cells into individual HeLa 

cells, but the initial bacterial load had no influence on the absolute cell yield, single injects 

resulted in 129 ± 17 cells (n = 12) per Hela and double / triple injects resulted in 101 ± 24 (n = 

17) cells per HeLa. 

In summary, we showed injection of a laboratory strain of E. coli and S. enterica bacterial cells 

into cultured HeLa cells. Furthermore, we established a method for the quantification of 

intracellular E. coli growth, yielding mass doubling times, time points of HeLa cell death and 

absolute bacterial cell numbers. In the current state, the interaction between E. coli and HeLa 

follows scenario ii, i.e. E. coli grows faster than its host, resulting in Hela cell death 2-5 h post 

injection (Fig. 1b). Thus, in order to match growth speeds of the ‘endosymbiont’ (37 min) and 

the host (23 hours25), the endosymbiont needs to reduce its doubling time by a factor of ~37. 
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Growth rate evaluation of metabolically impaired E. coli mutants 

Fig 3: Intracellular growth behavior of E. coli metabolic mutants. a, Schematic of nutrient fluxes for the HeLa-   

E. coli pair. b, Intracellular growth curves of ΔproC mutants. c, Growth curves of mutants deficient in 

phenylalanine synthesis- and uptake. d, Fluorescence-microscopy images of ΔguaB mutants 4 h post injection. 

e, Surface render of individual intracellular growing ΔguaA E. coli cells over time upon addition of 10 µM 

guanine. f, Growth curves of the intracellular growing ΔguaA strain, supplemented with 10 µM guanine. g, 

Fluorescence-microscopy images of filamentous intracellular growth of the ΔguaA strain supplemented with 

50 µM guanine. 

Conceptually, the cell cytoplasm is a growth environment which is rich in nutrients. These 

nutrients are in part supplemented in the cell culture media surrounding the host cell and in part 

synthesized by the host cell itself; thus, their concentrations may vary within a certain range 

depending on cell state (Fig 3a). Despite being rich in nutrients, the cytoplasmic compartment 

of mammalian cells is not generally considered permissive for intracellular growth19,26. Previous 

studies showed ambiguous outcomes depending on the host cell type and  cell state, as well as 

inherent metabolic properties of different bacteria27,28. We wondered, whether it is possible to 

slow down E. coli growth by introducing metabolic deficiencies, aiming to create bottlenecks in 

interplay with the host cell metabolism. To couple the metabolism of E. coli and HeLa, we 

focused on metabolites that have to be synthesized from HeLa and are not supplemented in the 

culture media. Blockages in the flux of core metabolites exhibiting a high intracellular flux are 

more likely to establish rapid feedback on cell growth because they influence synthesis of basic 

cell building blocks such as lipids, cell wall or DNA components. Low flux metabolites, like 

vitamins, were shown to have a delayed impact on bacterial cell growth29.  

First, we investigated amino acid auxotrophs, starting with a mutant in proline synthesis (ΔproC). 

Proline is not supplemented in the cell culture medium. In consequence, the mutant depends on 

proline synthesized by the host cell. E. coli was able to grow with a slight reduction in growth 
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speed (Fig. 3b, ±64 minutes). Next, we tested a mutant deficient in phenylalanine synthesis and 

uptake (ΔpheA, ΔpheP, ΔaroP, ΔlivHMGKF), with similar results (doubling time: 75 ± 14 min). 

We concluded that E. coli is able to compensate amino acid auxotrophies either by non-specific 

uptake by other amino acid importers or by the uptake of peptides30.  

These results prompted us to focus on another core pathway: purine biosynthesis. We chose a 

strain comprising a knockout in the guaB gene (inosine 5'-monophosphate dehydrogenase). 

Again, the doubling time was about 1 h (58 ± 13 min). The cells grew elongated in later growth 

phases (Fig 3d), hinting towards an impairment of cell the division machinery. The inosine 5'-

monophosphate dehydrogenase synthesizes the first step from Inosine-monophosphate to 

Guanosine-monophosphate, the second step is synthesized by the GMP-synthetase (guaA). The 

ΔguaA mutant did not show excessive growth leading to HeLa cell death. We observed a slow 

increase of cell mass of single ΔguaA mutant cells, but none of the injected E.coli cells divided 

within 12 h (Fig. 3e, n = 27). The doubling time based on pure mass acquisition was estimated 

to be > 100 min. We postulated that a lack of GTP, in the synthesis of which the GMP-synthetase 

is crucial, might lead to failure of the division machineries main component FtsZ, which is GTP 

dependant31. However, increasing the concentration of supplemented guanine to 50 µM did not 

result in successful cell division. Instead, intracellular E. coli cells strongly elongated without 

dividing (Fig 3g). Subsequently, we tested a strain deficient in hypoxanthine biosynthesis, 

another precursor in the synthesis of purines (ΔpurE::kan, ΔdeoD, Δgsk, Δgpt). The mutant grew 

wild-type like with a doubling time of 39 ± 3.7 min (Supplementary Fig. 2).  

The observed growth behavior of E. coli highlights its broad metabolic capabilities aggravating 

the creation of metabolic bottlenecks. Furthermore, pleiotropic effects such as the observed 

filamentous growth and disabled cell division of auxotrophic mutants in guanine metabolism 

caused by distortions of central carbon metabolism are hard to predict. Since deficiencies in 

individual pathways showed only minor effects on intracellular growth speeds, additional work 

is required to identify suitable key steps in individual pathways in order to stabilize the E. coli – 

HeLa relationship. 

 

Discussion 

In this study, we introduce FluidFM as an efficient tool to inject bacteria into cultured cells while 

preserving viability of both organisms. The newly developed FluidFM cantilevers with 

cylindrical diameters ranging from 0.7 – 2.3 µm allow the injection of bacteria with a minimum 

ferret diameter smaller than the corresponding cylindrical diameter. Using fluorescently labelled 
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bacteria and analyzing their growth via fluorescence microscopy, we deduced intracellular 

growth from individual injected cells. The calculated doubling times are well in line with 

literature values23. The use of fluorescence microscopy for the evaluation of bacterial cell masses 

provides a powerful tool for the analysis of intracellular growth behavior of bacteria and can be 

extended to hosts other than cultured mammalian cells. Further development of image software 

might enable to study behavior of the bacterial cell cycle in constantly changing nutrient 

conditions. This could be achieved by the use of deep learning tools32. 

 We chose to investigate whether the host-endosymbiont pair HeLa and a laboratory strain of E. 

coli can be pushed towards a stable relationship via introduction of metabolic bottlenecks of E. 

coli. The metabolic versatility of E. coli in its means to produce energy and assimilate carbon 

make it hard to create actual metabolic shortages leading to slower growth rates, as discovered 

for mutants deficient in amino acid synthesis. Furthermore, this versatility inhibits the 

development of self-regulatory growth modes for the merger because E. coli can switch to other 

resources to fuel its growth. The creation of bottlenecks in the synthesis of central cellular 

building blocks like purines or cell wall components is another promising strategy. It may 

however, lead to unpredictable pleiotropic effects, as discovered in the case of the ΔguaA mutant, 

which led to a severely reduced doubling time in terms of mass acquisition, but also to defects 

in cell division.  

We used a K12 laboratory strain of E. coli, which was not evolved for intracellular growth, 

therefore the observed robust intracellular growth was surprising. Generally, it is not surprising 

that the order of Enterobacterales, to which E. coli belongs, is prone towards the development of 

pathogenic strains. Even with several mutations and deficiencies within the core metabolism, E. 

coli is still able to proliferate intracellularly with minimal impact on its growth speed behavior. 

This indicates that major rearrangements of its core metabolism will be necessary to create clear 

metabolic feedback behavior between host and endosymbiont. In nature, likely a combination of 

metabolic feedback and active control of the host seem to be the key for the generation of stable 

host-endosymbiont pairings, effectively limiting metabolic scenarios in which the endosymbiont 

proliferates excessively. Endosymbionts in nature undergo massive reduction of genome size, 

simultaneously shrinking their network of metabolic pathways as observed e.g. in the genus of 

Buchnera33. ‘Slimmer’ genomes, being general pattern also observed in obligate pathogenic 

bacteria, are speculated to be the result of Muller’s Ratchet33,34. Muller's Ratchet describes 

genome reduction resulting from accumulating loss of function mutations together with the 

failure to recover wild-type genotypes through recombination in isolated symbiont lineages. 

Active selective pressure could arise from the fact that broad metabolic capabilities of 

intracellular proliferating bacteria may provide an ‘involuntary’ thread to a stable host-
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endosymbiont relationship by providing a possible escape from controlled growth. Hence, a 

major driving force of genome reduction might be host control over cell division of the 

endosymbiont.  

We show that removal of single metabolic pathways is not sufficient in order to stabilize host-

endosymbiont relationships and that, in the case of E. coli, a far more extensive reduction of 

metabolic capabilities will be necessary. This conclusion is underlined by the genome sizes of 

the endosymbiotic bacteria Buchnera (630-650 kb) or Wigglesworthia (698 kb) compared to E. 

coli (4.5 – 5.5 Mb)17.  

A stable endosymbiotic relationship requires one cell doubling of the endosymbiont population 

during the host cell cycle. Therefore, activation of cell doubling within a limited timeframe of 

the host cell cycle could also lead to similar growth rates. This could be achieved by making E. 

coli growth dependent on a metabolite that fluctuates throughout the host cell cycle.   

Besides passive metabolic regulation host may develop means to control endosymbiont growth 

speed actively, i.e. using antimicrobial peptides (AMPs). The best studied AMPs act 

extracellularly by having adverse effects on cell wall and membrane, making them porous and 

thus lysing invading microbes35. In a osmotically protective environment like the cytoplasm 

however, even cell wall degradation does not necessarily result in lysis of a microbe36, hence 

AMPs are commonly observed in host-endosymbiont systems controlling rather than killing the 

endosymbiont37. Endosymbionts in multicellular hosts like aphids or plants are usually separated 

within dedicated organs, where their growth is isolated from the host organism as a whole and 

tightly controlled both on the metabolic level- and via the expression of antimicrobial peptides38; 

however, similar control mechanisms also exist in single-celled host-endosymbiont pairs39.  

The development of host-endosymbiont pairs is a multi-facetted process in which many 

mechanisms occur simultaneously, making it hard to make out individual contributing factors. 

With the development of bacterial injection via FluidFM, we provide a first step towards the 

ability to re-investigate parts of fundamental biological processes including endosymbiont 

formation and organellogenesis. The use of model organisms in our study also aims at long-term 

exploitation of synthetic cell mergers for basic research including mutual symbiosis and 

pathogenicity, as well as biotechnological applications.  
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Material and Methods 

FluidFM probe processing and FIB-SEM imaging and milling 

FluidFM-probes were mounted into a custom probe holder and coated with an 13 nm carbon 

layer using a CCU-010 Carbon Coater (Safematic) before milling by a FIB-SEM Helios 5UX 

(Thermo). Cylindrical probes used for mitochondrial transplantation experiments were 

‘sharpened’ by milling the probe apex at a 50° angle alongside the cylinder at an acceleration 

voltage of 10 kV at 40 pA, with the slanted side facing towards the back of the probe. Probes 

were optically controlled after the milling procedure. 

Then, the probes were glued onto a cytoclip holder by Cytosurge. Before each experiment, the 

cantilevers were cleaned by a 90 s plasma treatment (Plasma Cleaner PDG-32G, Harrick Plasma) 

before coating overnight with liquid SL2 Sigmacote (Sigma-Aldrich) for 10 seconds and 

subsequently rinsed with ddH2O. The cantilever spring constant was measured using software-

implemented scripts (cylindrical probes: 1 ± 0.4 Nm-1). The probes were back-filled (into the 

reservoir) with bacteria in buffered solution (see below).  

Bacteria culture and preparation for injection 

Single mutants were acquired from the KEIO stock collection40. Strains were fluorescently 

labelled with the plasmid pDGUV-GFP41. Strains were grown to stationary phase on an agar 

plate (24 – 48 h, 37°C), subsequently the bacteria were resuspended in 500 µl low-salt injection 

buffer (10 mM 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 150 mM NaCl in 

Millipore (pH = 7.4 with KOH). Spun down (3 min at 3000g) and washed three times in low-

salt injection buffer. The OD600 was adjusted to 2, 15 µl of the bacterial solution were then back-
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filled into the FluidFM cytoclip reservoir. Metabolic mutants were controlled for a viability of 

>90 % using the LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Invitrogen) following 

manufacturers instructions. 

FluidFM setup and Microscopy 

 The FluidFM setup is composed of a FlexAFM 5-NIR scan head controlled by a C3000 

controller (Nanosurf), a digital pressure controller (ranging from -800 mbar to +1000 mbar), and 

Microfluidic Probes (Cytosurge). The scan head is mounted on an inverted AxioObserver 

microscope equipped with a temperature-controlled incubation chamber (Zeiss), the incubation 

chamber was pre-heated to 37°C for experiments. The microscope is coupled to a spinning disc 

confocal microscope (Visitron) with a Yokogawa CSU-W1 scan head and an EMCCD camera 

system (Andor). For all images and videos, a 63× oil objective with 1.4 numerical aperture and 

a 2× lens switcher was used (without lens switcher: 4.85 pixel/micron and 9.69 pixel per micron 

with lens switcher); images are in 16bit format. Image acquisition was controlled using the 

VisiView software (Visitron); linear adjustments and video editing were made with Fiji42. 

Fluorescence-microscopy images of bacteria shown in the manuscript were created adding up 

fluorescence from individual slices to improve the signal to noise ratio and in order to improve 

visibility in 2D. Fluorescence microscopy images in Figure 2e were additionally noise-filtered 

using the wiener noise filtering function (wiener2; 3 by 3 neighborhood size) in MatlabR2020b 

(MathWorks). The colormap used for figures originate from Thyng et al.43  Images of cantilevers 

containing extracts (Figure 2, Figure S4) were created by summing the slices of a Z-stack via 

Fiji. 

Cell Culture 

HeLa cells were maintained in Dulbecco's Modified Eagle Medium containing 1% penicillin-

streptomycin (ThermoFisher) and 10% fetal bovine serum (ThermoFisher) culture medium at 

37°C and 5% CO2 in a humidified incubator. For experiments, cells were seeded 48 h preceding 

the experiment into culture dishes within dedicated zones created by using cell culture inlets 

(ibidi; µ-Dish, 50 mm, Low, ibidiTreat; Culture-Inserts 2 Well for self-insertion respectively). 

Injection experiments were executed in CO2 Independent Medium (Gibco) supplemented with 

10% fetal bovine serum (ThermoFisher). Post injections, Gentamicin was added to the culture 

medium a final concentration of 5 µM. 

Bacterial injection experiments via FluidFM 

The experimental setup including bacteria, cultured cells, optical microscope and FluidFM 

probes were prepared as described above. For the injection, the probe was positioned above the 

cell, usually in close proximity to the nucleus. The probe was approached via motor + piezo to 

the cytoplasmic membrane using a setpoint of 42 nN and subsequently retracted for 8 µm (50% 

of the piezo range). Subsequently the probe was inserted using a maximal force setpoint of 100 

nN. After the setpoint was reached, effectively touching the bottom of the culture dish, the probe 

was retracted for 300 nm in 4 s. Then, the microfluidic pressure was set from 0 mbar to 20 – 50 

mbar, simultaneously supervising the injection process via optical control to manually stop the 

injection process to prevent over-injection of the cell (this process usually takes between 2 and 

20 s per cell). Following successful injection, the probe was retracted and moved to the next cell.   
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Image processing for the retrieval of intracellular growth curves 

Growth curves were calculated using self-written scripts (MatlabR2020b). All code will be made 

available upon request. In brief, individual host cells were isolated in 3D for each timepoint, 

subsequently the background was separated from the signal and all ‘signal’ voxels are counted 

and plotted.     

 

       

Supplementary Figure 1: Quantification of bacterial load within HeLa cells. Three-

dimensional renderings of all pixels classified as ‘cell’ for the time-lapse experiment shown in 

Fig. 2a.  

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2: Cell growth of E. coli strains auxotrophic for hypoxanthine. 
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V Discussion and outlook 

 

“Those studying chaotic dynamics discovered that the disorderly behavior of simple systems 

acted as a creative process. It generated complexity: richly organized patterns, sometimes stable 

and sometimes unstable, sometimes finite and sometimes infinite, but always with the fascination 

of living things. That was why scientists played with toys.”― James Gleick, Chaos: Making a 

New Science 

 

Biological systems are inevitably prone to stochastic fluctuations on the level of cell populations 

as well as within individual cells, broadening diversity on all layers. These differences are 

enhanced by the influence of an ever changing environment, driving cells to change their genetic 

structure e.g. in imperfect replication, mutational events, horizontal gene transfer, mating and 

cell fusion. Small differences in initial conditions do not necessarily result in chaotic behavior 

of the system; to the contrary, they are likely to increase robustness towards random 

perturbations within biological systems. The stabilizing effect of diversity is also the driver of 

cellular development, leading to the emergence of new species, leading to long term adaptation 

of changing niche requirements and increasing stability of life itself.   

Chaos theory focuses on the study of dynamical systems, who seem random and irregular, 

yet are governed by underlying patterns and deterministic laws. The impact of these laws is 

highly dependent on initial conditions, and good predictions depend on precise assessment of the 

initial conditions. To identify the initial conditions and underlying patterns of biological systems, 

they need to be studied on all meta levels, i.e. the study of systemic responses, integrating a 

multitude of individual events within a given measurement, is as important as the study of 

individual building blocks of a system. Therefore, the study of individual cells, the fundamental 

unit of life, is crucial to foster its comprehension as a whole. The work presented in this thesis 

provides innovative means to perturb and analyze single cells with subcellular resolution, 

providing a new angle to tackle fundamental aspects of cellular evolution.  

 

In chapter II, we show injection of fluorescent molecules and proteins into fungal cells as 

well as extraction of cytoplasmic content from fungal cells using FluidFM. Fungal species vary 

greatly in size, shape, cell wall structure and membrane composition1, therefore current methods 

for cell perturbation need to be adapted for each organism. Mechanical delivery methods have 

the advantage of functioning independent of chemical cell wall composition and are in principle 

solely dependent on mechanical properties of their target cells. Therefore, they provide a 

methodological angle that potentially provides applicability across a wide range of otherwise 

inaccessible fungal species and possibly hard walled protists. 
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 Penetration of the fungal cell wall is the most challenging hurdle to accessing the cell 

cytoplasm. Despite variances in chemical composition and crosslinking2, its task of providing 

mechanical strength and withstanding changing environments leads to similar mechanical 

properties across fungal species3. Hence, mechanical insertion of a microfluidic probe qualifies 

for a broadly applicable tool to perturb fungal cells. Together with the tools developed in chapter 

III and IV, namely extraction of organelle structures and injection of organelles as well as 

bacteria, we thus potentially open up the possibility to perform dynamic studies on non-model 

organisms that were not accessible before. 

Fungal syncytia were shown to react towards localized nutrient resources by directed growth 

and intra-network resource-allocation4. Here, FluidFM has the potential to foster mechanistic 

insights by depositing nutrients extracellularly and intracellularly with high spatial resolution. 

Injection of metabolites could furthermore deepen insights on the mechanics of resource 

allocation within fungal networks, or directional growth towards nutrient sources as well as 

influences of local osmotic pressure.  

Besides abiotic stimuli, fungi are influenced by biotic factors, e.g. via infection of bacteria 

and mycoviruses5,6 and thus must have dedicated mechanisms to combat viral –or bacterial 

spread. Especially for larger syncytial networks or populations of single celled fungi, one would 

expect organism-wide or cell population-wide responses as well as more localized responses to 

infection events. Where the boundary between single cell- and systemic reactions towards biotic 

and abiotic stresses lies and whether division of labor is a universal theme relevant for fungal 

syncytia as well as for fungal communities remains to be investigated.     

These questions extend beyond the influence of chemical and biological stimuli and include 

the impact of mechanical stimuli, as fungi were shown to react to cell damage by isolating parts 

of the injured body in order to preserve viability for the network as a whole7. FluidFM is able to 

perturb single cells by exerting mechanical pressure, by pushing or pulling cellular structures 

directly using the piezoelectric element to change cantilever position, or by exerting positive and 

negative hydrodynamic pressure. These stimuli can be applied separately or in combination 

extra- and intracellularly. This allows the dissection of stimuli co-occurring in nature to their 

individual contributions when triggering a cellular reaction. We simulated cell penetration and 

suction of Coprinopsis cinerea by the sap feeding nematode Alphelenchus avenae via 

cytoplasmic extraction using FluidFM. FluidFM could be used to direct and change intracellular 

fluid flows within a syncytial network, triggering direct mechanical perturbation induced by 

shearing forces as well as the possibility to influence intracellular pressure on a ‘cell global’ 

scale i.e. for all cellular parts within a connected network.  
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In chapter III, we show that the mitochondrial network within mammalian cells reacts in 

response to the mechanical trigger of hydrodynamic pulling forces. We see the transition of a 

tubular network into a ‘pearls-on-a-string’ phenotype in which every constriction offers a 

potential site for scission, effectively separating part of the network from the source of 

mechanical stress. Generation of the pearls-on-a-string phenotype is a physical process based on 

Rayleigh-Plateau instability described for viscous fluid and viscoelastic filaments8, therefore its 

occurrence in mitochondrial tubes is not surprising. However, whether this type of conversion 

has a general impact on mitochondrial biology remains an open question. In our experimental 

setup, we see induction of membrane constricted sites mediated by increased membrane tension, 

which in turn results in localized recruitment of the mechanoenzyme Drp1. Drp1 mediates 

membrane constriction by forming contractile ring having an inner diameter of 16 nm, but 

whether this is enough to mediate scission of the outer mitochondrial membrane is under debate9. 

In our experimental setup, the membrane tension is elevated constantly and we see recruitment 

of Drp1 to constricted sites followed by fission. However, the simultaneous occurrence makes it 

impossible to distinguish whether scission is mediated by membrane tension, recruitment of 

Drp1 or possibly a combination of both. 

Mahecic et al. observed recruitment of Drp1 at already constricted sites of mitochondrial 

tubes; however, scission occured in only 66% of all cases, while 33% of cases resulted in ‘non-

productive’ Drp1 recruitment, without mitochondrial fission10. They showed that Drp1 

recruitment occurs regularly at sites that are pre-constricted by tubular ER structures, similar to 

the pearls-on-a-string phenotype observed in our experiments. The proposed model explains that 

mitochondrial fission results from a combination of membrane tension and bending energy and 

hypothesizes that a certain tension energy barrier needs to be overcome in order to enable Drp1-

mediated fission10. Our experiments show that membrane tension is propagated homogenously 

along connected mitochondrial tubes. In the cellular context, this could hint towards a 

coordination of the fission machinery with active mitochondrial transport mediated by pulling 

motor proteins that, once bound and active, likely increase membrane tension similar to 

FluidFM-pulling. The resulting ‘mitochondria-global’ increase in membrane tension would be 

propagated along mitochondrial tubules and, following laws of energy minimization, result in a 

local peak of membrane tension at pre-constricted sites10,11: 

 

𝜏 =  
2𝜅

𝑑2
 

𝜏 = 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 

𝑑 = 𝑡𝑢𝑏𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

𝜅 = 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑖𝑔𝑖𝑑𝑖𝑡𝑦 
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Independent of whether the membrane is constricted directly by force, as seen in our 

experiments, or by ER tubules, fission could be mediated by spacially confined membrane 

tension. Drp1 constriction would then act as a local amplifier by actively decreasing local tube 

diameter, thus increasing local membrane tension until the forces increase over a certain 

threshold to facilitate scission. If this is true, mitochondrial scission should also be facilitated 

directly via FluidFM-pulling in Drp1 knockdown or knockout cells. 

We also enable extraction of cellular organelles, by tuning aperture sizes and exerting 

hydrodynamic forces during the extraction process. In previous work by our group, cytosolic cell 

extracts were analyzed using electron microscopy, mass spectrometry, qPCR, enzyme activity 

assays and recently via genome wide RNA-sequencing12–14. These assays are now also open for 

the analysis of cell extracts containing cell cytoplasm and organelle content. Extraction of 

organelles is adding an additional layer by facilitating analysis of the larger cellular structures 

and membrane-enclosed structures themselves. While mitochondria remain localized and require 

active transport in order to move inside the cytosol15, small molecules like RNA diffuse quickly 

within the cytosol (0.6 𝜇𝑚2 𝑠⁄ )16. Therefore, extraction of cytoplasm facilitates a molecular 

snapshot of the cell as a whole, while organelle extraction offers subcellular resolution. In 

addition to tuning hydrodynamic forces and aperture sizes, certain organelles are occupying 

locally defined spaces within the cell and can thus be excluded- or included of the extraction 

process by probe positioning. Subcellular resolution coupled to extract analysis opens up new 

opportunities for e.g. compartmental transcriptomics: it would be for example interesting to see 

whether certain mitochondria or fractions of the mitochondrial network differ in transcriptional 

activity, and how this relates to mitochondrial activity and shape phenotypes. 

Furthermore, fundamental questions of how cell content, size and volume are regulated, and 

how this relates to organelle content, remain to be investigated. By targeted removal of certain 

organelles –or parts of organelles, FluidFM now offers the possibility to investigate regeneration 

of organelles after perturbation on a single cell level, as well as the impact of changing organelle 

content on cellular function. Besides removal of organelle structures, we also show direct 

transplantation or injection of purified organelle structures into cells. On the other end of cell 

size and content regulation, this technique could be used to manipulate cells towards organelle 

oversaturation.    

 

The transplantation of organelles opens up several interesting aspects of multicellular 

organisms- and potentially closely related cell communities: Cells are generally conceived as 

holistic constructs who synthesize all complex structures from small molecular building blocks. 

The exchange of these complex structures could in the past only be traced in cases of horizontal 

gene transfer. Certainly, exchange of organelle structures and mutual rescue of cells within 
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multicellular organisms and closely related cell populations would be economically reasonable, 

especially in somatic cells where ‘systemic fitness’ of a tissue or an organism is most important. 

A focus lies on mitochondria, because they are the only transferable component that cannot be 

created de novo and, being central to cellular function, their transfer into recipient cells 

potentially affects cellular behavior and makeup in a fundamental way.  

Since mitochondria play a central part in both cell metabolism and signaling while 

presenting a complex system themselves, their fate and impact post transfer cannot be predicted. 

Several reports show natural mitochondrial transfer events that were correlated with increased 

fitness of diverse cell types in vivo in mammals and plants17–19. In these natural settings, 

mitochondria are transferred via nanotubes or microvesicles in small amounts compared to the 

entire mitochondrial content of a recipient cell18. The transfer of ‘healthy’ mitochondria, i.e. 

undamaged and functional, might provide a direct positive impact on an impaired cell 

metabolism as well as a long term positive impact by transferring mtDNA content. In this manner 

mitochondrial transfer was proposed to impact cellular aging, which is correlated with a general 

decline in mitochondrial quality and activity20. However, mechanistic insights and dose response 

relationships of mitochondrial transfer events are lacking, as well as basic knowledge on the 

initiation of mitochondrial transfer, like reciprocal sensing of fitness on single cell level or 

pathways for the initiation of organelle transfer.  

Following transplantation, the transplant needs to be processed by the recipient cell. In the 

experiments conducted in chapter III, the transferred mitochondria either fused to the host cell 

mitochondrial network, were degraded, or showed an intermediary phenotype in which the 

transplant was restructured and both degraded and fused to the host network. In the chosen 

experimental setup, it was not possible to determine what influences the outcome of host cell 

transplant processing. Several factors could lead to transplant degradation over uptake within the 

recipient cells: An imperfect injection of mitochondria could leave the transplant outside the 

plasma membrane, albeit in close contact. In that case, the mitochondria could be taken up via 

phagocytosis leaving them surrounded by an additional membrane resulting in distinct transplant 

processing and potentially degradation. Furthermore, mitochondria are subjected to shearing 

forces during the extraction –or injection process, varying from cell to cell, which is potentially 

harming their membrane integrity and thus affecting mitochondrial quality during the transfer 

process. Another possible source of heterogeneity is the transplantation protocol that involves 

individual donor cells and individual acceptor cells. The cell cycle phase in which mitochondria 

are extracted from the donor cell could influence their makeup and uptake behavior as well as 

the cell cycle phase of the recipient cells. The mitochondria of the HeLa cells used as 

mitochondrial donors are likely homogeneous in terms of genomic content and mitochondrial 

quality, because the cell line originates from clonally expanded cells that were continuously 
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grown for several years since the establishment of the cell line in 195121.  The recipient primary 

HEKa cells originate from different cell donors, exhibiting genetic heterogeneity as well as 

differences in cell age. The cells themselves undergo an aging process once taken into culture, 

changing in cell shape and in their potential to divide: ‘aged’ HEKa cells are fully postmitotic 

and large compared to smaller ‘young’ HEKa cells, which undergo 4 to 8 doublings on average. 

Nonetheless, aged and young cells showed similar uptake behavior of transplanted mitochondria 

across the tested conditions. Additional experiments with a more homogeneous acceptor cell 

population would be required assess why receptor cells act heterogeneously in response to 

mitochondrial transplantation. 

In order to profit from the uptake of small amounts of mitochondria, cells would either need 

to control mitochondrial gene expression depending on individual mtDNA quality, or have 

mechanisms to actively propagate ‘well performing’ mitochondrial nucleoids while degrading 

impaired mitochondria. Mitochondrial quality control based on membrane potential as shown 

for the PINK1 / Parkin pathway for mitochondrial quality control22,23 qualifies for exactly this 

task, since the maintenance of mitochondrial membrane potential inevitably depends on 

functional mtDNA genes. However, the syncytial state regularly observed for somatic cells 

dampens the impact of malfunctioning mtDNA variants, allowing high tolerance towards poorly 

performing nucleoids and resulting malfunctioning proteins. Proteins diffuse rapidly throughout 

the mitochondrial network and cell mitochondria-wide responses exist to lessen the impact of 

unfolded proteins24,25. To tackle these questions, the artificial transfer of different amounts of 

mitochondria provides the opportunity to study dose-response relationships, leading to 

mechanistic insights. 

Mitochondrial transfer events could also act as a mediator of cell signaling, because 

mitochondria are also hubs of cell signaling and connect metabolic queues to cell fate decisions26. 

Whether transferred mitochondrial subpopulations have effects on major cell fate decisions by 

altering the cells’ metabolic state or via inducing cell signaling cascades remains to be 

investigated. As mediators of cell signaling, small amounts of transferred mitochondria could 

have a big impact i.e. by inducing apoptosis via Bak/Bax. Another cellular signaling trigger 

mediated by mitochondria is cytokine production as an immune response, which is transmitted 

via the cGAS-STING pathway that in turn is activated by mitochondrial DNA that reaches the 

cytosolic compartment due to formation of Bak/Bax macropores27,28. 

Efficient mitochondrial transfer opens up the opportunity to manipulate mitochondrial 

content in vitro, to subsequently re-introduce altered mitochondria into cells having a functional 

mitochondrial network –or rho0 cells. Together with DNA synthesis and advanced methods of 

cloning, it could be in principle possible to change the content of propagated mtDNA altogether. 

Koob and coworkers showed successful transfer of DNA into mitochondrial membranes via 
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bacterial conjugation or electroporation29,30 and later showed the propagation of murine mtDNA 

in viable yeast rho0 cells31. However, prove for functional activity of the transferred mtDNA is 

still lacking. Essential factors for uptake and maintenance of engineered mtDNA, besides basics 

on replication and proper packaging in mitochondrial membranes and nucleoids, were not 

explored so far, which could hamper approaches to incorporate synthetic mitochondrial 

genomes. Efficient introduction of engineered mitochondria into the cytoplasm of somatic cells 

represents a major bottleneck in these studies and our work provides efficient means to overcome 

this problem. The general idea of modifying the mitochondrial genome to enable the generation 

of new organelles in a synthetic bottom-up approach is fascinating and potentially opens up a 

new area for cell engineering. 

 

In chapter IV we work towards a top-down approach of organellogenesis. The aim of 

synthetic symbiogenesis is to create a stable merger of two cells, where one cell becomes the 

host while the other cell becomes the endosymbiont. When unifying two systems that are in 

themselves only conditionally predictable, the outcome will inevitably be unpredictable. This 

reflects on short term aspects like metabolite exchange, growth rates and cell cycle, as well as 

on long-term effects influenced by the interaction between two genomes and the presence of a 

new cellular compartment. In eukaryogenesis, this development led to massive emergence and 

diversification of species, a capability potentially shared by all endosymbiotic mergers.  

To reduce the likelihood of unpredictable short- and long-term behavior, we picked two 

model organisms as host and endosymbiont, HeLa cells and E. coli respectively. Based on their 

genomic content, the metabolic potential of the two organisms in terms of transfer and creation 

of desirable traits like phototrophy, nitrogen fixation or one-carbon metabolism are limited. 

However E. coli presents the greatest resource for the establishment of heterologous pathways, 

i.e. conversion from CO2 into biomass32, thus enabling the transfer of engineered- as well as 

inherent traits. 

Obviously, many more possible pairings are conceivable. Whether host and endosymbiont 

need to be metabolically synergistic and symbiotic in the sense that both organisms profit from 

the interaction is unlikely, because in natural pairings the host often tends to solely profit from 

the endosymbionts metabolic capabilities33. Furthermore, the endosymbiont loses individual 

fitness over the course of symbiogenesis and degrades towards an obligate endosymbiont and 

eventually towards an organelle. Therefore, the function of the endosymbiont is to provide its 

host with a fitness advantage, while the sole function of the host is to provide the endosymbiont 

with a constant growth environment. The use of an eukaryotic organism as a host organism 

results mostly from the practical concern of their increased cell size compared to prokaryotic 

counterparts, which allows for superior means to insert and maintain one or multiple 
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endosymbiont cells within their cytoplasm. Single celled organisms as host cells for synthetic 

cell mergers are presumably favorable, because they grow steadily, are less prone to undergo 

apoptosis and, in the case of hard-walled eukaryotes have less extensive means to degrade ‘large’ 

foreign particles by means of xenophagy. The use of mammalian cancer cells is not fully out of 

line when subjected to these criteria, because in many ways, cancer cells behave like single celled 

organisms, they grow steadily, are less likely to undergo apoptosis and additionally have limited 

xenophagic capabilities34,35.    

 The first hurdle of creating a synthetic model system for symbiogenesis, creation of a 

physical merger, was solved using FluidFM cantilevers developed in chapter III to inject E. coli 

directly into the cytosol of HeLa cells. We observed rapid growth (Doubling time: ± 40 min) of 

E. coli inside the cytoplasm, concluding that E. coli growth needs to be slowed down in order to 

stabilize the host-endosymbiont relationship. The creation of metabolic bottlenecks in its 

metabolism is straightforward; however, either the introduced bottlenecks had limited effects, or 

they led to pleiotropic effects downstream, i.e. the disability to divide. Therefore, E. coli needs 

to be further limited in its means to generate biomass by accumulating metabolic mutations, or 

perhaps another key regulator of cell growth like cell wall synthesis36 could inhibit cell growth 

without causing unexpected deficiencies. Of course, bacterial strains exhibiting a more limited 

capability to adapt their metabolism towards intracellular environment will also be interesting to 

test.     

In nature, likely a combination of metabolic feedback and active control of the host seem to 

be the key for the creation of stable host-endosymbiont pairings. Widely discussed is the use of 

antimicrobial peptides in naturally occurring endosymbioses, who are commonly expressed by 

eukaryotes to inhibit growth or to kill harmful microbes37,38. Antimicrobial peptides target the 

microbial cellular membrane and inhibit its function as a natural barrier. In an osmotically non-

protected environment, this leads potentially to cell lysis, whereas the effect on bacteria residing 

intracellularly is potentially less grave. Their broad spectrum of action and simple structure of 

antimicrobial peptides increases their transferability from naturally occurring endosymbioses to 

our system. 

Further possibilities to control endosymbiont growth are the use of low doses of antibiotics, 

establishment of toxin-antitoxin systems, tuned host xenophagy, the use of sub-compartments 

within a eukaryotic cell acting as ‘bacteriosome’ and molecular sieve limiting nutrient 

availability, limiting energetic efficiency by the endosymbiont or the export of metabolically 

expensive products as in Mehta et al39. 

 

In conclusion, the established technologies will open up opportunities to investigate and 
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manipulate single cells in a novel and fundamental way. I hope that the created resources will 

inspire others to drive the comprehension of complex biological systems forward.     
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