
AUS DEM LEHRSTUHL 

FÜR UNFALLCHIRURGIE 

PROF. DR. DR. VOLKER ALT 

DER FAKULTÄT FÜR MEDIZIN 

DEN UNIVERSITÄT REGENSBURG 

 

 

 

 

Laser-induced transfer of human mesenchymal cells using near infrared femtosecond 

laser pulses for the precise configuration of cell nichoids 

 

 

 

 

 
 

 

 

 

Dissertation 

zur Erlangung des Doktorgrades 

der Biomedizinischen Wissenschaften 

(Dr. rer. physiol.) 

 

 

 

 

 

 

vorgelegt von 

Jun Zhang 

aus 

Jin Hua 

 

 

 

 

im Jahr 

2021 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:       Prof. Dr. Dirk Hellwig 

 

Betreuer:      Prof. Dr. Denitsa Docheva  

Ko-Betreuer:      Prof. Dr. Heinz Huber (Hochschule für angewandte 

        Wissenschaften München)  

Prof. Dr. Hauke Clausen-Schaumann (Hochschule für    

angewandte Wissenschaften München)  

 
Tag der mündlichen Prüfung: 21.12.2021 
 



1 

 

Zusammenfassung 

Tissue Engineering basiert auf der Erzeugung künstlicher Gewebe durch eine Kombination von Zellen 
und geeigneten, biokompatiblen Materialien, zur Reparatur, zum Ersatz oder zur Regeneration von 
erkranktem oder beschädigt Gewebe. Die größte Herausforderung bei der Herstellung von 
funktionellem Gewebeersatz ex vivo liegt in der Replikation und Nachahmung der komplexen und 
einzigartig Gewebemikroarchitektur aus verschiedenen Zelltypen und der extrazellulären Matrix. Die 
Zellnische im Sehnengewebe beispielsweise ist durch eine strikte hierarchische Organisation von 
Kollagen-1-Fasern und eingebetteten Sehnenzellen in hochparallelen Reihen gekennzeichnet, die die 
Basis für die einzigartige und anisotrope Gewebemorphologie der Sehne bilden. 

Der Laser-induzierter Zelltransfer ist ein vielversprechender Ansatz für das schnelle Drucken von 
Biomolekülen und Säugetierzellen mit hoher räumlicher Genauigkeit. Die übertragenen Zellen haben 
eine hohe Überlebensrate und behalten ihre Fähigkeit zur Proliferation und Differenzierung. Die 
meisten bisherigen Verfahren benutzen allerdings auf dünne anorganische Opferschichten für die 
Lichtabsorption, was dazu führt, dass beim Zelltransfer auch Materialspuren dieser Opferschicht 
mitübertragen werden und das Produkt kontaminieren. In den anderen Fällen werden proteinbasierte 
Hydrogele wie Gelatine, Matrigel oder Kollagen für die Energieabsorption verwendet. Diese 
proteinbasierten Absorptionsschichten erfordern jedoch UV-Laserquellen mit Wellenlängen unter 
200 nm für eine effektive Energieabsorption, was die Gefahr von DNA-Schäden und Karzinogenese mit 
sich bringt.  

In dieser Arbeit wird ein neuartiges laserinduziertes Bioprinting-Verfahren für den Transfer von 
Hydrogelen und lebenden Säugetierzellen vorgestellt, z. B. menschliche mesenchymale Zellen, der 
erstmals sowohl den Einsatz von nicht-biologischen, anorganischen Absorptionsschichten als auch von 
UV-Laserquellen vermeidet. Um den Transferprozess zu analysieren und die Transferparameter weiter 
zu optimieren, wurde ein Setup implementiert, das zeitaufgelöste mikroskopische Aufnahmen des 
Transferprozesses in Seitenansicht ermöglicht. Die Auswirkungen der experimentellen Parameter wie 
Laserpulsenergie, Fokustiefe, Hydrogel-Viskosität, Laserpulsdauer und sphärische Aberration des 
Objektivs auf die Kinetik der induzierten Kavitationsblase und des daraus entstehenden Hydrogel-Jets 
sowie die entsprechende Hydrodynamik wurden systematisch untersucht. Mit zunehmender 
Jetgeschwindigkeit ändert sich das Jetverhalten: Ist der Jet zu langsam, verbleibt das Hydrogel im 
Reservoir und es erfolgt kein Transfer. Bei höheren Geschwindigkeiten wird ein laminarer Jet erzeugt, 
der sich gradlinig zum Akzeptor-Substrat bewegt. Wird Geschwindigkeit weiter erhöht, kommt es zu 
einem leicht gekrümmten Jet, was die genaue Positionierung beeinträchtigt und schließlich zu einem 
unkontrollierten Verspritzen des Hydrogels. Um maximale laterale Auflösung auf dem Akzeptor, die 
dem minimalen Durchmesser des Hydrogelspots entspricht) und damit die beste 
Positionierungsgenauigkeit (die mittlere quadratische Abweichung der Zellpositionen von einer 
willkürlich gewählten Zielposition) zu erhalten, sollte möglichst die Schwellenenergie für den Transfer 
von Hydrogel und Zellen gewählt werden. In diesem Fall ist die kinetische Energie für die 
Jetausbreitung gerade hoch genug, um die Oberflächenenergie des Hydrogels und die Gravitation zu 
überwinden, was zu einem Ablösen des primären Tropfens, der die ausgewählten Zellen enthält, vom 
Hydrogeljet führt und es dem Tropfen anschließend ermöglicht, gegen die Schwerkraft auf den 
Akzeptor zu gelangen. Zellschädigungen in diesem Prozess, werden möglicherweise durch die sich 
rasch ausdehnende Kavitationsblase, die Scherkräfte, denen die Zelle bei der Bewegung durch das 
Hydrogel ausgesetzt ist, und die Kräfte, die durch den Aufprall auf dem Akzeptor entstehen, 
verursacht. Wir konnten jedoch zeigen, dass solche Zellschädigungen durch die Verwendung des 
Schwellenwerts deutlich reduziert und minimiert werden können. Zellen, die unter diesen 
Bedingungen übertragen werden, zeigen Zellüberlebensraten auf dem Zielsubstrat von 93-99%. Sie 
behalten ihre Fähigkeit zu migrieren und zu proliferieren und zeigen normales, zelltypspezifisches 
Verhalten nach dem Transfer. Es konnten keine DNA-Doppelstrangbrüche nachgewiesen werden. Für 
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die Selektion und anschließende Sortierung einzelner Zellen aus heterogenen Zellpopulationen anhand 
von Zellmorphologie (z. B. Zellform oder -größe) fluoreszierender Marker wurde in das bestehende 
Transfer-Setup ein inverses Lichtmikroskop integriert. Mit diesem Aufbau konnte eine 
Positioniergenauigkeit von nahezu 10 µm auf dem Zielsubstrat realisiert werden. Darüber hinaus 
haben erste Experimente gezeigt, dass mit diesem Aufbau das Verdrucken von Hydrogelen in 3D 
möglich ist. So konnten wir erfolgreich einen laserbasierten Ansatz zum Aufbau der für die 
Sehnennische charakteristischen Zellreihenstruktur demonstrieren. 

Die Integration eines inversen Lichtmikroskops ermöglicht in Zukunft den Einsatz einer automatisierten 
Bildanalyse und einer Zellerkennungssoftware, was eine Voraussetzung für einen vollautomatischen 
Prozess ist. Durch die Verwendung eines Multiplexing-Ansatzes mit schnellen Laserscannern sollen so 
wesentlich schnellere Zellübertragungsraten erreicht werden, als das derzeit möglich ist. Der in dieser 
Arbeit vorgestellte Ansatz ermöglicht somit in Zukunft die präzise, schnelle und zellschonende 
Herstellung von Präzisionsnichoide, 3D-Organoide Zellchips, Organs-on-Chips und letztlich von 
funktionellem Gewebeersatz.  
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Abstract 

Tissue Engineering is based on the generation of artificial tissues through a combination of cells and 
suitable, biocompatible materials to repair, replace or regenerate diseased or injured tissue. However, 
the major challenge in producing functional tissue substitutes ex vivo lies in the replication of the 
complex and unique tissue microarchitecture of native tissue, consisting of different cell types and 
ECM. The cell niche in tendon tissue, for example, is characterized by a strictly hierarchical organization 
of collagen-1 fibers and embedded tendon cells in highly parallel rows that form the basis for the 
unique and anisotropic tissue morphology of the tendon. 

Laser-induced cell transfer presents a promising approach for the fast printing of biomolecules and 
mammalian cells with high spatial accuracy. The transferred cells have a high survival rate and maintain 
their ability to proliferate and differentiate. Nevertheless, for the absorption of the laser energy, most 
previous setups relied on inorganic light absorbing sacrificial thin films, and inorganic material was 
transferred to the printed product along with the cells and contaminates the product. In some cases, 
protein-based hydrogels, such as gelatin, Matrigel or collagen have been used for energy absorption. 
However, these protein-based absorbing layers require UV laser sources with wavelengths below 
200 nm for effective energy absorption, which brings along the risk of DNA damage and carcinogenesis.  

In this thesis, a novel film-free laser-induced bioprinting approach for the transfer of living mammalian 
cell e.g. human mesenchymal cells is presented, which for the first time avoid both, the use of non-
biological, inorganic absorption layers and of UV laser sources. To analyze the transfer process and 
further optimize the transfer parameters, a laterally time-resolved microscopic setup was 
implemented to observe the transfer process. The effects of the experimental parameters such as laser 
pulse energy, focus depth, hydrogel viscosity, laser pulse duration and spherical aberration of the 
microscope objectives on the cavitation bubble formation and jet kinetics and the corresponding 
hydrodynamics have been systematically investigated. As the jet velocity increases, the jet behavior 
changes: if the jet is too slow, the hydrogel remains in the reservoir and no transfer occurs. At higher 
speeds, a laminar jet is generated which moves in a straight line to the acceptor substrate. As the 
velocity increases further, a slightly curved jet occurs, which affects accurate positioning and 
eventually leads to uncontrolled splashing of the hydrogel. To obtain the maximum lateral resolution 
(hydrogel spot diameter) and best positioning accuracy (the root mean square deviation of the cell 
positions from an arbitrary chosen target position), the threshold energy for hydrogel and cell transfer 
should be selected. In this case, the kinetic energy for the jet propagation is just high enough to 
overcome the hydrogel surface energy and gravity, resulting in a breakup of the primary droplet 
containing the selected cells and subsequently allowing the droplet to reach the acceptor. The 
mechanical stress from the expanding cavitation bubble, shear forces, as cells are moving through the 
hydrogel, and forces caused by the impact of landing on the acceptor are believed to be the key source 
of cell damage. However, we could show that cell damage could be significantly reduced and 
minimized by using the threshold transfer conditions. Under threshold conditions, the transferred cells 
have 93–99% survival rates on a target substrate. They maintain their ability to migrate and proliferate, 
and show normal, cell type specific behavior after transfer. No DNA double strand breaks could be 
detected. In addition, the transfer setup was integrated into an inverted optical microscope, which 
allowed to select and sort individual cells from heterogeneous cell populations, based on cell 
morphology (e.g. cell shape or size) or fluorescence markers and to position them on the target 
substrate with a positioning accuracy close to 10 µm. Thus, we could successfully demonstrate a laser-
based approach to build the cell row structure that is characteristic of the tendon niche. 

After all, our hydrogel bioprinting approach can readily be extended from 2D into 3D. The integration 
into an inverted optical microscope setup, will allow for the use of automated image analysis and a cell 
recognition software in the future, which is a prerequisite for a fully automated process. By using a 
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multiplexing approach with fast laser scanners, one can envision much faster cell-transfer rates in the 
future than currently possible. The approach presented in this thesis will thus enable the precise, fast, 
and cell-friendly fabrication of precision nichoids, 3D organoids, cell-chips, organs-on-chips, , and 
ultimately of functional tissue substitutes in the future.  
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1 Introduction 

Preface: Parts of this thesis have been published in peer reviewed journals (the exact 

articles are listed on pages 4 and 5) and the text from these articles displays in italic font 

throughout the thesis. 

Tissue Engineering has been developed with a broad range of applications that aim to 

repair, replace or regenerate diseased, injured or whole tissues (i.e., bone, cartilage, tendon, 

blood vessels, muscles, skin, bladder etc.). However, at present, the major challenge in 

producing functional tissue substitutes ex vivo lies in the replication of the complex and unique 

tissue microarchitecture of native tissue, consisting of different cell types and extracellular 

matrix (ECM) (1–3). For example, at the cellular level, tendon cell niche, is characterized by a 

strictly hierarchical organization of collagen-1 fibers and embedded tendon cells in highly 

parallel rows that form the basis for the unique and anisotropic tissue morphology of the 

tendon, while in cartilage tissue, cells are positioned in columns embedded in isotropic 

collagen type II-rich matrix (4). To engineer tendon or cartilage tissue, the establishment of 

appropriate cell–matrix and cell-cell contacts is therefore critical to obtain functional tissue 

mimetic constructs (5). 

“The fabrication of three-dimensional tissue substitutes will improve the treatment of 

lesions caused by injuries or diseases, as well as age-related tissue degeneration, for example, 

the degeneration of tendon and articular cartilage tissues (6–9). Additionally, it has the 

potential of providing more relevant 3D test systems for drug development (6,9–11) and new 

insights into how cells interact with their environment and with one another (8,12,13). In vivo, 

cells receive multiple biological, chemical and physical stimuli from neighboring cells, the ECM 

and the surrounding tissue. Cell behavior and fate crucially depend on these stimuli, many of 

which originate from their direct cell vicinity (14–18). Controlling the cellular 

microenvironment in vitro with single cell precision is therefore an important factor for the 

generation of instructive cell environments and cell niches, which stimulate cells to migrate, 

differentiate, proliferate and to form functional tissue (19).  

The introduction of such detailed microenvironments will advance the fabrication of 

cell chips and organs-on-chips and provide a better understanding of cell-matrix and cell-cell 

interactions under normal and pathological conditions (19–21). However, suitable tools which 



2 

allow a cell-friendly, fast and reliable transfer of living mammalian cells with single cell 

precision onto 2D and 3D structures are still scarce”. The text is obtained from the article (22). 

1.1 Laser-based bio-printing 

Laser-induced forward transfer (LIFT) presents a promising approach for the fast 

printing of biomolecules and mammalian cells with high spatial accuracy. This technique has 

been successfully applied to a variety of cell types, including MG63 human osteosarcoma cells, 

P16 pluripotent embryonal carcinoma cells, skin cell lines (fibroblasts/keratinocytes), human 

mesenchymal stem cells (hMSCs), EA.hy926 human endothelial cells, B35 neuroblasts, and 

others (23–29). LIFT has become an important tool for the fast and gentle 3D-printing of cells, 

with superior cell survival rates above 95% (30–33). “It was originally developed to transfer 

inorganic materials from a thin donor film to an acceptor surface through a transparent 

support (34,35). In recent years, it was demonstrated that LIFT is also possible for printing 

liquid and therefore has been applied to biological material as an alternative bio-printing 

technology (33). It can overcome some of the drawbacks of the more conventional ink-jet 

printing, pipetting, or micro-extrusion based technologies, such as clogging of the printing 

nozzles, or high shear forces. Because printer parts do not come into direct contact with 

printing material, cross-contamination of different materials can easily be avoided. In addition, 

due to the high repetition rates of pulsed laser sources, laser printing has the potential for high 

transfer rates and fast processing times. In the past, biomolecules (23) like proteins (36,37) or 

DNA (36,38,39), as well as mammalian cells (24–27,40–42) have been successfully transferred 

through laser-induced printing with almost no loss of bioactivity”.  

In a typical setup for laser-induced cell transfer, the transparent substrate is coated 

with a sacrificial layer such as gold, titanium (24,25,27,40) for the laser energy absorption, or 

a UV light-absorbing polymer (43–45). The cell-containing hydrogel is deposited onto the 

absorbing layer with a typical thickness of about 100 µm. By focusing a nanosecond (ns) pulsed 

laser through the transparent substrate onto the absorbing layer, which is evaporated by the 

energy of the incoming pulse, resulting in a high gas pressure, which propels the cell-laden 

hydrogel in a jet towards an acceptor surface. The transferred cells usually display a high 

viability and maintain their ability to proliferate (25,40,41). Scaffold-free 3D cell 

microstructures for the study of cell-cell interactions and tissue engineering applications have 
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been successfully fabricated in this manner (24,25,40)”. The text is obtained from the article 

(22). 

 

Figure 1.1 Schematic setup of laser-induced cell transfer with absorbing layer.  

“One drawback of the laser-based transfer for bioprinting applications, is the fact that 

the material from the energy absorbing layer can also be transferred along with the printed 

biomaterial, thus contaminating the printed constructs, where it can be found in the form of 

nanometer-sized and larger fragments and particles (36,46). To avoid contamination of 

constructs with inorganic material, protein-based hydrogels, such as Matrigel or collagen 

hydrogels, have been used as the light-absorbing layer (45) in matrix-assisted pulsed-laser 

evaporation direct writing (MAPLE DW) (41,47,48). Nevertheless, these approaches are limited 

to UV laser irradiation, such as emitted from argon fluoride excimer lasers (193 nm), because 

they rely on the effective UV absorption of proteins at 200 nm wavelength and below (49). 

However, at these wavelengths, UV light may also cause severe DNA damage, including 

double-strand breaks (45) and photochemical crosslinking, which may both lead to cell death 

or carcinogenesis (50)”. The text is obtained from the article (22). Lots of previous works 

demonstrated that the printing parameters including the laser sources (wavelength, pulse 

energy, pulse duration) and the properties of the bioink, such as the type of the hydrogel, the 

viscosity and the thickness of the layer can significantly affect the jet dynamics and printing 

quality (44,51–53). A lot of hydrogels, such as alginate (25,54), cell culture medium (55), 

collagen (56) and fibrinogen (24) have been used as bioink. Preparation of a uniform and 

stable bioink into a thin film with a typical thickness of about 100 µm is not easy to perform 

(57). Additionally, if the transfer process is carried out under dry environmental conditions, 

the drying of the bioink is inevitable and can furthermore affect the printing reproducibility 

and quality (52,54). A previous study demonstrated that the rheological properties of bioink 

can also be varied by embedding living cells into the bioink, which results in non-ideal jet 

behavior because of inhomogeneous cell distribution and cell aggregation (58). There is not 
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one bioink that can be used for all applications, as it needs to be compatible with cells and 

with the desired structure to be printed (59). A real-time visualization of the printing process 

is required for optimization of jet dynamics and printing quality either by using a high-speed 

camera (52) or by using the pump-and-probe principle in combination with short illumination 

pulses (60,61). The selection and optimization of laser printing parameters including laser 

source, absorbing layer, bioink and cell type is costly and time-consuming (53,59). Until now, 

there is no reliable laser-assisted bioprinting technique enabling efficient and precise printing 

of living cells at the single cell precision from the thin bioink layer.  

Non-linear optical effects can be used as an alternative approach to avoid both, the 

use of non-biological, inorganic absorption layers and of UV laser sources. By tightly focusing 

a near-infrared (NIR) ultrashort laser pulse into a transparent material, nonlinear optical 

interactions such as self-focusing and multi-photon absorption create a controlled optical 

breakdown with a few micrometers diameter, in which the laser pulse is absorbed without 

the need for a light absorbing layer (62–67). In addition, the near-infrared window is used, at 

wavelengths with minimal interaction of electro-magnetic radiation with biological materials 

(49,50) and thereby the risk of inducing photochemical DNA damage is avoided. In aqueous 

media, the high-pressure plasma generated by the ultrashort laser pulses forms a rapidly 

expanding cavitation bubble (65,68). If the femtosecond laser pulse is focused between 50 µm 

to 100 µm underneath the liquid surface, the cavitation bubble can be used to propel a water 

or hydrogel jet, which is subsequently ejected from the free liquid surface (60,69–71). The 

laser pulse energy can convert into kinetic energy for the jet propagation, avoiding a 

significant heat transfer to the surrounding medium (65,72). Current applications of this 

technique, which mainly focus on the controllable and reproducible transfer of biomolecules 

like proteins and DNA, showed no loss of bioactivity (57,60), indicating that this approach 

might also be feasible for the printing of living cells. However, so far, no living mammalian cells 

have been printed with this technique yet. 

As indicated in the preface, parts of this thesis have been published in peer reviewed 

journals in advance in the following articles and the text from these articles displays in italic 

font throughout the thesis:  

- Zhang et al., “Sacrificial-layer free transfer of mammalian cells using near 

infrared femtosecond laser pulses” PloS One, 2018, see reference (73) of this thesis. 
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- Zhang et al., “Single Cell Bioprinting with Ultrashort Laser Pulses” Advanced 

Functional Materials, 2021, see reference (22) of this thesis.  

Two additional manuscripts containing results of this thesis will be submitted to peer 

reviewed journals: 

- Zhang et al. “Single-cell bioprinting by using femto- and picosecond laser 

pulses” (to be submitted to Special Issue "Advanced Laser Bio-Printing" in Micromachines) 

- Zhang et al, “Jet dynamics study of femtosecond laser-induced single-cell 

printing” (manuscript in preparation) 

The results of my previous colloquia submitted to the faculty of medicine of the 

University of Regensburg are included in this thesis.  

Results of bachelor and master students under my supervision (project’s / bachelor's / 

master's theses), which were submitted to the Department of Applied Sciences and 

Mechatronics of Munich University of applied sciences, are included in this thesis: Patrick 

Byers established the upright time-resolved configuration in his bachelor thesis (chapter 3.1.1), 

Christine Frank implemented some of the time-resolved experiments with various on laser 

pulse energies and focus depths as an intern (chapter 3.1.4 and 3.1.5), Levin Schulte-Spechtel 

worked on the 3D Bioprinting in his internship report (chapter 3.4.4), Sasa Djordjevic 

investigated the comparison of upright and inverted configuration in his master thesis 

(chapter 3.2.2) and Yasemin Geiger established experiments for Bioprinting depending on 

pulse duration in her projects study (chapter 3.2.3). 

1.2 Hypothesis and goals 

The main hypothesis of the doctoral study is that the film-free femtosecond laser-

induced transfer approach can be used to transfer micro-droplets containing single or multiple 

mammalian cells, specifically of mesenchymal origin, with high survival rates. To test this 

hypothesis, a novel setup for the printing of living cells using femtosecond NIR laser pulses 

was established.  

The main goals of the doctoral study were defined as follows: 
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1. Establishing a cell-friendly and easy to use bioprinting technology for selecting and 

printing living cells with single cell precision and high cell viability.  

2. Establishing a time-resolved imaging setup for visualizing the transfer process to 

investigate and optimize the effects of the experimental parameters on the cell 

viability and the printing precision. 

3. Creating a 2D cell configurations or precision cell nichoids with single cell precision.  

Doctoral thesis organization: 

The mechanisms of the film-free laser-induced transfer and the hydrodynamic analysis 

of the jet propagation are given in chapter 2 “Materials and Methods”, where the protocols 

for the sample preparation and for assessing the viability and behavior of the transferred cells 

(e.g. live-dead assays, time-lapse microscopy, and immunofluorescence staining) are 

described.  

The obtained results are presented in chapter 3. The analysis of the transfer process 

and the further optimization of the transfer parameters (upright configuration) are given in 

chapter 3.1. We successfully combined the NIR laser with an optical setup, enabling time-

resolved microscopy for observing the transfer process of cell-free and cell-laden hydrogel. 

We systematically investigated the influence of laser pulse energy and focus depth on the jet 

dynamics.  

Chapter 3.2 contains the integration of the transfer setup into an inverted optical 

microscope, which allowed us to select and sort individual cells from heterogeneous cell 

populations, based on cell morphology (e.g. cell shape or size) or fluorescent labelling. Here 

we also compared the fs laser-induced transfer process in the upright and the inverted 

configuration. In addition, we analyzed the influence of the laser pulse duration and the 

hydrogel viscosity on the jet dynamics.  

High survival rates and good cell viability are key parameters for biofabrication 

techniques in tissue engineering. In chapter 3.3 are included our results regarding the effects 

of laser pulse energy, focus depth, laser pulse duration and the applied microscope objectives 

on the cell viability after the transfer. The optimization of these parameters as well as 

examples of bioprinting applications are presented in chapter 3.4.  
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Chapter 4 discusses the main results, the hydrodynamics of the transfer process, 

namely the difference between the cell-free and cell-laden jet dynamics, and the potential 

causes of cell damage in this bioprinting technique.  
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2 Materials and Methods 

2.1 Mechanisms of the film-free femtosecond laser-induced printing 

An optical breakdown can be generated by focusing an ultrashort laser pulse in 

transparent and weakly absorbing liquids. This method has been used as microsurgical tool 

with a highly confined localized tissue damage (65,66). The collimated laser beam can be 

focused by a microscope objective with a numerical aperture (𝑁𝐴):  

 𝑁𝐴 = 𝑛 ∙ 𝑠𝑖𝑛𝜃 ≈
𝐷

2 ∙ 𝑓
 (1) 

where 𝑛 is the medium refractive index, 𝜃 is the maximal half-angle of the cone of 

light, 𝑓 is the focal length and 𝐷 is the objective entrance pupil diameter. For the best focus 

ability it is recommended to overfill the aperture of the objective by about 30%. When 

focusing an ideal Gaussian beam the focal spot diameter 2𝜔0 can be calculated as:  

 2𝜔0 =
4 ∙ 𝑓

𝜋 ∙ 𝐷
𝜆 ≈

2 ∙ 𝜆

𝜋 ∙ 𝑁𝐴
 (2) 

where 𝜔0 denotes the laser beam radius at the focal plane, measured at 1 𝑒2⁄  intensity 

level and 𝜆 is the vacuum wavelength of laser beam. The laser radial intensity distribution of 

a Gaussian profile can be expressed as follows: 

 𝐼 = 𝐼0 ∙ 𝑒
−2(

𝑟
𝜔0

)2

 (3) 

where 𝑟 is the radial distance from the optical axis and maximum intensity 𝐼0 at the 

focus can be calculated by: 

 𝐼0 =
2 ∙ 𝐸𝑝

𝜋 ∙ 𝜔0
2 ∙ 𝜏

 (4) 

where, 𝐸𝑝 is the laser pulse energy and 𝜏 is the laser pulse duration (FWHM, full width 

at half maximum). Non-linear absorption takes places at the laser focus due to its highly 

irradiance (65,70). The threshold intensity for optical breakdown 𝐼𝑡ℎ, which is defined as the 

laser intensity required to reach the critical free-electron density of 𝜌𝑐𝑟 = 1021 cm-3 (65). 𝐼𝑡ℎ 

has been measured to be 3×1012 W/cm2 in aqueous solutions for near infrared femtosecond 
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laser pulses. A few nanoseconds after the high energy density plasma generation, pressure 

waves with high initial pressures of a few GPa are generated at the focus, expanding radially 

with velocity of a 1.5-2.5 km/s (72). After that, an expanding cavitation bubble of a few 

micrometers in diameter is generated in the liquid. 

The mechanism of film-free femtosecond laser-induced printing bases on a rapid 

expanding cavitation bubble near to the liquid surface (60,70). The liquid jet and cavitation 

bubble behavior have been descripted by a standoff parameter 𝛾 (74,75):  

 𝛾 =
𝑍

𝑅𝑚𝑎𝑥
 (5) 

which describes the ratio of the distance of the bubble centroid from the free surface 

𝑍 (here laser focus depth) and the maximum radius of the cavitation bubble in the liquid 𝑅𝑚𝑎𝑥 

(see Figure 2.1). It was experimentally and numerically demonstrated, that a narrower and 

faster jet can be generated by decreasing the standoff parameter 𝛾 (75). 

 

Figure 2.1 Schematic of cavitation bubble near to free surface. 

The laser beam is mainly transmitted when the laser intensity is below the optical 

breakdown threshold. Above the threshold also reflection and scattering come into play (76). 

Only the absorbed energy can be converted into energy for plasma generation, thermal 

energy for evaporation and mechanical energies for the cavitation bubble expansion and the 

mechanical bubble energy can be calculated by (63,76): 

 𝐸𝐵 =
4𝜋

3
(𝑝0 − 𝑝𝑣)𝑅𝑚𝑎𝑥

3  (6) 

where the hydrostatic pressure 𝑝0  and vapor pressure 𝑝𝑣  are determined to be 

0.1 MPa and 2.33 kPa at 20°C, respectively (76,77).  

As the cavitation bubble rapidly expanded, the liquid near to the surface can be much 

easily displaced due to lower pressure and resistance on the surface (60,70,71). This 
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asymmetrical expansion leads to a pressure gradient between the surface and bubble side, 

which results in liquid flows around the bubble wall (Figure 2.2a). Flows converge at the top 

of bubble and lead to a high-pressure stagnation point, where opposing jets can be generated: 

an outward spike jet (i.e. the first jet) and an inward jet in Figure 2.2b. When the inward jet 

has sufficient energy, it can then penetrate the bottom wall of the collapsing bubble resulting 

in a new toroidal bubble (Figure 2.2c). This new toroidal bubble reaches a high-pressure due 

to compression after the bubble collapses. Similar to the original spherical bubble expansion 

the toroidal bubble expands again and propels a much thicker jet (i.e. the second jet in Figure 

2.2c) with a lower speed.  

 

Figure 2.2 Mechanism of the film-free femtosecond laser-induced printing process. (a) Rapid expansion 
of a cavitation bubble in the liquid and creation of liquid flow around the bubble. (b) Convergence of 
flows and generation of two opposing jets: outward spike jet (i.e. the first jet) and inward jet. (c) 
Formation of a new toroidal bubble by penetration of the inward jet, resulting in a much thicker jet 
(the second jet) with a lower speed. 

2.2 Spherical aberration  

It is known that light can be refracted, when passing through an interface between two 

different transparent media. Figure 2.3 shows the laser focus in liquid indicated by red point 

due to the refraction of laser beam at hydrogel surface. The laser focus in air is indicated by 

the gray point. The laser focus length in liquid 𝑍, which will be referred to laser focus depth in 

rest of this work, can be calculated by Snell’s law: 

 𝑍 = 𝑛𝑍0 (7) 
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where 𝑛 is the refractive index of liquid and 𝑍0 the laser focus length in air. The laser 

focus depth can be controlled in our experiments through vertical displacement of the 

objective.  

 

Figure 2.3 Schematic of laser focus through microscope objective in liquid 

For focusing the fs laser beam, in this work, three different microscope objectives were 

applied, whose specification can be found in Table 2.1. For the upright transfer optical 

configuration, the collimated NIR fs-pulse was focused through a transparent acceptor into 

the hydrogel, using a 32× microscope objective (Leica Wetzlar, Germany) with a numerical 

aperture of 0.6, a transmittance of 65% at 1030 nm wavelength, and a working distance of 6 

mm (Figure 2.4a). For the inverted configuration, two objectives were used for focusing the 

fs-laser beam through the reservoir bottom (Figure 2.4b and c): a 40× dry objective 

(Nikon40×/0.6 CFI S Plan Fluor) with a numerical aperture of 0.6 and a 25× water immersion 

microscope objective (Leica HC FLUOTAR L 25×/0.95 W VISIR) with a numerical aperture of 

0.95. For printing of living cells the acceptor is usually coated with a hydrogel to cushion the 

impact of landing cells, and to maintain a humidified environment to protect the transferred 

cells from drying out. Cells and hydrogel can be transferred from the reservoir to an acceptor 

slide, resting above the hydrogel reservoir at a distance of about 1 mm.  

 

Figure 2.4 Setups of fs laser-based printing through three different microscope objectives. 
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Table 2.1 Specifications of the applied three microscope objectives 

 

The difference of refractive indices between laser focus and microscope objective can 

lead to a spherical aberration of microscope objective (78). The collimated laser beam can be 

ideally focused through the objective at same point 𝑂  which results in an optimal focus 

(indicated by dashed red lines in Figure 2.5a) without difference of refractive indices. 

However, when we use the upright optical configuration, the laser beam is focused in the 

hydrogel through 3 transparent materials with different refractive indices (𝑛2 > 𝑛1 and  𝑛3) 

as shown in Figure 2.5a. The light passing near to the optical axial is slightly refracted, resulting 

in a shorter focus length (𝑂1). However, a longer focus (𝑂3) is resulting when the light passes 

through the periphery of the microscope objective with larger angle of incidence. This 

phenomenon with more focal points in the optical axis is known as longitudinal spherical 

aberration (𝐿𝐴), which represents the distance between 𝑂1 and 𝑂3 and can be calculated (78) 

 𝐿𝐴 = 𝑆0√
𝑛3

2 − 𝑁𝐴2

𝑛1
2 − 𝑁𝐴2

+ 𝑡√
𝑛3

2 − 𝑁𝐴2

𝑛2
2 − 𝑁𝐴2

− (
𝑛3

𝑛1
𝑆0 +

𝑛3

𝑛2
𝑡) (8) 

where 𝑆0 is the laser propagation length in hydrogel, 𝑡 the thickness of acceptor slide, 

𝑁𝐴 the numerical aperture of the applied objective which provides the maximal angle of 

incidence, and 𝑛1 , 𝑛2  and 𝑛3  are the refractive indices of the hydrogel in the reservoir, 

acceptor slide and the used immersion medium.  

For the upright configuration through the Leica 32× objective, air is used as the 

immersion medium with 𝑛3 = 1. The fs laser beam path goes through the acceptor slide (here 

a cover slip with 𝑛3 = 1.53 ) with a thickness of 𝑡 = 170  µm and then focuses into the 

hydrogel. For the inverted configuration, a Nikon 40× can focus laser beam goes through the 

reservoir bottom with a refractive index 𝑛2 = 1.52 and about 50 µm underneath the free 

surface of the hydrogel (Figure 2.4b). Water (𝑛3 = 1.3) was used as the immersion medium 

for the Leica 25× water immersion objective as shown in Figure 2.4c. In this case, we assume 

that the hydrogel refractive index is similar to the refractive index of water (i.e. 𝑛1 ≈ 𝑛3 =

1.3). The thickness of reservoir bottom between the immersion medium and the hydrogel can 
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be corrected by a specialized correction collar from the Nikon 40× and Leica 25× objective, 

leading to 𝑡 = 0 µm for inverted configuration. The plot of |𝐿𝐴| through 3 different objectives 

in a function of the laser propagation length in the hydrogel 𝑆0 can be found in Figure 2.5b. 

𝐿𝐴 increases linearly with the laser propagation length 𝑆0 by using the Leica 32× objective for 

upright configuration and Nikon 40× objective for inverted configuration. However, a best 

focus with almost no spherical aberration (𝐿𝐴 ≈ 0) can be generated by Leica 25× regardless 

of the laser propagation length in the hydrogel 𝑆0, which is only limited by working distance 

of objective.  

 

Figure 2.5 (a) Schematic of spherical aberration through 3 transparent media. The distance between 
𝑂1 and 𝑂3 is the longitudinal spherical aberration 𝐿𝐴 because of the difference of refractive indices 
between laser focus and microscope objective. (b) Plot of the calculated 𝐿𝐴 by varying the laser focus 
length in hydrogel 𝑆0 through 3 different objectives.  

2.3 Hydrodynamic analysis of jet propagation 

In order to analyze the jet dynamics, we apply the most important dimensionless 

numbers from literature (44,71,79–81). The first is the Weber number, which is often useful 

in analyzing the mechanics of the fluid jet and describes the ratio of kinetic energy of the 

propagating jet relative to surface energy:  

 𝑊𝑒 = 𝜌𝑣2𝑑/𝜎  (9) 

where 𝜌 is the hydrogel density (histopaque 1.083 g/ml), 𝑣 is the jet velocity, 𝑑 is the 

jet width, 𝜎 is the surface tension of hydrogel at room temperature (here is 72.75 mN/m for 

water).  
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The Reynolds number describes the relationship of inertial forces to viscous forces 

indicated by the internal movements within the fluid: 

 𝑅𝑒 = 𝜌𝑣𝑑/𝜇 (10) 

where 𝜇 is the dynamic viscosity of the hydrogel (measured to be 13 mPa·s for pure 

histopaque). The Reynolds number is usually applied to describe the fluid flow situations. At 

low Reynolds number, flows develop in laminar form. As the Reynolds number increases, the 

fluid flow trend to be turbulent.  

The ratio of hydrogel viscosity is usually characterized by the Ohnesorge number:  

 𝑂ℎ =
√𝑊𝑒

𝑅𝑒
= 𝜇/√𝜎𝑑𝜌 (11) 

At low Weber number 𝑊𝑒 < 4, the kinetic energy for jet propagation is insufficient to 

overcome the surface tension of the air–hydrogel interface and the jet collapses without 

leaving the hydrogel reservoir, leading to no material transfer in Figure 2.6. Above the Weber 

number 𝑊𝑒 > 4, a continuous hydrogel jet can be formed (80,82). However, this jet is not able 

to develop infinitely, but breaks up into single or even multiple droplets, this phenomenon 

can be explained by the Rayleigh-Plateau instability (83). The breakup mechanisms can be 

classified into four different regimes by increasing the jet velocity as well as Weber and 

Reynolds numbers: Rayleigh breakup, first wind-induced as well as second wind-induced 

breakup and finally atomization (see Figure 2.6) (84,85). For Rayleigh breakup, the jet velocity 

is just sufficient to cause a pinch-off due to capillary forces (79,82,84,85). In the first wind-

induced breakup regime, the breakup take place later and the corresponding breakup length 

increases with the increasing jet velocity (86). In this case, the aerodynamic force caused by 

the relative motion between the liquid jet and gas can be ignored. A primary droplet is pinched 

off from the first jet and its diameter is proportional to the jet width (79). However, the 

aerodynamic force cannot be ignored in the second wind-induced breakup and the 

atomization regimes. In this case, lots of smaller droplets can be observed and therefore are 

not suitable for printing.  



16 

 

Figure 2.6 The schematic jet breakup mechanisms: Rayleigh breakup, first as well as second wind-
induced breakup and atomization mechanisms by increasing the jet velocity. 

2.4 Sample preparation 

2.4.1 Cell culture 

“Human mesenchymal stem cells (hMSC, SCP1 cell line) (87), murine skin melanoma 

cells (B16F1 cell line, ATCC, Wesel, Germany), human papillary thyroid carcinoma cells 

(TPC1cell line, ATCC, Wesel, Germany) and murine fibroblasts (NHI/3T3 cell line, ATCC, Wesel, 

Germany) were maintained in Dulbecco's Modified Eagle Medium (DMEM, Biochrom, 

Germany) supplemented with 10% fetal bovine serum (FBS, Biochrom, Germany), 1% 

GlutaMAX (Thermo Fisher Scientific, Germering, Germany) and 1% Penicillin/Streptomycin (P/S, 

Biochrom, Berlin, Germany). Human tendon stem/progenitor cells (hTSPCs) were previously 

isolated from Achilles tendon and characterized in detail by Kohler et al.(88). The isolation of 

the cells was approved by the Ethical Commission of the LMU Medical Faculty (grant No. 166-

08), and informed consent was obtained from the donors. hTSPCs were maintained in 

DMEM/HAMs F-12 Medium (Biochrom, Germany) supplemented with 10% FBS, 1% GlutaMAX, 

1% P/S and 1% non-essential amino acids (Gibco, Germany). In routine cell culture, all cells 

were grown up to 80% confluency and maintained at 37°C in 5% humidified CO2. For passaging, 

cells were detached with 0.25% trypsin/0.02% Ethylenediaminetetraacetic acid (EDTA) 

solution (Biochrom, Germany)”. The text is obtained from the article (22). 
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2.4.2 Preparation of the cell-containing hydrogel in a reservoir  

“To transfer living cells using the inverted optical configuration, approximately 2x104 

freshly detached cells were pelleted by centrifugation and suspended in 400 µl histopaque 

1803 (Sigma-Aldrich, Deisenhofen, Germany). To detach cells, 0.25% trypsin/0.02% EDTA was 

used and the detachment was performed under microscopic control to ensure a complete 

detachment of the adherent cells, until only single cells remained in suspension. Detachment 

times were variable depending on the cell type. The cell-containing hydrogel was transferred 

to a µ-Dish (µ-Dish 35 mm low, Ibidi, Martinsried, Germany), which served as reservoir for cell 

transfer. Due to their lower mass-density, the cells concentrate at the surface of the histopaque 

1803. For jet visualization with shadowgraphy, a rectangular, transparent dish (DIC Lid, Ibidi, 

Martinsried, Germany) was used as reservoir, which was filled with cell-laden hydrogel (1x104 

cells/ml in histopaque 1083). For fluorescence-based jet visualization, 5 ml histopaque 1083 

were mixed with 10 µl fluorescent dye (Alexa) 532-I amine-reactive Succinimidyl Ester (Abnova, 

Germany, 10 mM dissolved in DMSO, maximum excitation/emission wavelength of 

542/558 nm), yielding a final concentration of 0.02 mM. For cell staining, 105 B1F1 cells were 

obtained by centrifugation. The cell pellet was suspended in 10 µl of the same fluorescent dye 

and incubated under gentle agitation for 2h at 37°C. The stained cells were added to the 

stained hydrogel within the reservoir”. The text is obtained from the article (22). 

2.4.3 High viscous hydrogel preparation and viscosity measurement 

“For printing of high viscous hydrogel, histopaque 1083 was supplemented with alginic 

acid sodium salt from brown algae (Sigma-Aldrich) in concentrations up to 1.5%. The viscosity 

measurement of alginate hydrogels was carried out at room temperature (21°C) using the 

rotational viscometer RC01/02 (Rheotec, Dresden, Germany) at a rotational speed of 200 rpm. 

For the measurement of 1.5 % alginate hydrogel samples, the viscometer was equipped with 

the L4 standard spindle, while for the 1% alginate hydrogel the spindle was changed to the L3 

standard spindle, and both, the 0.5 % hydrogel and the pure histopaque 1083 as control, were 

measured using the L2 standard spindle”. The text is obtained from the article (22). 

2.4.4 Preparation of the acceptor surface 

“For jet visualization according to the pump probe principle, a standard coverslip with 

a thickness of 170 µm was used as acceptor slide. To print living cells, a hydrogel coated 

coverslip or a Petri dish (TC Dish 60, Standard Sarstedt, Germany) served as an acceptor surface 
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to protect the transferred cells from drying out. The respective hydrogel depended on the 

printed cell type: When printing TPC1 cells, gelatin (Sigma-Aldrich, Germany) was used for 

coating. The gelatin was dissolved in phosphate buffered saline (PBS) (10% w/v) at ~50°C, 

homogenously dispersed on the acceptor surface and then cooled to 4°C for 15 min, to form a 

film of ~100 µm thickness. The acceptor surface for hTSPCs was coated with 0.5% collagen 

(Collagen G1, MATRIX BioScience, Germany): The collagen stock solution was gently mixed 

with neutralizing buffer (1 ml of 0.7 M sodium hydroxide solution, 1 ml of 1 M 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer and 2 ml 10x DMEM, pH 

adjusted to 7.9 - 8.05) at a ratio of 4:1. 5 ml of this mixture were homogenously dispersed on 

the bottom of the petri dish and then incubated over night at 37°C. To print B16F1 cells, 

Matrigel (BD Biosciences, Heidelberg, Germany) was used as an acceptor coating: Matrigel 

was thawed at 4°C overnight, 100 µl were evenly dispersed in the pre-cooled Petri dish and 

then incubated at 37°C for 10 min to obtain a ~100 μm hydrogel layer”. The text is obtained 

from the article (22). 

2.4.5 Cell viability analysis 

“To detect dead cells, the hydrogel on the acceptor slide was supplemented with 2 

droplets of Propidium Iodide (PI) ReadyProbes reagent (PI R37108, Thermo Fischer, Germering, 

Germany), per ml hydrogel solution. Intact cells reject PI, in dead cells PI binds to DNA and 

causes a red fluorescence. After cell transfer, the acceptor surface was incubated at 37°C for 

15 min for PI staining. Dead cells were determined by fluorescence microscopy using an 

inverted optical microscope (Nikon Ti-E). The viability of non-transferred cells remaining in the 

reservoir was also investigated by PI staining: live and dead cells were counted using a 

standard hemocytometer chamber (Brand, Wertheim, Germany) in the fluorescence 

microscope. For hTSPC and TPC1 cells, (additional) PI staining of all cells in the cell reservoir 

prior to the laser transfer served as negative control and ensured that only viable cells were 

transferred in the cell viability experiments. For B16F1 cells, the numbers of live and dead cells 

after the transfer were determined in the inverted fluorescence microscope, as described 

above. The effective cell survival rate was then determined by dividing the percentage of viable 

cells after transfer to the percentage of viable cells without laser transfer, which was 

determined in an independent negative control experiment using PI staining of non-transferred 

cells. To ensure the effectiveness of PI staining, cells were deliberately killed during transfer, 
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and then stained with PI in a positive control experiment (see Figure 3.33 for PI staining of 

transferred cells, as well as negative and positive control experiments)”. 

“To determine the cell survival rate via time lapse microscopy, the hydrogel coated 

acceptor slide containing the transferred cells was placed in an incubation chamber, providing 

37°C and 5% humidified CO2 environment (Pecon, Erbach, Germany). This chamber was 

mounted on an inverted optical microscope (Observer Z.1, Carl Zeiss, Göttingen, Germany) and 

a first image was recorded. After 15 min, 3 ml of DMEM cell culture medium for B16F1 cells 

and DMEM/HAMs F-12 Medium for hTSPCs were gently added. From now on, microscopy 

images were collected in 20 min intervals for about 40 hours. The images were taken using an 

Orca Flash 4.0 scientific CMOS camera (Hamamatsu, Herrsching, Germany). In time lapse 

images, activity such as active cell spreading, polarization, migration and proliferation was 

used as indicator of cell viability”. The text is obtained from the article (22). 

2.4.6 Cell staining 

“For phalloidin and DAPI staining, the cells on the acceptor surface were washed with 

PBS containing Ca2+/Mg2+ (Biochrom, Germany), fixed with 3.7% formaldehyde (Carl Roth, 

Germany) for 15 min and washed 3 times with PBS. Cells were incubated with 0.5% Triton-X 

100 (Sigma Aldrich) in PBS for permeabilization for 10 minutes. The cells were submersed in 

the staining solution containing Atto594-Phalloidin (Atto-Tec GmbH, Germany) in a final 

concentration of 200 ng/ml and DAPI (AppliChem GmbH, Germany) in a final concentration of 

10 ng/ml in PBS, incubated for 20 min, washed 3 times with PBS and mounted with ProLong 

Diamond Antifade Mountant (ThermoFisher Scientific, Germany). To visualize F-actin in living 

cells, NIH/3t3 fibroblasts were transfected with the plasmid (pCMV-LifeAct-TagRFP, Ibidi, 

Germany) using the TorpedoDNA transfection reagent (Ibidi, Germany). Sorting of the LifeAct 

expressing cells from non-expressing cells was done 48 h after transfection. For orange labeling 

of TPC1 cells, the Cell ExplorerTM Live Cell Tracking Kit Orange (AAT Bioquest, Sunnyvale, USA) 

was used according to the manufacturer’s instructions”. The text is obtained from the article 

(22). 

2.4.7 DNA damage analysis 

The radiation and thermal effect arising from the laser pulse created optical 

breakdown used for the printing process or the mechanical stresses arising from the 

expanding cavitation bubble may lead to DNA damage. DNA double strand breaks of printed 
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SCP1 cells were detected using the STA-321 DNA DSB staining kit from Biolabs, which is based 

on the phosphorylation of the histone HA2.X at serine 139. The DSB staining protocol was 

carried out according to the manufacturer’s instructions. For comparison, an 

immunofluorescence staining of non-transferred SCP1 cells was performed as a negative 

control. As a positive control, non-transferred SCP1 cells were treated with 100 µM etoposide 

(DNA DSB Inducer) for 1 hour to induce DNA double strand breaks and then stained as 

described before. 

2.4.8 Preparation of the Pluronic F-127 for printing of 3D structures 

“Dissolved Pluronic F-127 hydrogel is well suited for 3D printing as its thermo-

responsive properties and fast gelation time, which can be adjusted by temperature and 

concentration (89). For 3D printing with our setup, Pluronic F-127 (Sigma Aldrich, Taufkirchen, 

Germany) was dissolved in PBS to a final concentration of 15 wt% and stored at 4°C overnight. 

At this temperature, the hydrogel stays liquid in the reservoir. Upon transfer to the acceptor 

slide, the pluronic hydrogel undergoes a fast gelation as the transferred spots reach room 

temperature very quickly as shown in Figure 3.43”. The text is obtained from the article (22). 

2.4.9 Preparation of protein-based 3D micro scaffolds 

“3D micro scaffolds with a length of 80 µm, a width of 40 µm and a height of 100 µm 

were printed by someone else with Bovine Serum Albumin (BSA)-based resin and rose bengal 

as photo-initiator using a two-photon absorption stereolithography system Nanoscribe GT 

(Nanoscribe, Karlsruhe, Germany). BSA resin preparation and high-resolution 3D printing were 

conducted as described elsewhere (90). In brief: 40 wt% BSA stock solution was mixed with 

85mM rose bengal stock solution in the ratio 9:1. A droplet of this suspension was placed on a 

170 µm thick glass slide. The 3D scaffolds were then printed using the dip-in mode. After 

completing the printing process, subsequent resin was washed away and scaffolds were stored 

in PBS at 4°C until further usage”. The text is obtained from the article (22). 

2.5 Statistical methods 

“Single cell positioning accuracy was defined and determined as the root mean square 

deviation (RMSD) of the cell positions from an arbitrary chosen the target position. E.g. the 

target position may be determined in an independent experiment with cell-free spots as the 

mean position of a number of transferred spots: 
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 𝑅𝑀𝑆𝐷 =  √
1

𝑛
∑[(𝑥𝑖 − 𝑥0)2 + (𝑦𝑖 − 𝑦0)2]

𝑛

𝑖=1

 (12) 

where (𝑥𝑖, 𝑦𝑖)  are the individual cell positions, and (𝑥0, 𝑦𝑖0)  designate the target 

position. 

Single cell positioning precision was determined as the root mean square deviation (SD) 

from mean cell position:   

 𝑆𝐷 =  √
1

𝑛
∑[(𝑥𝑖 − �̅�)2 + (𝑦𝑖 − �̅�)2]

𝑛

𝑖=1

 (13) 

where (𝑥𝑖, 𝑦𝑖) are individual cell positions, and (�̅�, �̅�) designate the mean cell position”. 

The text is obtained from the article (22). 

In this thesis, Microsoft Excel and Origin software have been used for collecting and 

calculating the experimental data. The experimental reproducibility is given for each result in 

the figure and table legends. Due to the experimental nature of this work, no direct 

comparison between study groups and statistical tests were carried out.   

To determine the cell survival rate after transfer, 165 single hTSPCs transfers from 15 

independent experiments were carried out (see Table 3.10), which were transferred to a 

collagen-coated substrate. For B16F1 cells, which were transferred to a Matrigel-coated 

substrate, the survival rate was determined by 134 cells from 13 independent experiments 

(Table 3.11). For TPC1 transferred to a gelatin-coated substrate, the survival rate was 

calculated with 64 cells from 6 independent experiments (Table 3.12).  

To analysis the transfer process, the time-resolved images of the cavitation bubble in 

the hydrogel and the transferred hydrogel jet at each delay time were repeated at least three 

times. The results were presented as mean ± standard deviation of 3 independent 

experiments per laser parameter. To determine the obtained hydrogel spot diameter and the 

single cell positioning accuracy and precision on the acceptor slide, the mean ± standard 

deviation of 30-100 independent hydrogel spots were calculated. The data in Figure 3.22c 
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displays the cell deviation frequencies, which is obtained by dividing the number of 

transferred cells within the deviations from the target position to the total transferred cells.   
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3 Results 

3.1 Upright configuration for fs laser-based cell transfer 

Key aspect of this thesis was the establishment of an ultra-fast laser-based technique 

for the transfer of living mammalian cell with single cell precision. For this purpose, an upright 

fs laser set up was planned, designed and built de novo. In a series of experiments, transfer 

parameters and suited hydrogels were identified and continuously optimized and adapted to 

various cell types. The integration of a time-resolved imaging system allowed for the 

observation of the transfer process.  

3.1.1 Setup description 

In the upright configuration the fs laser pulse (λ = 1030 nm, 600 fs) is focused from 

above through the acceptor and the reservoir surface directly underneath a thin cell layer, 

which is suspended on the hydrogel surface in reservoir (Figure 3.1 left) (22,73). An identical 

configuration was used by Serra et al., who established this method for generating hydrogel 

jets without transferring cells (34,60,70). To analyze and optimize the jet dynamics, an optical 

setup was established for a shadowgraphy visualization of the transfer process from a side 

view, at defined delay times and with a nanosecond temporal resolution. This technique is 

commonly known as Pump-Probe Microscopy (PPM), and has been used in a variety of 

applications, such as investigation of laser-induced ablation of metals (91–93). The pulse 

duration for illumination is much shorter than the camera exposure time, therefore a time-

resolved image series can be integrated by delaying the illumination of the probe pulse.  

“As shown in Figure 3.1 right, a fs-laser pulse was isolated from a 500 Hz pulse train of 

the laser source with a mechanical shutter (Uniblitz, Rochester) and focused by a 32× 

microscope objective (Leica Wetzlar, Germany). For shadowgraphy, the transfer process 

including the pressure wave, cavitation bubble in the hydrogel and the transferred hydrogel 

jet were probed perpendicular to the transfer direction in transmission, using a pulsed 28 ns 

spark flash-lamp (Nanolite KL-L, High-Speed Photo-Systeme, Wedel, Germany). For 

fluorescence excitation and probing, a collimated frequency doubled q-switched laser pulse 

(523 nm wavelength, 5 ns pulse duration, 40 µJ pulse energy, Mosquitoo, InnoLas Photonics, 

Germany) was used. The probe-pulse imaging system comprised of a microscope objective with 

long working distance (M Plan Apo 5×/0.14 and 10×/0.28, Mitutoyo, Japan) perpendicular to 
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the 523 nm excitation ns laser beam, an emission bandpass filter (555/20 ET Bandpass, 

Chroma, Bellows Falls, VT), a tube lens (TTL200-A, Thorlabs, Bergkirchen, Germany) and a 1.4 

MP, 14-bit monochrome CCD camera (CCD1 in Figure 3.1) with a full well capacity of 16,000 

electrons and 6 electrons RMS read out noise (PCO, Pixefly USB, Kelheim, Germany). 

Synchronization was accomplished by a photodiode (DET10A/M, Thorlabs) and a delay 

generator (DG645, Stanford Research Systems, Sunnyvale, CA). By illuminating the transparent 

reservoir from below with a halogen lamp, a bright field image of the cell distribution at the 

hydrogel surface was obtained with the confocal camera CCD2 (DMK 41BU02.H, Imaging 

Source, Bremen, Germany, see also Figure 3.1). By moving the reservoir in x-y-direction the 

desired cells were positioned in the fs-laser focus and thereby selected for transfer. A separate 

x-y-z stage allowed for precise positioning of the acceptor slide, which caught and carried the 

transferred cell-laden spots. The distance between the hydrogel/cell surface and the acceptor 

slide was about 1 mm. The focus depth of the fs-laser pulse in the reservoir was controlled by 

a motorized objective on a z-stage (see Figure 3.1) (LS-65, Physik Instrumente, Karlsruhe, 

Germany)”. The text is obtained from the article (22). 

 

Figure 3.1 Upright setup for fs laser-based printing of mammalian cells. An fs-laser pulse is focused by 
a microscope objective into the reservoir containing the cell-laden hydrogel. The cell distribution at 
the hydrogel surface can be monitored with the confocal CCD2 camera. The transfer process is 
illuminated with a pulsed 28 ns white-light lamp or a 5 ns laser pulse and acquired with an imaging 
system comprising a CCD1 camera, a tube lens and a microscope objective (5×/10×). The delay time is 
triggered by photodiode and synchronized by a delay generator. The figure has been published in 
article (22).  
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3.1.2 Establishing multiple cell printing 

First, to test the feasibility of printing living mammalian cells, the hydrogel consisted 

of 0.2% alginate in histopaque and was laden with a concentration of 5x106/ml GFP labelled 

human mesenchymal stem cells (hMSCs) of the SCP1 cell line. “The laser pulse energy after 

the microscope objective was set to 5.0 µJ, the focus depth remained at 78 µm. The distance 

between liquid and acceptor dish was set to 500 µm. The single laser pulses to generate the 

jets were triggered at arbitrary x-y-position in the reservoir. Figure 3.2 shows bright field (a) 

and fluorescence (b) images of hydrogel micro-spots containing SCP1 cells, after laser-induced 

cell transfer to a gelatin coated acceptor petri dish. The large hydrogel spots are circular with 

an average diameter of about 200 µm, containing between 15 and 25 cells each, while the 

smaller hydrogel spots have a more irregular appearance, and an average diameter of 80 µm, 

containing only between 3 and 7 cells each. In the fluorescence image, live cells appear in green, 

while dead cells display in red, because of the PI staining (cf. materials and methods section 

2.4.5 for details). In the large hydrogel spots, the cell survival rate is about 91%, while in the 

small irregular hydrogel spots the survival rate is only about 50%, calculated from 5 

independent experiments (Table 3.1). For comparison, the survival rate of cells remaining in 

reservoir is about 92% (data not shown)”. The text is obtained from the article (73). 

 

Figure 3.2 Representative microscope images of cell-laden hydrogel spots. (a) In the bright field image, 
the large hydrogel spots show a diameter of about 200 µm, while the small hydrogel spots size up to a 
diameter of only 80 µm. (b) The fluorescence image reveals a cell survival of up to 90% in the larger 
hydrogel spots (red PI staining indicates dead cells, live cells are displayed in green), in small hydrogel 
spots only 50% of cells survive the laser-induced transfer. The figure has been published in article (73). 
The number of transferred cells is presented in Table 3.1. 

 



26 

Table 3.1 Cell survival rate from larger and small hydrogel spots (absolute cell numbers) 

 

“To investigate the long-term effects of laser-induced transfer on cell viability, time-

lapse microscopy of the transferred cells was conducted over 40 hours. Figure 3.3 shows mouse 

melanoma cells (B16F1 cell line) transferred from a hydrogel reservoir at 5.4 µJ laser pulse 

energy, which is above the threshold energy for the second jet. Immediately after transfer (see 

Figure 3.3 at 00:00 h), the petri dish, which served as acceptor surface, was transferred into 

the incubation chamber of the fluorescence microscope and a first image was recorded (cf. 

materials and methods 2.4.5 for details). To allow the melanoma cells to adhere to the 

acceptor substrate, the surface was coated with a 100 µm layer of Matrigel. The cells were 

allowed to rest on the Matrigel coated substrate for 15 minutes before cell culture medium 

was added. Note that unlike the bone marrow derived SCP1 cells shown in Figure 3.2, which 

adhere well on pure gelatin gel, a hydrolyzed form of collagen, the most abundant protein in 

bone and cartilage, the melanoma cells prefer Matrigel as a substrate, because it resembles 

the protein composition of the basal lamina (94). After one hour (see Figure 3.3 at 01:00 h), 

the distribution and appearance of cells still resembled the appearance immediately after the 

transfer with the exception of three cells which were missing and were most likely washed off 

the substrate when adding the cell culture medium (indicated by arrows). These were 

presumably dead cells, which were not able to adhere to the Matrigel substrate. With a total 

cell number of 20 cells, this corresponds to a survival rate of transferred cells of 85% for the 

hydrogel spot shown. After two hours of incubation, the cells started to migrate towards each 

other and form first cell clusters, and after nine hours, all cells from the transferred hydrogel 

spot were forming a single cluster in the center of the image. Migration towards each other 

and clustering is a typical phenomenon, which is frequently observed for melanoma and other 

cancer cells (95). At 30 hours, a significant increase in the cluster volume and cell number could 

be observed. At 40 hours, the size of the cluster increased again, which shows that the cells are 

able to proliferate after laser-induced cell transfer”. The text is obtained from the article (73). 
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Figure 3.3 Representative time-lapse microscopy of cell migration and proliferation from 3 
independent experiments. Live cells are left to adhere to the Matrigel substrate for 15 min, whereas 
dead cells are washed away when adding 3 ml DMEM medium which was gently pipetted into the dish 
(arrows at 0:00 and 1:00 h). The cells were monitored for a period of 40 h. After two hours of incubation, 
individual cells start migration and cluster formation. After 09:00 h a common cluster comprising of all 
cells was formed. An increase of the number of cells and cluster volume after 30 h indicates proliferation. 
The scale bar corresponds to 100 µm. The figure has been published in article (73). 

In addition to cell survival and proliferation, the risk photo-induced DNA damage in the 

transferred cells should be avoided. Thus, we checked for DNA damage using a double strand 

break staining kit (STA321, Cell Biolabs Inc, USA), which is based on the phosphorylation of 

histone H2AX. Figure 3.4 shows phase contrast (top row) and fluorescence images (bottom 

row) of SCP1 human mesenchymal stem cells, after laser transfer and staining with the DSB 

staining kit (left column) to detect DNA double strand break, according to the protocol 

provided by Cell Biolabs (materials and methods 2.4.7 for details). For comparison, the 

immunofluorescence staining of non-transferred SCP1 cells was performed as negative 

control (middle column, control(-)), while a positive control of non-transferred SCP1 cells was 

treated with 100 µM etoposide for 1 hour to induce DNA double strand breaks (right column, 

control (+)). No DNA double strand breaks could be detected by fluorescence microscopy in 

cells after laser transfer (bottom left) as well as in the untreated negative control (bottom 

middle). Introduction of DSB by ectoposide in the positive control proved the functional 

capability of the experiment to reveal DNA damage indicated by the fluorescence signal 

(bottom right).  
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“A previous bioprinting study by Xiong et al., using a 193 nm UV-laser compared the 

survival rates and DNA damage of a cell-laden alginate bioink with and without an additional 

UV absorbing gelatin layer. Post-transfer cell survival rates of 77% and 68% and DNA double 

strand breaks in 10% and 21% of the cells, respectively, were reported (45). In comparison, 

with the 91±2% survival rate here (see Figure 3.2) and no detectable DNA double strand breaks 

(Figure 3.4), the film-free near-infrared fs laser printing method of this work displays 

significantly higher survival rates and prevents DNA damage”. The text is obtained from the 

article (73). 

 

Figure 3.4 Phase contrast (top row) and fluorescence images (bottom row) of SCP1 cells with applied 
DSB staining kit after laser transfer (left column), non-transferred cells as a negative control (middle) 
and DNA damaged cells (via treatment with ectoposide) as a positive control (right column). White 
scale bar in right bottom image indicates a length of 100 µm. Representative figure from two 
experiments. 

3.1.3 Establishing single cell printing 

In the last section, the number of printed cells per transfer could not be controlled 

because the laser focus was placed arbitrarily underneath a random distribution of cells at the 

hydrogel surface in reservoir. The actual number of cells around the laser focus was unknown. 

Now a bright field observation of the reservoir and the acceptor slide was established to 

search, identify and select single cells and groups of cells in the reservoir and analyze 

transferred the cells after the transfer to the acceptor without changing the setup. “The 
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example given in Figure 3.5 shows bright field microscopy images of B16F1 mouse melanoma 

cells on the surface of the hydrogel (histopaque 1083) reservoir before (left images) and after 

transferring the cells to the target surface (middle column). After the laser pulse has arrived, 

the single cell (top) or the group of five cells (bottom) disappeared from the reservoir surface 

(middle row) and can be detected on the target surface (right column). In both cases, a 600 fs 

laser pulse with 3 µJ pulse energy was focused approximately 70 µm underneath the cell(s) to 

be transferred, as indicated by the red crosses (left images). With these parameters, hydrogel 

and cells within a radius of ~25 µm around the lateral position of the laser focus were 

transferred to the substrate. Consequently, if only one isolated cell is located within this 

~25 µm radius, a single cell is transferred to the target. If several cells are located within the 

~25 µm radius, all cells within this radius are transferred to the target. By choosing appropriate 

conditions for cell harvesting and reservoir preparation, e.g. suitable trypsinization protocols 

and cell concentrations, a sufficient amount of isolated cells within the cell reservoir for single 

cell transfer is feasible”. The text is obtained from the article (22). 

 

Figure 3.5 Representative microscope images of single (upper row) (at least 500 independent transfers) 
and multiple cells (lower row) transfer (at least 50 independent transfers), B16F1 cells are identified 
with an optical microscope (bright field, 32× objective, NA = 0.6), selected and transferred from a 
hydrogel reservoir to a target substrate. Red crosses mark the center of the bright field images which 
corresponds to the laser focus position in the reservoir (left column). The laser pulse energy is 3 µJ, the 
focus depth 70 µm. After laser triggering the selected cells disappeared from the reservoir (middle 
column). Pre-selected single and multiple cells were detected at the target substrate (right column). 
The figure has been published in article (22).  
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3.1.4 Investigation of transfer parameters in cell-free conditions 

3.1.4.1 Overview over the cell-free jet behavior 

To investigate the transfer process, and further optimize the transfer parameters, a 

visualization of the transfer process with a temporal resolution of nanosecond precision, as 

described in depicted in Figure 3.1 was carried out. Figure 3.6a presents a time-resolved image 

series of the cell-free jets at a pulse energy of 2 µJ and a focus depth of 52 µm. The lower part 

of each image shows the hydrogel reservoir surface, the top shows the acceptor slide: The 

distance between the hydrogel and the acceptor surface is 1 mm. At a delay time of 1 µs, a 

protrusion of the surface is generated, which forms a needle-like structure at the pole called, 

“first jet” (70,71) and which grows straight up while progressively thinning. The first jet 

develops with a velocity of 17.5±0.5 m/s and a small droplet, so-called, “primary droplet” (79) 

with a diameter of 28±2 µm (indicated by red arrows in Figure 3.6a) is formed and separates 

from the tip of the first jet after delay time of 30 µs and then reaches the acceptor slide at 

60 µs. A much thicker jet with a width about 90 µm, so-called, “second jet (70,71)” can be 

found at the base of the first at a delay time of 20 µs (Figure 3.6a), which has an initial velocity 

of 5.2±0.1 m/s. After 70 µs, the first jet starts to breakup from the second jet at a height about 

300 µm above the hydrogel surface resulting in an abrupt decrease of the second jet velocity 

to 1.5±0.1 m/s. A large droplet is created at 100 µs and then separates from the second jet 

after 220 µs and finally reaches to the acceptor slide at 500 µs. After 1 ms the propelled 

hydrogel has completely arrived at the acceptor and subsequently the hydrogel surface 

recovers to its plane surface again. The jet fronts of the first and second jet versus the delay 

time is plotted in Figure 3.6b and the slopes of the fits correspond to the jet velocities. It is 

important to note that in this study each time-resolved image was acquired from a separate 

experiment as a consequence from the pump-and-probe principle.  
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Figure 3.6 (a) Representative time-resolved images of the transfer process of pure histopaque 1083 
hydrogel (3 independent jets) from 1 µs to 1 ms visualizing the time-evolution of the first and the second 
jet. The lower part of each image shows the hydrogel reservoir surface, the top shows the acceptor 
slide. The laser pulse energy is 2 µJ, the focus depth is 52 µm. Scale bar = 100 µm. (b) Jet front 
propagation of the first and second jet versus the delay time after the transfer laser pulse. The solid 
lines represent linear fits to the data, which represent average values ± standard deviations of 3 
independent jets. When the first jet separates from the second, the jet velocity of the second jet drops 
from 5 to 1.5 m/s. The figure has been published in article (22). 
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3.1.4.2 Effect of laser pulse energy on cell-free jet dynamics  

To investigate the effect of laser pulse energy on the jet dynamics of the cell-free 

transfer, we repeated the above-mentioned time-resolved study in variation of laser pulse 

energy, while keeping the focus depth fixed at 52 µm. The time lapse series for pulse energies 

from 0.4 to 7 µJ are shown in Figure 3.7. By using a pulse energy of 0.4 µJ a protrusion can be 

observed above the free liquid surface which is then “pulled back” to the surface after 10 µs. 

At a pulse energy of 1 µJ, the primary droplet with a diameter of about 33±2 µm separates 

from the first jet at a delay time of 40 µs and reaches the acceptor slide at 140 µs. The 

following second jet has not enough energy to evolve further and is attracted back to the 

reservoir (see Figure 3.7, 1 µJ). Above 2 µJ, both, the first and the second jet are able to reach 

at the acceptor slide, resulting in an abrupt increase of the transferred hydrogel spot diameter 

on the acceptor slide from 71±6 µm at 1 µJ to 144±9 µm at 2 µJ (Figure 3.8c). At 3 and 4 µJ 

both, the first and second jet, develop with higher velocity and then arrive at the acceptor 

slide. The first jet reaches the acceptor slide before the breakup of the primary droplet occurs. 

As the laser pulse energy further increases to 5 and 7 µJ, the first jet develops with a velocity 

above 100 m/s and tends to become splashing and unstable entering a turbulent regime, 

which is undesired for the transfer (see Figure 3.7). By increasing laser pulse energies, a larger 

and faster expanding protrusion can be found above the hydrogel surface and the jet velocity 

increases from 7.3±0.2 m/s at 1 µJ to 38±1 m/s at 4 µJ (see Figure 3.8a). The aspect ratio is the 

ratio of the jet height to width (FWHM: full width at half maximum). As the first jet is 

progressively thinning, the aspect ratio is calculated at a constant delay time of 10 µs. As 

shown in Figure 3.8b, by increasing the laser pulse energy, the aspect ratio of the first jet 

increases from 3.8±0.7 at 1 µJ to 17±2.4 at 4 µJ, and the width of the first jet decreases slightly 

from 35±3 to 24±3 µm. At 1 µJ, the transferred hydrogel spot on the acceptor slide can only 

be obtained from the first jet (Figure 3.8d, red area), however above this laser pulse energy 

both, the first and second jet, can be transferred to the acceptor slide and result in a large 

hydrogel spot (Figure 3.8d, green area). As a conclusion, a narrower and faster jet can be 

observed by increasing laser pulse energy, resulting in larger hydrogel spot at acceptor surface. 
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Figure 3.7 Representative time-resolved images of laser-induced transfer of cell-free hydrogel (3 
independent jets) versus laser pulse energy, while keeping the focus depth fixed at 52 µm. By using 
higher laser pulse energy, jet behavior can change from no material transfer (0.4 µJ) to well-defined 
jetting (1-4 µJ) and to undesirable jetting in pluming/splashing form (5 and 7 µJ). All scale bars are 
50 µm. 
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Figure 3.8 (a) Plot of the first jet and second jet velocity and (b) the first jet width and aspect ratio at 
constant delay time of 10 µs versus laser pulse energy. All data points in (a) and (b) represent average 
values ± standard deviations of 3 independent jets. (c) Bright field microscope images of the printed 
hydrogel spots on the acceptor slide and (d) the corresponding hydrogel spot diameters with varying 
laser pulse energies. In the red area the small hydrogel spots origin only from the first jet, in the green 
area larger hydrogel spots origin from first and second jet. The data points in (d) represent average 
spot diameters ± standard deviations of at least 30 independent hydrogel spots. 

As mentioned above, at low jet velocities there is no material transport, while 

increasing velocities lead to a laminar jet until an undesirable jet in a splashing form occurs at 

too high velocities. Besides the change of jet behavior, an abrupt increase of the hydrogel 

spots size on the acceptor slide can be observed due to the transfer of the second jet. Because 

the spatial printing resolution is defined by the spot size, minimizing this value is of high 

interest, when aiming at maximal printing resolution. Figure 3.9a and b show the transfer 

process and corresponding transferred hydrogel spots on the acceptor slide when slightly 

increasing the laser pulse energy, while keeping the focus depth fixed at 52 µm. At 0.75 µJ, 

the first jet reaches its maximum height about 150 µm at 15 µs and then is pulled back to the 

reservoir without the transfer of hydrogel. Figure 3.9d shows the complete jet process by 
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using a pulse energy of 0.8 µJ, the first jet propagates straight up with a velocity of 5.6±0.8 m/s. 

A primary droplet with a diameter of 32±3 µm separates from the 15±2 µm wide jet at a delay 

time of 60 µs. Subsequently, the primary droplet propagates with a final velocity of 

1.7±0.3 m/s, reaches the acceptor slide and finally spreads on the acceptor slide to a spot 

diameter of 55±3 µm. As the laser pulse energy slightly increases up to 1.2 µJ, the first jet 

breaks up into multiple droplets, propagating on the same trajectory (Figure 3.9a) and also 

reach the acceptor slide and where they generate a slightly larger hydrogel spot (Figure 3.9c). 

However, an abrupt transition of the transferred spot diameter from 67±4 µm at 1.2 µJ to 

134±9 µm at 1.4 µJ can be observed due to the additional generation of the second jet as 

shown in Figure 3.9a. The smallest hydrogel spot on the acceptor slide can be obtained by 

using an energy of 0.8 µJ, which can be defined as the threshold energy for the transfer of the 

first jet. 

 

Figure 3.9 (a) Representative images of the jet process (3 independent experiments) at slightly 
different pulse energies around first jet threshold at a fixed focus depth of 52 µm. (b) Microscope 
image of the corresponding transferred hydrogel spots on the acceptor slide and (c) their diameters 
(mean ± standard deviation) versus pulse energy, which were obtained from at least 40 independent 
hydrogel spots. (d) Representative time-resolved image of the breakup process of the first jet (3 
independent experiments) by using the threshold energy of 0.8 µJ. All scale bars are 100 µm. 
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3.1.4.3 Effect of laser focus depth on cell-free jet dynamics  

Besides the laser pulse energy, the jet behavior is significantly controlled by the laser 

focus depth (the distance between the bubble centroid to the liquid surface). To investigate 

the influence of laser focus depth on jet dynamics of the cell-free hydrogel, a series of time-

resolved images using variable laser focus depths was carried out, while the laser pulse energy 

remained fixed at 2 µJ (in Figure 3.10).  

At a laser focus depth of 26 µm, the first jet develops with a velocity about 100 m/s 

and tends to become splashing and unstable entering a turbulent regime, which is undesired 

for printing. At a laser focus depth of 39 µm the first jet exhibits a width of 18±2 µm and 

propagates in slightly curved shape with a velocity of 43±1 m/s (Figure 3.11a). The second jet 

with a width of about 85 µm can be observed behind the first jet at a delay time of 20 µs, 

which propagates with a velocity of 5.4±0.2 m/s and reaches to the acceptor slide at a delay 

time of 200 µs. At a focus depth of 65 µm the first jet has a width of 48±2 µm and develops 

straight up with a much slower velocity of 5.8±0.2 m/s. A primary droplet with a diameter of 

43±2 µm separates from the first jet and reaches the acceptor slide later at a delay time of 

140 µs. The following second jet reaches its maximum height at delay time of 200 µs and 

afterwards drops back to the hydrogel surface, resulting in an abrupt decrease of the 

transferred hydrogel spot diameter on acceptor slide from 144±9 µm at a focus depth of 

52 µm to 80±3 µm at a focus depth of 65 µm (Figure 3.11c). As the focus depth is further 

increased to 78 µm, only a weak protrusion can be observed at the surface and no hydrogel 

can be transferred. The width of the first jet increases with the focus depth resulting in a lower 

aspect ratio as shown in (Figure 3.11b). For low focus depths of 39 and 52 µm, large hydrogel 

spots can be obtained on the acceptor slide from the both jets (Figure 3.11d, green area). 

However, at a focus depth of 65 µm only the first jet can be transferred to the acceptor slide, 

resulting in a much small hydrogel spot with a diameter of 80±2 µm (Figure 3.11d, red area). 



37 

 

Figure 3.10 Representative time-resolved image series of laser-induced transfer of cell-free hydrogel 
(3 independent experiments) in variation of the laser focus depth at a constant pulse energy of 2 µJ. 
By increasing focus depth, the jet behavior can change from undesirable curved (39 µm) to well-
defined jetting (52 and 65 µm) and to no material transferring (78 µm). Scale bar is 100 µm.  
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Figure 3.11 (a) Plot of the first jet and second jet velocity versus the laser focus depth. (b) and the first 
jet width and aspect ratio at constant delay time of 10 µs. All data points in (a) and (b) represent 
average values ± standard deviations of 3 independent jets. (c) Bright field microscope images of the 
printed hydrogel spot arrays on acceptor slide and (d) the corresponding diameter with varying laser 
focus depth. In the red area the small hydrogel spots come from the first jet, the larger hydrogel spots 
in the green area come from first and second jet at lower focus depths. The data points in (d) represent 
average spot diameters ± standard deviations of at least 30 independent hydrogel spots. 

Figure 3.12a presents the jet process for using this threshold energy for varied focus 

depths from 39 to 78 µm. As expected, the threshold energy for the transfer of hydrogel 

increases from 0.4 µJ at focus depth 𝐹𝑑=39 µm to 0.8 µJ at 𝐹𝑑=52 µm to 1.4 µJ at 𝐹𝑑=65 µm 

and to 2.3 µJ at 𝐹𝑑 =78 µm. The corresponding minimal hydrogel spot, which printing 

resolution, increases from 42±3 µm to 55±3 µm to 68±4 µm and to 78±4 µm (see Figure 3.12b), 

respectively. Figure 3.12c displays a plot of the spot diameter on the acceptor slide versus the 

laser energy, where each data point was calculated from at least 50 hydrogel spots.  
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Figure 3.12 (a) Representative time-resolved images of the breakup process of the first jet (3 
independent jets) by applying the threshold energy to the corresponding focus depth of 39 to 78 µm. 
(b) Microscope image of these transferred hydrogel spots on the acceptor slide and (c) plot of the 
transferred spot diameter versus pulse energy. The data points in (c) represent average spot diameters 
± standard deviations of at least 50 independent hydrogel spots. 

3.1.4.4 Effect of hydrogel viscosity on cell-free jet dynamics  

“To investigate whether our approach can also be used for the 3D printing of higher 

viscos hydrogels, we investigated how the transfer kinetics are affected by the viscosity of the 
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gels. Figure 3.13 shows the kinetics of the hydrogel jet for pure histopaque and for three 

different alginate concentrations (0.5%, 1% and 1.5% alginate dissolved in histopaque) with 

viscosities of 13, 48, 140, and 450 mPas, respectively, using 2, 3, and 4.2 μJ pulse energy. As 

expected, for 2 μJ pulse energy, the final jet velocity decreases from 18.8 ± 0.6 m/s for pure 

histopaque to 14 ± 0.6 m/s for 0.5% alginate and to 4.1 ± 0.3 m7s for the 1% alginate hydrogel 

(see Figure 3.14a). For 1.5% alginate and 2 μJ pulse energy, the kinetic energy of the hydrogel 

jet is insufficient to overcome the surface tension of the air–hydrogel interface and the jet 

collapses without leaving the hydrogel reservoir. A pulse energy of 3 μJ is still not sufficient for 

a successful transfer. However, if the laser pulse energy is increased to 4.2 μJ, even at 1.5% 

alginate concentration and a viscosity of 450 mPas, the jet overcomes the surface tension of 

the air–hydrogel interface, escaping from the hydrogel reservoir with a velocity of 

4.9 ± 0.4 m/s (see Figure 3.14b). Alginate is a frequently used hydrogel for bioprinting 

applications, where it is usually cross-linked with calcium, immediately after printing. At 1.5%, 

the alginate concentration is just high enough for 3D printing, if the alginate is cross-linked 

with calcium, for example, through a calcium containing hydrogel on the acceptor side (96)”. 

The text is obtained from the article (22). 



41 

 

Figure 3.13 Representative time-resolved images of laser-induced transfer (5 independent jets) of 
hydrogel (histopaque 1083) supplemented with different concentrations of alginate. Scale 
bar = 100 µm (22). The figure has been published in article (22). 
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Figure 3.14 (a) Kinetics of the first jets with a laser pulse energy of 2 µJ are plotted versus the delay 
time. The jet velocities decrease with increasing viscosity. (b) Kinetics of the first jets of 1.5% alginate 
hydrogel are plotted versus the delay time, for 2, 3 and 4.2 µJ pulse energies. All data points in (a) and 
(b) represent average values ± standard deviations of 5 independent jets. The figure has been published 
in article (22). 

3.1.4.5 Hydrodynamic analysis of cell-free transfer 

In addition to the transfer parameters and a quantitative analysis of the jet geometry 

and kinetics, as it was presented for the cell-free transfer, now also the hydrodynamic 

properties are investigated by calculating Weber and Reynolds numbers of the jet at different 

laser pulse energies and focus depths (see Table 3.2). The Weber number is often useful in 

analyzing the mechanics of the fluid jet and describes the ratio of kinetic energy of the 

propagating jet relative to surface energy. The Reynolds number describes the relationship of 

inertial forces to viscous forces indicated by the internal movements within the fluid (see 

chapter 2.3 for details). As the first jet is progressively thinning during propagation, for 

calculation of the Weber and Reynolds numbers we determined the width 𝑑 and velocity 𝑣 of 

the first jet at a constant delay time of 10 µs, which is before the second jet appeared and 

noticeably affected the development of the first jet. We assumed that the rheological 

properties of the hydrogel (density 𝜌 , surface tension 𝜎  and dynamic viscosity 𝜇 ) remain 

constant during the printing process.  

As mentioned above, only a weak protrusion can be observed at the surface and no 

hydrogel can be transferred in Figure 3.7 (𝐸𝑝=0.4 µJ) and Figure 3.10 (𝐹𝑑=78 µm) with a Weber 

number less than 4 and Reynolds number less than 10, which is indicated in gray in Table 3.2. 

In this case, the kinetic energy for jet propagation is insufficient overcomes the surface energy. 

By increasing laser pulse energies or decreasing focus depths, a larger and faster expanding 

protrusion can be observed at the hydrogel surface leading to faster and narrower jets. The 



43 

first jet develops in laminar form (green in Table 3.2) with a low velocity below 20 m/s 

(4 < 𝑊𝑒 < 200 and 10 < 𝑅𝑒 < 50) by using low laser pulse energy (𝐸𝑝=1-2 µJ) or high focus depth 

(𝐹𝑑=52-65 µm). A primary droplet is formed and separates from the tip of the first jet and the 

breakup length (see Figure 2.6) increases with jet velocity. By future increasing the laser pulse 

energy or decreasing the focus depth, slightly curved jets (yellow in Table 3.2) can be observed 

in Figure 3.7 (𝐸𝑝 =3-4 µJ) and Figure 3.10 (𝐹𝑑 =39 µm) with a jet velocity 30 < 𝑣  < 50 m/s 

(400 < 𝑊𝑒 < 1000 and 50 < 𝑅𝑒 < 100). As the jet velocity future increases above 100 m/s and 

the corresponding We > 1000 and 𝑅𝑒 > 100 (red in Table 3.2), the jet develops in splashy form 

and the breaks up into lots small droplets as shown in Figure 3.7 (𝐸𝑝=5-7 µJ) and Figure 3.10 

(𝐹𝑑 =26 µm). We therefore assume that more kinetic energy can be converted for the jet 

propagation by increasing pulse energies or decreasing focus depths.   

Table 3.2 the first jet width, velocity and the corresponding Weber number as well as Reynolds number 
versus (a) pulse energies and (b) focus depths. As the Weber or Reynolds number increases, the jet 
behavior can change from no material transfer (gray), to a laminar jet (green), to curved jet (yellow) 
and to an undesired splashing jet (red). All data represent average values ± standard deviations of 3 
independent jets.  

 

Table 3.3 displays the jet velocity width as well as the calculated Weber and Reynolds 

numbers, which is similar to the effect of pulse energy on jet behavior in Table 3.2, both the 

Weber and Reynolds numbers increase with pulse energy. However, by increasing the alginate 

concentration from 0% to 1.5%, the Weber and Reynolds numbers sudden drop, resulting the 

jet behavior change from laminar jets to no material transfer. This jet behavior depending on 

the hydrogel viscosities can be explained by the Ohnesorge number, which characterizes the 

importance of hydrogel viscosity in flows. The Ohnesorge number increases from about 0.3 to 

10 by increasing the hydrogel viscosity from 13 to 450 mPas (Table 3.4). Higher viscosity 

induces more resistance (i.e. shear force) for the deformation of the hydrogel in relative 

motion, such as the bubble expansion and jet propagation. Thus, more kinetic energy as well 
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as higher Weber and Reynolds numbers are required for transfer of higher viscos hydrogel 

due to higher dissipation effect. The relationship between these three dimensionless numbers 

will be discussed in capital 4 in more detail. 

Table 3.3 Jet width, velocity and the dimensionless numbers of jets with the variation of the hydrogel 
viscosity. All data represent average values ± standard deviations of 3 independent jets. 

 

3.1.5 Investigation of laser-based parameter under cell-laden conditions 

3.1.5.1 Determining the location of the transferred cells within the jet 

To investigate the effect of the embedded cells on the jetting process, and to analyze 

potential cell-damage sources and further optimize the printing quality, a time-resolved study 

of the cell-laden jet was carried out. Here the pulse energy of the femtosecond transfer laser 

was set to 2 µJ and the focus depth to 52 µm. Figure 3.15a presents bright field images of the 

groups of cells at the surface of the hydrogel before (top) and after printing (middle), and 

transferred cells at acceptor slide (bottom). Eight cells lie within a radius of about 100 µm (red 

dashed line) around the laser focus (red cross). After the laser pulse has induced jet formation, 

they have disappeared from the reservoir and transferred to the acceptor slide, indicated by 

black arrows. More distant cells were pulled closer to the laser focus (cyan arrows). A 

corresponding time-resolved image from the propagating jet at a delay time of 20 µs was 

captured and displayed in Figure 3.15b. Four cells can be found within the base of the first jet 

(green arrows). They most likely correspond to the cells within the green dashed circle before 

printing (Figure 3.15a, top). One or two other cells are located in the second jet indicated by 

the red arrow in Figure 3.15b, which could correspond to the cells between the green and the 

red dashed circles before printing. Due to a random cell distribution, the amount of cells per 

transfer can hardly be controlled. 
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Figure 3.15 (a) Bright field images of the B16F1 cell suspension at hydrogel surface before (top) and 
after (middle) printing, and transferred cells (bottom) at the acceptor slide. (b) Time-resolved 
representative images at a delay time of 20 µs. Scale bar is 50 µm. Representative figure from 3 
independent experiments. 

To determine the location of one single transferred cell within the laser-induced jet, 

the time-resolved fluorescence visualization was carried out by using the green frequency-

doubled q-switched ns laser instead of white spark flash-lamp (see Figure 3.1 for details). 

“Figure 3.16 displays three time series of the transfer process recorded with a 5 ns time 

resolution. The top row highlights an Alexa Flour 532 labeled B16F1 cell, 1, 3, 5, 7, 10, 15, and 

20 µs after the arrival of the NIR transfer pulse. The middle row shows the transfer of a B16F1 

cell, which is not fluorescently labeled. The bottom row shows the plain hydrogel jet without 

the presence of any cells. Both images on the right are close-ups of the images at 3 and 10 µs. 

To visualize the hydrogel jet in the fluorescence images, Alexa 532 was added to the hydrogel, 

obtaining a concentration of 0.02mM for all three time series (see materials and methods 

section 2.4.2 for details of the cell and hydrogel staining). Here, the pulse energy of the fs 

transfer laser was set to 2 µJ and the focus depth to 52 µm. In the top row, the labeled cell can 

be clearly identified by the bright circular fluorescence signal at the tip of the hydrogel jet. The 

cell’s fluorescence intensity at 10 µs corresponds to ~4900 counts, using a 14-bit CCD camera, 

with a full well capacity of 16,000 e- and a gain of one. In the time series with the unstained 

cells (middle row), a black circle at the tip of the jet (~900 counts @ 10 µs) indicates a lack of 

fluorescent molecules at the position where the (unstained) cell is located. If no cell is present 

(bottom row), only the fluorescence signal from the hydrogel (~1500 counts @ 10 µs) can be 
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observed. The horizontal stripes, which are present in all images, are most likely interference 

patterns caused by the ns illumination laser. Note again, that each time point shown 

corresponds to a new cell transfer, recorded with different delay time between NIR fs transfer 

pulse (as pump-pulse) and a 5 ns pulse of the green illumination laser pulse (as probe-pulse) in 

the observation path. The fact that almost no jitter is observed within the three time series, 

demonstrates the high reproducibility and robustness of the transfer process. The subtle 

differences in jet shape between labeled und unlabeled cells observed at 3 µs (see close-up in 

Figure 3.16) could be caused e.g. by slight differences in the initial z-position of the cells”. The 

text is obtained from the article (22). 

 

Figure 3.16 Color-coded fluorescence intensities of the time resolved fluorescence images of the 
transfer of an Alexa 532 labeled B16F1 cell (top row), an unstained B16F1 cell (middle row) and pure 
hydrogel (bottom row). In all cases Alexa 532 was added to the hydrogel, in order to also visualize the 
hydrogel jet. Scale bar: 50 µm. The figure has been published in article (22). Representative figure from 
3 independent experiments. 

“To explore the stability of the transfer process with respect to the focusing precision 

we introduced a lateral offset Δx between the cell to be transferred and the focus position of 

the NIR fs transfer laser. Figure 3.17a shows three human tendon stem/progenitor cells (hTSPC) 

before and after the transfer process, with an offset Δx of 0 µm, 25 and 50 µm between the x-

y position of the laser focus (indicated by red cross) and the cell. In all three cases, the cell was 

successfully transferred to the target substrate using the same laser parameters as in Figure 
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3.16 (pulse energy 2 µJ, focus depth 52 µm). For a more detailed investigation of the transfer 

process with different offsets, we again used the optical inspection path perpendicular to the 

transfer direction. Instead of using the frequency-doubled q-switched ns laser, which we used 

for fluorescence illumination, we now used the white nanosecond spark flash-lamp for bright 

field illumination, rendering 28 ns time resolution. Figure 3.17b shows the time-resolved 

images of the transfer process for all three offsets. While for Δx = 0 µm the cell seems to be 

located at the very tip of the hydrogel jet, for Δx = 25 µm a small bump, indicated by red arrows, 

can be identified at the upper right side of the jet, which seems to correspond to the transferred 

cell. The close-up at 20 µs reveals a Δ15 µm circular object at Δ80% jet height (red arrow), 

which again seems to be the transferred cell. For Δx = 50 µm, a small bump, comparable to the 

one seen for 25 µm offset, can be observed at the lower right side of the hydrogel jet (again 

indicated by red arrows at 3 to 20 µs delay time). However, in this case, the cell is far away 

from the tip of the (thin) initial hydrogel jet and is not transferred with the first jet. Instead, the 

cell is now transferred to the target substrate with a much thicker hydrogel jet, following the 

first jet about 20 µs. Thus, cells are transferred efficiently with a large tolerance range”. The 

text is obtained from the article (22). 

 

Figure 3.17 (a) Representative bright field of at least 20 human tendon progenitor cells (hTSPC) with 
different lateral offsets Δx between the cell and the focus position of the transfer laser, before (left) and 
after transfer (right). (b) Representative time-resolved images of the transfer process (3 independent 
jets) of single hTSPCs with different lateral offsets Δx between cell and transfer laser red circle mark cell 
position in the emerging jet, red arrow points at the transferred cell and (c) close-up images of the jet 
tip, transferred cells indicated by red arrow. Scale bars in all columns are 100 µm. The figure has been 
published in article (22). 
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3.1.5.2 Cell-laden jet dynamics versus laser pulse energy 

To analyze the effect of the transferred single cell on the jet behavior, a fs pulse was 

focused underneath an individual selected cell (∆x = 0) with varying laser pulse energies. A 

cell-free transfer experiment was carried out as a control by focusing the fs-laser pulse at a 

position in the same reservoir, where no cells were located around the laser focus. To prove 

that the selected single cells were indeed transferred, the hydrogel spots on the acceptor slide 

were observed for each experiment. As described above (Figure 3.7), no material transfer or 

transfer in splashing form are undesired for the printing. Thus, for the investigation of the cell-

laden jet dynamics, the pulse energy of the fs transfer laser was varied from 1 to 4 µJ.  

Figure 3.18a shows the time-resolved images of cell-laden jets and the corresponding 

hydrogel spots on the acceptor slide. Below 2 µJ, the jet behavior of cell-free and cell-laden 

printing shows no significant difference: both develop straight up with a comparable velocity 

< 20 m/s, as shown in Figure 3.19a. With 33±2 µm, the primary droplet containing the cell 

exhibits a comparable diameter to the cell-free primary droplet. Above 2 µJ, however, an 

obviously smaller droplet with a diameter about 15±3 µm at the tip of first jet (red rectangle 

marked 3x zoom-in image) is formed during the early stages of the transfer process, which 

does not arise in cell-free jets (Figure 3.18c). The location of the single cell is similar to the 

observation in Figure 3.16 and Figure 3.17. Such small droplets with a diameter of about 15 µm 

represent the printed cells. These cells-containing droplets subsequently separate from the 

first jet and are transferred with a much higher velocities of 45±2 m/s at 3 µJ and 77±3 m/s at 

4 µJ (see Figure 3.18a, 3 and 4 µJ, indicated by red arrows) and then impact at the acceptor 

slide at a delay time of 50 µs.  
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Figure 3.18 (a) Representative time-resolved images of cell-laden (single B16F1 cell) and (c) cell-free 
jets (3 independent jets) and (b and d) the corresponding at least 30 transferred hydrogel spots on the 
acceptor slide in variation of laser pulse energy from 1 µJ to 4 µJ at a constant focus depth of 52 µm. 
The jet process is highlighted in time steps from 3 µs to 50 µs. The lower part of the time series images 
shows an angled view onto the reservoir’s hydrogel surface. The upper margin of the images gives an 
angled view onto the acceptor slide (indicated with black arrows). The red rectangles display a 3-fold 
magnification of the green rectangles in the respective columns. Red arrows indicate single cells 
separated from the jet. Scale bar is 100 µm.  

By increasing laser pulse energies from 1 to 4 µJ, the first jet width of cell-laden transfer 

decreases from 35±5 µm to 23±4 µm (see Table 3.4) and exhibits a comparable width to the 

cell-free jet. For hydrodynamic analysis, above 2 µJ, as the cells separate from the jet, the first 

jet propagates in an obviously more curved and with an approximately 10 m/s faster velocity 

than the cell-free jet (Figure 3.19a). The corresponding Weber and Reynolds number of cell-

laden transfer is about 250 and 15 larger than that for the cell-free jets, respectively (see Table 

3.4). The transferred hydrogel spots containing the printed single cell are similar to the 

hydrogel spots obtained from cell-free transfer, both increase with laser pulse energies from 

about 67±5 µm at 1 µJ to 202±7 µm at 4 µJ (Figure 3.19b). As mentioned above, the stable 

second jet can also be transferred to the acceptor slide, when the pulse energy is high enough.  
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Figure 3.19 (a) Velocities of the cell-free, cell-laden jet and the separated single cell and (b) the 
diameter of the transferred hydrogel spots on the acceptor slide in variation of the laser pulse energy. 
The jet velocity and the obtained spot diameter are at minimum for the low energy of 1 µJ. At 3 and 
4 µJ the transferred single cell separates from the first jet and shows a much higher velocity. All data 
points represent average values ± standard deviations of (a) 3 independent jets and (b) at least 30 
independent hydrogel spots. 

Table 3.4 Jet width, velocity and the dimensionless numbers of cell-free and cell-laden jets in variation 
of the laser pulse energy. The data represent average values ± standard deviations of 3 independent 
jets. 

 

3.1.5.3 Cell-laden jet dynamics versus laser focus depth 

To investigate the effect of laser focus depth on cell-laden jet dynamics, a time-

resolved images of the jet process under variation of laser focus depth was carried out, while 

the laser pulse energy was fixed at 2 µJ. As described above, a smaller and slower expanding 

protrusion is generated by increasing the laser focus depth resulting in a reduced velocity of 

the first jet. Figure 3.20a presents the jet dynamics for different focus depths. At a focus depth 

of 39 µm, the printed single cell is located at the tip of a curved jet (red rectangle marked 3x 

zoom-in image) at a delay time of 5 µs (Figure 3.20a). Subsequently, this single cell (indicated 

by red arrows) separates from the first jet with a much higher velocity of 65±5 m/s, leading to 

an obviously tilted and curved jet compared to the cell-free jets, similar to the observation in 

Figure 3.18, which shows the jet dynamics in variation of laser pulse energy. The first jet 

propagates following an obviously more curved path with a velocity about 10 m/s faster than 
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the cell-free jet (see Table 3.5). The corresponding Weber and Reynolds number from the cell-

laden jets is about 200 and 20 larger than that obtained from cell-free jets (Table 3.5). By 

increasing laser focus depth, a smaller and slower expanding protrusion can be observed at 

the hydrogel surface and leads to slower jets with less Weber and Reynold numbers. At a focus 

depth of 65 µm, the single cell was transferred within the primary droplet and its behavior is 

similar to the cell-free transfer. In this case, both, the cell-free and the cell-laden jets, develop 

with identical velocities of about 6±0.5 m/s, resulting in circular spots with identical diameters 

of 75±5 µm. The transferred hydrogel spots containing the single cell are similar to the 

transferred cell-free spots, the diameter of both decreases with laser focus depth from about 

150±5 µm at 39 µm to 77±4 µm at 65 µm (Figure 3.21b), which is similar to the observation in 

Figure 3.19b.  

 

Figure 3.20 Representative time-resolved images of (a) cell-laden (single B16F1 cell) and (c) cell-free 
jets (3 independent jets) and (b and d) the corresponding at least 30 transferred hydrogel spots on the 
acceptor slide in variation of the laser focus depth, while the laser pulse energy was fixed at 2 µJ. The 
lower part of the time series images shows an angled view onto the reservoir surface; the upper margin 
is defined by the acceptor slide (indicated with black arrows). The red rectangles display a 3x magnified 
image of the green marked region. Red arrows indicate the separated single cell during jet propagation. 
Scale bar is 100 µm.  
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Figure 3.21 (a) Velocities of the cell-free, cell-laden jet and the separated single cell and (b) the 
diameter of the transferred hydrogel spots on the acceptor slide with the variation of the laser focus 
depth. The jet velocity and the spot diameter are minimal for the high focus depth of 65 µm. At 39 µm 
the transferred cell can be separated from the first jet and develops with a much higher velocity. All 
data points represent average values ± standard deviations of (a) 3 independent jets and (b) at least 
30 independent hydrogel spots. 

Table 3.5 Jet width, velocity and the dimensionless numbers of cell-free and cell-laden jets in variation 
of the laser focus depths. The data represent average values ± standard deviations of 3 independent 
jets. 

 

As a conclusion, cells can significantly affect the first jet dynamics. When the cell-laden 

jet develops with a velocity below 20 m/s, 𝑊𝑒  < 200 or 𝑅𝑒  < 50, the jet dynamics has no 

significant differences to the cell-free jet: both develop in a laminar form. The single cell does 

not separate from the first jet and is transferred within the primary droplet, which is similar 

to the cell-free transfer (1 µJ in Figure 3.18 or (65 µm in Figure 3.20). However, by using higher 

laser pulse energies (3 and 4 µJ in Figure 3.18) or lower focus depths (39 µm in Figure 3.20), 

the printed single cell propagates with a higher velocity than the surrounding hydrogel and 

even can become separated from the first jet. As the cells separate from the jet, there is almost 

no hydrogel surrounding the printed cells and the impact at the acceptor slide takes place with 

a velocity above 40 m/s. In this case, the cell-laden jet propagates in a much more curved jet 

form with higher Weber and Reynolds numbers.  
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3.1.6 Positioning accuracy of transferred cells 

The spatial position accuracy of the transferred cells on the acceptor slide is a crucial 

parameter for future applications generating cell niches and artificial tissues. Figure 3.22a 

presents the hydrogel spots on the acceptor slide, each containing one single B16F1 cell, 

transferred by using the above-mentioned threshold energy at each corresponding focus 

depth. The diameter of the obtained hydrogel spots increases linearly from 48±6 µm at 39 µm 

focus depth to 99±5 µm at 78 µm focus depth, as shown in Figure 3.22d. To visualize 

deviations from the nominal target position, the location of the transferred cell is plotted into 

a polar coordinate system (Figure 3.22b). The average center of cell-free spots is set as the 

pre-designated target position (0,0) at the acceptor slide. The histogram in Figure 3.22c 

displays the deviation frequencies. More than 80% of the transferred cells can be positioned 

precisely within a 20 µm radius from the desired target position at a focus depth of 39 µm. At 

a focus depth of 78 µm, the cells are distributed uniformly within a 70 µm radius. A detailed 

analysis of the printing accuracy gives an overall positioning accuracy in our experiments 

(Figure 3.22e) from ±15.5 µm for 39 µm focus depth (root mean square deviation from the 

target position of n = 79 independent transfers) to ±26.7 µm for 52 µm focus depth (n = 33), 

±31.0 µm for 65 µm focus depth (n = 38) up to ±44.2 µm for 78 µm focus depth (n = 61).  

In summary, our results show that the accuracy of cell positioning is determined mainly 

by the variation of the cell position within the transferred hydrogel spot, which depends on 

the spot size. The lateral position of the cell within in a hydrogel spot cannot be controlled. 

Thus, the strategy to increase the printing resolution is to minimize the spot size in the transfer 

process. In addition, the positioning accuracy can be influenced by the focusing error, non-

uniformity of the cell morphology, movement of cells at the hydrogel surface before the 

transfer or asymmetric distribution of the cell’s center of mass.  
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Figure 3.22 Position accuracy of the cell transfer. (a) Representative bright field microscopy images of 
at least 30 transferred hydrogel spots each containing one single B16F1 cell on the acceptor slide by 
using the threshold energy at each focus depth. Scale bar = 50 µm. (b) Deviation of the actual cell 
positions on the acceptor from the target position (0,0). (c) The histogram displays the frequencies of 
the deviations of the cell positions from the desired target point, which is obtained by dividing the 
number of transferred cells within the deviations from the target position to the total transferred cells. 
(d) The diameter of transferred hydrogel spots and (e) resulting position accuracy versus focus depth. 
All data points in (d) represent average values and standard deviations of at least 30 independent 
hydrogel spots. The data in points in (e) can be calculated by the formula 12.   
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3.2 Inverted configuration for fs laser-induced cell transfer 

3.2.1 Laser based sorting of single cells 

The laser-induced cell transfer approach was integrated into an inverted configuration 

based on the possibility of combining it with optical and fluorescence microscopy, which has 

been usually used for life science applications. “For fs laser-induced single cell sorting and 

transfer, the fs laser beam was coupled into an inverted epifluorescence microscope (Nikon Ti-

E) by using a dichroic mirror (Figure 3.23a), which is reflective in the NIR but transmitted in 

visible light. The laser beam was focused through an inverted objective, mounted in a 

motorized objective revolver for vertical positioning. A motorized microscope-stage was used 

for scanning the suspended cells in the reservoir in x-y-direction. Both, the reservoir and the 

acceptor surface were kept at 37°C and 90% humidity to ensure cell viability. Cell shape and 

size were recorded using bright field illumination. Additionally, a fluorescent light source (X-

Cite 120 Q, EXFO) was installed for monitoring fluorescent-labeled cells and hydrogels. For 

image acquisition, a CCD camera (MMI CellCamera 1.4, MMI GmbH, Eching, Germany) was 

used. By switching the fluorescence filter cubes, various fluorescence markers can be identified. 

Figure 3.23b-c shows an example where GFP-labeled hMSCs and orange-labeled human 

papillary thyroid carcinoma cells (TPC1) are selected from a heterogeneous cell population 

(Figure 3.23b) and sorted on the target substrate based on their fluorescence. Therefore, in 

addition to precisely positioning individual cells on a target substrate, this technique allows for 

selecting individual cells prior to the transfer process based on size, morphology or 

fluorescence signals”. The text is obtained from the article (22). 
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Figure 3.23 (a) Inverted setup for femtosecond laser-induced printing and sorting of single living cells 
based on cell morphology and phenotype. (b) Fluorescence images of GFP-labeled SCP1 cells and 
orange-labeled TPC1 cells randomly suspended at the top of hydrogel in the reservoir before printing 
and (c) Representative bright field and fluorescence merged image of printed hydrogel spot containing 
a single cell (5 independent experiments) at acceptor slide. Scale bar is 50 µm. The figure has been 
published in article (22). 

3.2.2 Comparison of the upright and inverted configuration 

For the upright configuration presented in chapter 3, the acceptor slide must be 

transparent for the laser beam. Additionally, the acceptor surface is usually coated with a 

hydrogel, such as alginate, collagen or fibrinogen to soften the impact of the transferred cells 

and prevent them from drying. The laser focus quality through the upright configuration may 

be influenced by optical properties of the acceptor slide including coating, such as the 

transmission, thickness, absorption and scattering from a thick film or 3D scaffold. It needs to 

be noted that the rheological properties of the coating may be varied due to evaporation of 

water, which can further affect the laser focus quality resulting in a low reproducibility (52). 

To avoid such limitations, the laser beam was integrated into an inverted configuration for fs 

laser-based cell transfer (see Figure 2.4b and c) and the corresponding specifications of the 

applied three microscope objectives (Table 2.1).  

In order to integrate the time-resolved imaging system to an inverted configuration, 

two objectives were used for focusing the fs-laser beam through the reservoir bottom (Figure 

2.4b and c): a 40× dry objective (Nikon40×/0.6) with a numerical aperture of 0.6 and a 25× 

water immersion objective (Leica 25×/0.95) with a numerical aperture of 0.95. The cell 
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distribution at the hydrogel surface can be monitored with the confocal camera CCD2. The 

transfer process is illuminated with a pulsed 28 ns white-light lamp. Shadowgraph images of 

the transfer process are obtained with an imaging system comprising a camera (CCD1), a tube 

lens and a microscope objective (5×/10×). The delay time is triggered by a photodiode and 

synchronized by a delay generator (see Figure 3.24). To analyze the jet behavior and the 

cavitation bubble development in the hydrogel, the time-resolved imaging approach, which 

was described in chapter 3.1 for the upright configuration, needs to be carried out again for 

the inverted setup (see Figure 3.24). The operating scheme is similar to the upright 

configuration (see Figure 3.1 for details).  

 

Figure 3.24 Inverted setup for fs laser-based printing of mammalian cells. An fs-laser pulse is focused 
through a water immersion microscope objective into the reservoir. The cell distribution at the 
hydrogel surface can be monitored with the confocal CCD2 camera. The transfer process is illuminated 
with a pulsed 28 ns white-light lamp. Shadowgraph images of the transfer process are obtained with 
an imaging system comprising a CCD1 camera, a tube lens and a microscope objective (5×/10×). The 
delay time is triggered by photodiode and synchronized by a delay generator. 

3.2.2.1 Pressure wave and cavitation bubble kinetics 

The optical breakdown initiated by the fs-pulse in the transparent liquid leads to two 

mechanical effects: one is the emission of a shock/pressure wave and the other is the creation 

of a rapidly expanding cavitation bubble (72). To visualize the laser-induced shock/pressure 

wave and cavitation bubble inside the hydrogel, the white nanosecond spark flash-lamp was 

used for a time-resolve investigation (see Figure 3.1 and Figure 3.24 for details). However, 

near to the surface, the cavitation bubble can hardly be detected, due to the reflection of the 

illumination light by the liquid surface. Thus, the investigation of the laser-induced 
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shock/pressure wave and cavitation bubble was carried out by focusing the fs-pulse about 

1 mm underneath the hydrogel surface. The laser pulse energy was fixed at 2 µJ. Figure 3.25a 

presents time-resolved images of the pressure wave and cavitation bubble (indicated by red 

arrows) in the hydrogel by using three different objectives. The pressure wave front can be 

detected optically due to the change of material density and the optical refractive index and 

is observed 350 ns after the fs laser pulse has arrived. For the Leica 32× and Nikon 40× 

microscopy objective the cavitation bubbles are elongated along the optical axis (z-axis) and 

the corresponding pressure wave fronts are elliptical, due to the spherical aberration caused 

by the thick hydrogel layer between donor slide and focus (see chapter 2.2). For the Leica 25× 

water immersion objective, on the other hand, the focus seems to be more confined in along 

the z-axis and both cavitation bubble and pressure wave front are almost circular.  

The velocities of pressure waves were determined from the slopes of the pressure 

wave front versus delay time (see Figure 3.25b). The pressure waves generated by the 32×, 

40× and 25× objectives have velocities of 1.52±0.04 km/s, 1.58±0.08 km/s and 1.50±0.02 km/s, 

respectively, which is similar to the speed of sound in water of 1.489 km/s (72).  

 

Figure 3.25 (a) Representative time-resolved images of the pressure wave and cavitation bubble (3 
independent experiments) initiated by focusing 2 µJ fs-pulse with three different objectives in the 
hydrogel. (b) Plot of the pressure wave front versus delay time. The solid lines are linear fit to the 
experimental data, which represent average values ± standard deviations of 3 independent 
experiments. 
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In this study the focused fs laser pulse provides a high photon density, which leads to 

a spatially confined optical breakdown with an initial pressure about few GPa (72) and leads 

to generation of a rapidly expanding cavitation bubble. As the bubble expands against the 

hydrostatic pressure of the surrounding liquid, the initial pressure rapidly decreases and the 

energy is eventually dissipated by the displaced hydrogel. Juhasz et al. indicated that the shock 

wave decays within 10 ns after the fs laser pulse to a harmless sound/pressure wave (72). It 

should be noted that, a spark flash-lamp with an illumination time of 28 ns was used for the 

time-resolved study. Thus, the time resolution in this work is not sufficient to record the decay 

process of the pressure wave. 

The cavitation bubble immediately after the transfer laser pulse (300-350 ns) was 

served as “initial cavitation bubble” in the hydrogel. As mentioned above, for both optical 

configurations, the fs laser beam was focused into the hydrogel about 1 mm from the surface 

and the pulse energy was fixed at 2 µJ, in order to instigate the cavitation bubble and pressure 

wave formation. An elongated initial cavitation bubble with a height of about 100 µm and a 

width of about 15 µm can be observed in Figure 3.25 when using the Leica 32× for the upright 

setup and the Nikon 40× for inverted setup, which is in good agreement with the longitudinal 

spherical aberration 𝐿𝐴 in Figure 2.5b. When using the Leica 25× water immersion objective, 

a much more confined initial cavitation bubble can be found with a height of 50 µm and a 

width of 25 µm. There can be no doubt that these elongated cavitation bubbles generated 

through the Leica 32× and Nikon 40× objectives occur due to the onset of spherical aberration.  

To investigate the effect of microscope objectives on the cavitation bubble expansion 

in more detail, we conducted a time-resolved study of the cavitation bubble in a delay time 

range from 300 ns to 30 µs (see Figure 3.26a). The laser pulse energy was fixed at 2 µJ. The 

cavitation bubbles emerge at a delay time of 300 ns and then start to expand. The plots of the 

bubble height and width as a function of delay time generated by these objectives can be 

found in Figure 3.26b-d. The more elongated cavitation bubbles generated by using the Leica 

32× and Nikon 40× objectives expand faster in horizontal than in vertical direction and tend 

to extend to a maximum bubble radius with a nearly spherical shape at a delay time of 5 µs. 

The “pear”-like shaped cavitation bubble generated by the Leica 25× objective expands almost 

isotropically and reaches a maximum cavitation bubble radius 𝑅𝑚𝑎𝑥 of 85±1 µm at a delay 
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time of 10 µs (see Figure 3.26c). The cavitation bubbles then start to collapse. A similar 

behavior has been observed in previous works (71).  

 

Figure 3.26 (a) Representative time-resolved images of the cavitation bubble (3 independent 
experiments) initiated by focusing a 2 µJ laser pulse in the hydrogel. Plots of the cavitation bubble 
height and width generated by the (b) Leica 32× for upright and (b) Nikon 40× as well as (d) Leica 25× 
for inverted configuration versus delay time. All data points in (b) to (d) represent average values ± 
standard deviations of 3 independent experiments. 

As shown in Figure 2.5b, 𝐿𝐴  increases linearly with the laser focus length in the 

hydrogel 𝑆0  (see chapter 2.2). For the printing of cell-free hydrogel spots, the spherical 

aberration for the upright configuration could be ignored when focusing the laser beam 30-

80 µm underneath the hydrogel surface. However, as mentioned above, the cavitation bubble 

near to the surface can hardly be detected. The thickness of the hydrogel in the reservoir is 

usually about 1 mm, leading to a spherical aberration when using Nikon 40× objective of 𝐿𝐴 ≈

80 µm. This leads to an elongated laser focus, which may penetrate the suspended cells, 

leading to cell damage. This objective is therefore not suitable for printing living cells (see 
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section 3.3.2 for details). Thus, only the cavitation bubble generated through the Leica 25× 

water immersion objective will be further analyzed.  

Figure 3.27a presents images of the obtained maximum cavitation bubbles in the 

hydrogel at varying laser pulse energies. The corresponding bubble radii in variation of delay 

time are plotted in Figure 3.27b. The maximum cavitation bubble radius increases with pulse 

energy as shown in Figure 3.27c. The deposited bubble energy 𝐸𝐵  for the mechanical 

expansion as well as the energy efficiency can be determined by the obtained 𝑅𝑚𝑎𝑥  (see 

equation (6)).  

 

Figure 3.27 (a) Representative time-resolved images of maximum cavitation bubbles (three 
independent experiments) in the hydrogel generated by the two different objectives and 
corresponding (b) plots of the maximum cavitation bubble radius (𝑅𝑚𝑎𝑥) and (c) the calculated bubble 
energy with varying laser pulse energy from 0.4 to 4 µJ. Scale bar is 100 µm. All data points in (b) to (d) 
represent average values ± standard deviations of 3 independent experiments. 

3.2.2.2 Comparison of jet kinetics  

In order to compare the fs laser-induced transfer process through upright and 

inverted configuration, the time-resolved image of the jet process is presented in Figure 3.28. 

Here the pulse energy of the fs transfer laser was set to 1.2 µJ and the focus depth to 52 µm. 

A similar jet development as in the upright setup can be identified, with only one slight 

difference: At a constant delay time of 10 µs, the first jet has a width of 35±3 µm in the upright 

configuration and 37±1 µm in the inverted configuration, respectively. Both jets develop 

straight up with a velocity of about 10 ±1m/s and break up into a primary droplet with a 

diameter of 32±2 µm for the upright setup and 37±2 µm for the inverted setup at a delay time 
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of 60 µs. Subsequently, both jets propagate at a constant velocity of about 6±1 m/s and reach 

the acceptor after 120 µs.  

 

Figure 3.28 Representative time-resolved images of jets by using the Leica 32× for upright setup and 
the Leica 25× for inverted setup (3 independent jets). The pulse energy of the fs transfer laser was set 
to 1.2 µJ and the focus depth to 52 µm. Scale bar is 100 µm. 

As mentioned above, the best lateral resolution can be obtained by using a minimal 

pulse energy. Figure 3.29 presents the laser-induced jet process using threshold energies at 

varied focus depth (objectives for laser focus: Leica 32× for upright configuration, Leica 25× 

for inverted configuration). In this case, only the primary droplet detaches from the first jet 

and reaches the acceptor slide. Compared to the transfer process with the upright 

configuration, an identical threshold pulse energy was used for the transfer with the inverted 

configuration. As can be seen in Figure 3.28, the primary droplets generated by the inverted 

configuration are slightly (a few micrometers) larger than the ones generated by the upright 

configuration. The results are summarized in Table 3.6. The primary droplets develop with 

similar velocities of about 1.5±0.2 m/s, regardless of the configuration, pulse energies and 

focus depths. This means that only 4±2 × 10-5 of the laser pulse energy are converted into the 

kinetic energy for the jet propagation. 
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Figure 3.29 Representative time-resolved image series of jets (3 independent jets) by using threshold 
pulse energies through the upright and inverted configurations. Scale bar is 100 µm.  

Table 3.6 Summary of the fs laser-induced printing process by using the threshold pulse energies 
through the upright and inverted configurations and resulting kinetic energies of the primary droplets. 
All data points represent average values of 3 independent experiments. 

 

For the cell-free transfer in the upright configuration, where a 32× air objective was 

used, the spherical aberration caused by diffraction at the air-hydrogel interface could be 

neglected, because the laser beam was focused only 30-80 µm underneath the hydrogel 

surface. Compared to the transfer process with the inverted configuration using the Leica 25× 

water immersion objective, an identical jet behavior and threshold pulse energy for the 

hydrogel transfer was observed.  

3.2.3 Jet dynamics versus pulse duration 

As mentioned above, no significant difference between the upright and inverted 

configuration can be observed. To evaluate the effects of higher pulse durations on the 

bioprinting process, we investigated jet and cavitation bubble dynamics in the femto- and 

picosecond regime. A time-resolved study of the jet propagation was carried out by varying 

the pulse duration from 600 fs to 14.1 ps (see Figure 3.30a). The laser pulse energy was kept 

constant at 2.0 µJ and the focus depth at 52 µm. These settings allow a stable laminar ejection 

of hydrogel without splashing for all pulse durations up to 14.1 ps. The jet fronts of the first 

jet versus the delay time are plotted in Figure 3.30b and the slopes of the fits correspond to 

the jet velocities, which were obtained from three independent experiments. As the jet 
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velocity decreases slightly during the propagation, we determined the linear slope 𝑣1 and 𝑣2 

as the initial and final velocity before and after 15 µs (see Table 3.7). The initial jet velocity 𝑣1 

decreases from 25.6±0.6 m/s for 0.6 ps to 24.0±0.8 m/s for 1.8 ps to 17.5±1.0 m/s for 9.7 ps 

and to 14.3±1.0 m/s for 14.1 ps. As expected, the jet velocity and the aspect ratio as well as 

the Weber number decrease with pulse duration (see Table 3.7). As mentioned above, the 

Weber number describes the ratio of kinetic energy for the propagating jet relative to surface 

energy. We therefore assume that less kinetic energy can be converted for the jet propagation 

by using longer pulse duration.  
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Figure 3.30 Representative time-resolved images of jet process (3 independent jets) indicated with 
varied laser pulse duration. The laser pulse energy was fixed at 2 µJ and the focus depth at 52 µm. 
Scale bar is 100 µm. (b) Jet front of the first jet (average value ± standard deviation) versus the delay 
time at varying laser pulse durations, which were obtained from three independent jets. 

Table 3.7 Jet width, aspect ratio, velocity and the Weber number of the first jets in dependency of the 
laser pulse duration. All data points represent average values ±standard deviations of 3 independent 
jets. 

 

To determine the bubble energy conversion depending on the pulse durations, a time-

resolved cavitation bubble study was carried out by focusing a 2 µJ pulse at a focus depth of 

about 1 mm (see Figure 3.31a @ 600 fs). The cavitation bubble expands isotropically and 

achieves its maximum radius 𝑅𝑚𝑎𝑥 of 85±1 µm at a delay time of about 10 µs. Subsequently, 

the bubble collapses and expands again. The developments of the cavitation bubbles 

generated by the 1.8, 9.7 and 14.1 ps laser pulses are similar to that generated by the 0.6 ps 

pulse (data not shown). The plots of the bubble radius in variation of delay time for the 

different laser pulse durations can be found in Figure 3.31b-e. The maximum cavitation bubble 

radius 𝑅𝑚𝑎𝑥 in the hydrogel decreases slightly from 84.2±1.2 µm for 0.6 ps to 81.1±2.3 µm for 

1.8 ps, to 75.3±2.3 µm for 9.7 ps and to 71.3±2.2 µm for 14.1 ps pulse duration, respectively 

(see Figure 3.31f). The bubble energy decreases with pulse duration as shown in Figure 3.31g. 

By dividing the bubble energy by the incident laser pulse energy the conversion efficiency can 

be determined, which drops from about 12.5% at 600 fs to 7.5% at 14.1 ps pulse duration. 
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Figure 3.31 (a) Representative time-resolved images of the cavitation bubble (3 independent 
experiments) initiated by using a laser pulse with a pulse duration of 0.6 ps. The laser pulse energy was 
fixed at 2.0 µJ and the focus depth at 1 mm. (b-e) Plots of the cavitation bubble radius, (f) the obtained 
maximum cavitation bubble radius 𝑅𝑚𝑎𝑥  and (g) the bubble energy and the corresponding energy 
conversion efficiency in a variation of pulse duration. All data points in (b) to (g) represent average 
values ± standard deviations of 3 independent experiments. 
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3.3 Investigation of cell viability after laser-induced transfer  

The transfer process including the generation of the optical breakdown, pressure wave 

and cavitation bubble expansion in the hydrogel and the resulting the jet propagation have 

been systematically analyzed. High survival rates and good cell viability after transfer are key 

parameters for biofabrication techniques in tissue engineering. Therefore, in this section a 

systematic analysis of how the cell viability and how it is affected by the applied parameters 

including the jet kinetics, the laser focus shape, the pulse energy, the focus depth, the pulse 

duration is performed. Details of the live-dead assays based on propidium iodide staining of 

transferred cells as well as negative and positive controls can be found in the chapter 2.4.5 

and Statistical Methods in chapter 2.5. 

3.3.1 Effect of the jet propagation on cell viability 

As mentioned above, by increasing the laser pulse energies or decreasing focus depths, 

an abrupt increase of the transferred hydrogel spot diameter on the acceptor slide can be 

observed due to the transfer of the second jet (refer to section 3.1.3). We therefore assume 

that ~80 µm spots are indeed the result of the first fast-moving jet, while the larger ~200 µm 

spots result from both, the first and second jet. The second jet ejects droplets at a velocity 

which is 15 - 20 times smaller than the first jet. In the large spots, the cell survival rate is about 

91%, while in the small irregular spots the survival rate is only about 50% (Table 3.1). If the 

impact at the acceptor surface is indeed the main source of cell damage, this could explain the 

higher viability observed in the larger hydrogel spots (see Figure 3.2). In addition to the 

reduced deceleration forces because of the lower droplet velocities, the larger droplets can 

also cushion the impact more effectively than smaller droplets. Furthermore, acceleration and 

shear forces during jet generation and expansion would be reduced for the wider and more 

slowly moving second jet.  

3.3.2 Effect of the focus shape on cell viability 

To investigate the effect of the focus shape (i.e. spherical aberration) on the cell 

viability, three different objectives were used for printing living cells. The specifications of all 

three objectives can be found in Table 2.1. Figure 3.32 presents the initial cavitation bubble 

generated through the three different microscope objectives. Here the pulse energy was fixed 

at 2 µJ. The position of the maximum bubble width can be assumed as the laser focus. For 
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printing living cells, the cells were usually suspended above the laser focus, at a distance of 

40-80 µm (in Figure 3.32 a distance of 50 µm is indicated by greed dots). It needs to be pointed 

out, that at a delay time of 300 ns, the surrounding hydrogel shows almost no displacement, 

thus cells should remain stationary at the surface. When using the Leica 32× for the upright 

optical configuration and the Nikon 40× for the inverted optical configuration, the laser focus 

is located at the upper and bottom of the elongated initial cavitation bubble, respectively. This 

elongation of the cavitation bubble can be significantly reduced by using a water immersion 

objective, such as the Leica 25×. The initial cavitation bubble generated by the Nikon 40× 

objective has a much greater height and penetrates the suspended cells above the focus, 

leading to cell damage (survival rate less than 40% regardless of pulse energy and focus depth, 

data not shown). In contrast, the initial cavitation bubbles generated by the Leica 32× 

objective in the upright setup and the Leica 25× water immersion objective in the inverted 

setup have no direct overlap with the suspended cells, resulting above 95% cell viability 

(chapter 3.3.5). Our results demonstrate that only the Leica 25× water immersion objective 

can be integrated in an inverted microscope setup for printing of living cells.  

 

Figure 3.32 Representative images of initial cavitation bubbles from 3 independent experiments in the 
hydrogel generated by three different microscope objectives (see Table 2.1) by focusing a fs-pulse with 
2 µJ. Green dots indicate the suspended living cells is a distance of 50 µm. Scale bar is 50 µm.  

3.3.3 Effect of laser pulse energy and focus depth on cell viability 

To investigate the effect of laser pulse energy and focus depth on cell viability, living 

cells were printed through the Leica 25× water immersion objective in an inverted microscope 

setup in the variation of the laser pulse energies and focus depths. After the transfer, the 

acceptor surface was incubated for 15 min to allow PI staining. Figure 3.33 shows suspended 

TCP1 cells in reservoir before printing (upper panel) and the transferred cells on the gelatin 

coated acceptor slide after printing (middle and bottom panel). “To determine the cell viability, 

cells were stained with PI in the cell reservoir prior to the laser transfer and on the acceptor 
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slide after the laser transfer. Dead cells appear in red. In the cell reservoir, only living cells were 

selected and transferred to the acceptor slide and all cells survived the printing process (middle 

panel). PI staining prior to transfer thus served as a built-in negative control for the cell viability 

analysis. In the middle panel, the focus of the transfer laser (2 µJ) was set 52 µm below the 

cells, resulting in 100% viable cells after transfer in this example (no red cells after transfer). 

To ensure the effectiveness of PI staining, cells were also deliberately killed during the transfer 

process, by setting the laser focus to only 35 µm below the cells in a positive control experiment 

(lower panel). Thirteen out of fifteen cells showed red fluorescence indicating cell death after 

the laser transfer (bottom, right)”. The text is obtained from the article (22). As shown in Figure 

3.32, the height of the initial cavitation bubble above the laser focus is about 37 µm, which is 

larger than the distance of 35 µm between the cells and laser focus. Thus, in this case the living 

cells are too close to the generated cavitation bubble, which induces cell damage. Interestingly, 

by using a slightly higher focus depth of 39 µm, while keeping the laser pulse energy fixed at 

2 µJ, 83% of the transferred cells were surviving on the acceptor.  

To systematically analyze the effect of the initial cavitation bubble on the cell viability, 

these experiments for cell viability with serval pulse energies and focus depths were repeated. 

The results are displayed together with the height of the initial cavitation bubble in Figure 3.34. 

The jet velocities and cell survival rates are summarized in Table 3.8. The black solid line in 

Figure 3.34 indicates the height of the initial cavitation bubble above the laser focus. When 

living cells are located away from the cavitation bubble, almost all of the transferred cells 

survived after transfer. These results provide complete evidence that cells can easily be 

damaged when they are close to the cavitation bubble or even are in contact with the initial 

bubble (red area in Figure 3.34 can be regarded as deadly zone).  
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Figure 3.33 Representative microscopy images of suspended TPC1 cells within the reservoir before 
printing (upper panel) and of the transferred cells on the gelatin coated acceptor slide after printing 
(middle and bottom panel). Dead cells are displayed in red, living cells stay unstained. In the middle 
panel, the focus of the transfer laser was set 52 µm below the cells, resulting in 100% viable cells after 
transfer in this example (no red cells after transfer). To ensure the effectiveness of PI staining, cells were 
deliberately killed during the transfer process, by setting the laser focus to only 35 µm below the cells 
in a positive control experiment (lower panel). The figure has been published in article (22). 
Representative figure from at least 10 independent experiments.  
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Figure 3.34 correlation between the initial cavitation bubble and the cell survival rate with serval 
printing parameters resulting in different cell survival rates (*). The number of transferred cells is 
presented in Table 3.8. Solid line indicates the initial cavitation bubble above laser focus.  

Table 3.8 Cell survival rate by using our laser-based bio-printing method with serval printing 
parameters including pulse energy and focus depth. The jet velocity (average values ± standard 
deviations) was obtained from 3 independent jets. 

 

3.3.4 Effect of laser pulse duration on cell viability 

To prove that it is indeed possible to transfer single cells by varying the laser pulse 

duration from 0.6 to 14 ps, the pulses were coupled into the inverted setup equipped with an 

incubation chamber. In order to investigate the cell viability, only living cells were selected 

and transferred to the gelatin coated acceptor surface. Table 3.9 shows the amount of total 

transferred and viable hMSCs (SCP1 cell line) after the transfer using the same laser 

parameters as in Figure 3.30. Almost all printed cells survived after the transfer and a cell 

survival rate of at least 98.6% can be obtained for all pulse durations in the range from 0.6 to 

14.1 ps.  
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Table 3.9 Cell survival rate of printed hMSCs on Gelatin coating with varying pulse duration 

 

3.3.5 Maximizing cell viability by using optimized parameters 

The cell viability varied depending on cell type and applied substrate due to the impact 

during landing on the acceptor. The results of this work provide evidence that a minimal pulse 

energy (i.e. slightly above the threshold energy) should be used to reduce cell damaging 

effects when printing living cells. Live-dead assays of transferred cells, as well as many of the 

time-lapse experiments (cf. Figure 3.40 and Figure 3.41) confirmed, that with film-free fs-laser 

based bioprinting a cell survival rate of 92.7%±0.9% (mean value and standard error of an 

experiment with 165 cells from 15 independent experiments) can be obtained for hTSCP cells 

transferred to a collagen coated target substrate (Table 3.10). For B16F1 cells transferred to a 

Matrigel coated substrate, a survival rate of 96.5%±0.7% was obtained (134 cells from 13 

independent experiments in Table 3.11), and for human papillary thyroid carcinoma cells 

(TPC1) transferred to a gelatin coated substrate, a survival rate of 98.5%±0.4% was obtained 

(64 cells from 6 independent experiments in Table 3.12). 

Table 3.10 Cell viability of printed single hTSPC cell on Collagen coating 

 

Table 3.11 Cell viability of printed single B16F1 cell on Matrigel coating 

 

Table 3.12 Cell viability of printed single TCP1 cell on Gelatin coating 
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3.4 Applications of fs laser-based printing 

3.4.1 Bioprinting of different cell sizes and non-biological particles  

To prove the ability to transfer single cells with different cell size were used, murine 

3T3 fibroblast cells have an average diameter of 24±5 µm and murine B16F1 cells have an 

average diameter of 15±3 µm were used. The pulse energy was fixed at 2 µJ and the focus 

depth at 52 µm. Transfer of pure hydrogel was used as a control (Figure 3.35a first row, 

indicated with red crosses). The middle column shows the respective reservoir position after 

laser transfer and proves that the selected cell was removed from the reservoir. Pure hydrogel 

and cell-laden hydrogel containing a single cell can be found on the acceptor slide in the last 

column. Compared to the irregular shapes of the cell-containing spots on the acceptor, the 

cell-free spot is circular and uniform with a diameter 100±5 µm. Figure 3.35b presents the 

corresponding time-resolved images of the transfer process. Compared to the straight cell-

free jet, clearly visible droplets occur at each tip of the cell-containing jet after 3 µs (indicated 

with red arrows) with a diameter of about 23±6 µm for the smaller B16F1 and of 32±4 µm for 

the larger 3T3 fibroblasts cells, respectively. The droplet diameters on the jet tips are slightly 

larger (30%) than the size of the printed single cells.  

 

Figure 3.35 (a) Representative bright field images of the cell suspended at the hydrogel surface before 
and after printing, and the transferred cells on the acceptor slide (21 independent transfers). 
Parameters were 2 µJ pulse energy and 52 µm focus depth. Pure hydrogel, smaller B16F1 cells 
(diameter 15±3 µm) and larger 3T3 fibroblast cells (diameter 24±5 µm) were transferred. (b) The 
representative corresponding time-resolved images of the transfer process from 3 independent jets. 
Scale bar is 50 µm. 
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To analyze the effect of the non-biological particles on the jet behavior: polystyrene 

beads (microspheres made from monodisperse polystyrene, Polysciences, Inc.), with a 

diameter of 10 and 20 µm were used. These beads have a similar mass density as living cells 

and float at the hydrogel surface. The pulse energy of the fs-laser was set to 2 µJ and the focus 

depth to 52 µm. In Figure 3.36, the left four columns, presents time-resolved images of the 

transfer process with single beads being transferred. The microspheres are recognizable at 

the tip of the first jet at each delay time. The microspheres propagate faster than the first jet, 

breaking up from the jet after 5 µs. The small microspheres resulting from the transfer of 

10 µm-beads have an average diameter of 11.2±1.3 µm (n=21) and the large microspheres 

(20 µm beads) have an average diameter of 21.4±1.7 µm (n=42), both slightly larger than the 

corresponding size of the beads. Figure 3.36, large image in the right column, presents a 

propagating jet containing several beads with 2 different diameters. It must be pointed out 

that the beads hardly remain stationary at hydrogel surface and have an initial horizontal 

velocity in the reservoir before printing, which leads to a curved jet. 

 

Figure 3.36 Representative time-resolved images of laser-induced transfer of polystyrene beads with 
a diameter of 10 and 20 µm from 3 independent experiments, respectively. Right column shows the 
transfer of multiple beads with mixed diameters 10 and 20 µm. Scale bar is 50 µm. 
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3.4.2 Creating custom-made 2D patterns 

By moving the acceptor slide in x-y direction, almost any desired 2D pattern can be 

realized upon request. Figure 3.37 shows a reproduction of the “Canter”-Logo (bright field 

microscopy image) produced by the exact, programmable positioning of individual spots 

(diameter: 70±3 µm). To prove the ability of precisely printing predesigned 2D patterns with 

livings cells we printed GFP-labeled SCP1 cells with a cell-cell distance of 100 µm drawing the 

letters of “LHM”, which is an abbreviation of “Laserzentrum Hochschule München”. As can be 

seen in Figure 3.38, most of the printed cells are positioned with an accuracy of about 10-

20 µm, which is close to the cell diameter of 20 µm.  

  

Figure 3.37 Representative bright field image of transferred cell-free hydrogel spots in a 2D pattern at 
acceptor slide. Scale bar is 200 µm.  

 

Figure 3.38 Representative fluorescence microscope image of a 2D pre-designed pattern of individual 
GFP-labeled SCP1 cells with a cell-cell distance of 100 µm.  
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“To investigate the single cell positioning accuracy, hMSCs were also printed on a 

gelatin coated substrate with predefined intercell distances of 50, 100 and 200 µm. As can be 

seen in Figure 3.39 most cells deviate less than one cell diameter (≈14-32 µm for the hMSCS 

used here) from their target positions, indicated by red crosses (cross size: 15 × 15 μm)”. The 

text is obtained from the article (22). 

 

Figure 3.39 1D positioning of cells (hMSCs) in rows with defined cell-cell distances. Red crossed 
indicated nominal target positions. The figure has been published in article (22). Representative figure 
from at least 10 independent experiments.  

“To investigate the cell viability of human primary cells after the transfer and as an 

example of using single cell printing to study cell–cell interactions, we printed hTSPCs on a 

collagen-coated substrate and carried out time-lapse video microscopy for 66 h after printing. 

Figure 3.40 shows three rows of hTSPCs printed with intercell spacing of 50, 100, and 200 μm. 

After 5 and 10 h, the hTSPCs with 50 and 100 μm intercell spacing start to polarize and 

elongate toward neighboring cells, while the 200 μm separated cells remain isolated and are 

seemingly unaffected by their neighbors. This indicates paracrine and/or substrate mediated 

mechanical communication between the cells, stimulating cell elongation at intercell distances 

of 50 and 100 μm, while at larger intercell spacing, the biochemical and/or mechanical signals 

do not reach the neighboring cells. After 20 h and more, cells with an initial intercell spacing 

of 100 and 200 μm start migrating away from each other, while the 50 μm spaced cells still 

remain in close proximity to each other and partially maintain physical cell–cell contacts, only 

to disengage at later time points. This is most likely due to the lack of external guidance by the 

ECM. It should be pointed out, that even 66 h after the cell transfer, all hTSPCs were still 

migrating, indicating a cell-survival rate of 100% in this experiment”. The text is obtained from 

the article (22). 
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Figure 3.40 (a) Representative time lapse microscopy and fluorescence imaging from 1 experiment to 
monitor cell spreading and migration of human tendon stem/progenitor cells (hTSPCs) transferred to 
collagen coated acceptor surfaces. Cells were printed in vertical lines with a defined cell-to-cell distance 
of 50 µm (upper panel), 100 µm (middle panel) and 200 µm (lower panel). Close-ups highlight the 
elongated cells after 5h and 10h, cell-cell contacts are indicated with red arrows. As a negative control, 
hTSPCs were also manually pipetted onto a collagen substrate and cultivated under identical conditions 
for 66 hours. After phalloidin (red) and DAPI (blue) staining, the actin cytoskeleton of the hTSPCs (66 
hours) is displayed in red and the nucleus in blue (right column). Scale bars = 100 μm (images and close-
ups). (b) Cell polarization (aspect ratio) versus time for 50, 100, and 200 µm inter-cell spacing. The 
figure has been published in article (22). 
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Another example showing how paracrine cell signaling depends on intercellular 

distances is given in Figure 3.41, the cells were printed in two lines with varying horizontal 

cell-cell distances, beginning with 24 µm (top row) up to 219 µm (bottom row). The vertical 

distance was kept constant at ~200 µm. The acceptor surface was coated with Matrigel. After 

3 hours, the cells with 24 µm inter cell distance started to migrate towards each other and 

establish contact. After 19 hours, the cells with 84 µm inter cell distance formed contact with 

each other and immediately afterwards established contact with the cells with an initial inter 

cell spacing of 24 µm. Finally, after 35 hours, the cells with 131 µm inter cell spacing 

established contact, while the cells at 177 and 219 µm inter cell spacing remained separated 

for more than 40 hours. 

 

Figure 3.41 Representative time-lapse microscopy images monitoring mouse melanoma (B16F1) cell 
spreading and migration from 4 independent experiments. Scale bar is 100 µm. 

3.4.3 Isolating and sorting genetically modified single cells 

“In order to test whether genetically modified cells can be selected based on a 

fluorescence marker, which is co-expressed with the gene of interest, NHI 3T3 cells were 

bioprinted. The cells were transfected with the plasmid pCMV-LifeAct-TagRFP (Ibidi, Germany) 

via lipofection. However, the transfection efficiency was only around 20%. Successfully 

transfected cells can be identified by red fluorescence as shown in Figure 3.42a. In the reservoir, 

transfected (fluorescent) and non-transfected (non-fluorescent) cells were distributed 

randomly. By using the inverted laser based single cell transfer set up, fluorescent cells can be 

separated from non-fluorescent cells and lined up separately on the acceptor slide (see Figure 

3.42b). Transfected cells can be arranged according to their fluorescence intensities (Figure 

3.42c). Cells with bright fluorescence were positioned in the top row, those with only weak 

fluorescence in the middle row and non-fluorescent cells in the bottom row”. The text is 

obtained from the article (22). 
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Figure 3.42 (a) Microscopy images of suspended fluorescent and non-fluorescent NHI 3T3 cells within 
the reservoir before printing. (b) Fluorescent cells can be sorted from non-fluorescent cells and lined up 
separately on the acceptor slide. (c) Transfected cells can be arranged depending on their fluorescence 
intensities. (a), (b) and (c, right column): merged bright field and fluorescence images; (c, left column): 
bright field microscopy image; (c, middle column): fluorescence illumination. Acceptor slides were 
coated with collagen. Scale bar = 50 µm. The figure has been published in article (22). Representative 
figure from 3 independent experiments.  

3.4.4 Printing hydrogel in 3D  

“As shown in Figure 3.14, this approach can also be used for transfer of higher viscos 

hydrogels. To demonstrate, that our setup can not only be used to select, place, and print 

individual cells and hydrogels in 2D, but also to extend the printing process into 3D, we printed 

five layers of the biocompatible thermo-reversible hydrogel pluronic F-127 on the acceptor 

substrate (Figure 3.43a). Here, the hydrogel pluronic F-127 was diluted to 15 wt% and cooled 

to 4°C. At this temperature, the pluronic solution has a viscosity of ≈40 mPas (89). Upon 

arrival at the acceptor substrate, which was kept at room temperature (22°C), the temperature 

of the pluronic hydrogel increased to room temperature, driving the pluronic hydrogel through 

its gel–sol transition and to a higher final viscosity, which is sufficient for stable 3D constructs. 

As can be seen in Figure 3.43b, the result is a well-defined 600 μm long, 120 μm wide line, 

which increases in height from about 37 µm at 1 layer to 140 µm at 5 layers (Figure 3.43c). 
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Therefore, simple 3D hydrogel structure can be established by using the fs laser-based 

bioprinting technique developed and investigated in this work”. The text is obtained from the 

article (22). 

 

Figure 3.43 (a) Representative side view showing the 3D printing of Pluronic F-127 on the acceptor 
substrate (5 independent experiments) at a constant delay time of 200 µs. Hydrogel is transferred onto 
the acceptor slide. The distance between the hydrogel surface and the acceptor slide was 1 mm. A 3D 
hydrogel structure can be created layer-by-layer. (b) Microscope top view of the printed 3D lines at the 
acceptor slide. 5 layers of Pluronic results in 140 µm thickness. (c) Corresponding thickness versus 
number of layers. All data points in (c) represent average values ± standard deviations of 3 independent 
experiments. Scale bar is 100 µm. The figure has been published in article (22). 

3.4.5 Positioning single cells on a protein-based 3D micro scaffold 

“For the fabrication of functional tissue substitutes, it is often necessary to precisely 

position mammalian cells within pre-manufactured scaffolds or guiding rails. This is 

highlighted in Figure 3.44, where individual hMSCs were placed one by one on a pre-

manufactured cross-linked bovine serum albumin (BSA) scaffold (97,98). Note that after the 

third cell was transferred to the BSA scaffold and placed in close proximity to the first and the 

second transferred cell, the second cell was slightly shifted. This was most likely driven by a 

hydrodynamic flow on the scaffold’s surface, caused by the hydrogel carrying the third cell. 

Here, the test scaffold was pre-manufactured by 2-photon stereolithography. In future setups, 

one might even envision using the NIR fs laser for both the cell transfer and 2-photon 
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stereolithography within the same setup or integrating an additional laser for 2-photon 

stereolithography into the inverted microscope setup”. The text is obtained from the article 

(22). 

 

Figure 3.44 Representative bright field microscope images of post-printed single cell in a 3D scaffold 
(L×B×H=80×40×100 µm3) from 3 independent experiments. Scale bar is 20 µm. The figure has been 
published in article (22). 

 

 





83 

4 Discussion 

In this thesis, a novel laser-induced bioprinting approach for precise printing of living 

mammalian cells has been thoroughly investigated and successfully established, which avoids 

both, the use of inorganic absorbing layers and of UV laser sources. As the use of UV-lasers 

can induce DNA damage in the cells to be transferred and the insert of a sacrificial layer for 

laser energy absorption might be a source for contamination in the printed product. In 

addition, the approach presented in this thesis allows printing single living cells for the first 

time. Furthermore, it can select individual cells from heterogeneous cell populations based on 

cell morphology or fluorescence markers and then transfer them onto a 2D target substrate 

or a pre-processed 3D scaffold with single cell precision and high cell viability (93 - 99% cell 

survival, depending on cell type and substrate). 

This laser-based transfer was investigated in detail as cell-free process, to optimize the 

experimental parameters including laser energy, focus depth, pulse duration, and laser focus 

shape. It could be shown that cells embedded within the hydrogel impair jet behavior 

requiring an adaptation of the transfer parameters. All of our results provide evidence that 

the threshold energy for cell transfer should be selected for printing of living cells, ensuring 

precise positioning of individual cells on the target substrate and high cell-survival rates.  

4.1 Hydrodynamic analysis of cell-free transfer 

4.1.1 Effect of laser pulse energies and focus depths on the hydrodynamic 

By focusing an ultrashort laser pulse into the hydrogel, the laser intensity is well above 

the threshold for optical breakdown leading to a spatially confined optical breakdown with an 

initial pressure of few GPa (72). During the optical breakdown, a substantial part of the input 

energy can be absorbed and converted into mechanical energy expanding the cavitation 

bubble: Most of this energy is eventually dissipated by viscous damping, and some is 

concerted to elastic and surface energies (72,76,79). When the expanding bubble is near to 

the symmetry breaking liquid-air interface, the bubble generates a hydrogel jet and its energy 

is partially converted into kinetic driving the jet towards the acceptor surface (see Figure 2.2 

for details) (60,70,74,99).  
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The liquid jet and cavitation bubble behavior can be descripted by a standoff 

parameter 𝛾: the ratio of the distance of the bubble centroid from the free surface Z (here 

laser focus depth) and the maximum radius of the cavitation bubble in the liquid 𝑅𝑚𝑎𝑥 (see 

Figure 2.1) (71,75).  

As shown in Figure 3.7, faster jets can be observed by increasing the laser pulse energy. 

Trivially, as the incident laser pulse energy increases, more energy can convert into mechanical 

energy for the cavitation bubble expansion, resulting in a larger bubble size (i.e. 𝑅𝑚𝑎𝑥) (70,76). 

If the focus depth 𝑍 is constant, the dissipation effect can be estimated to be nearly constant 

during the bubble expansion. Therefore, more energy remains for the jet propagation, 

resulting in a faster jet with larger kinetic energy. However, the jet velocity decreases when 

increasing the laser focus depth as shown in Figure 3.10, because more energy is required for 

the displacement of the surrounding hydrogel. Consequently, less kinetic energy remains for 

the jet propagation, with less jet velocity. A similar jet behavior has been found previously in 

laser-based bio-printing with a donor-film made of hydrogel. The reduction of the donor-film 

thickness allows more energy conversion efficient between the bubble expansion and the 

hydrogel displacement (44). The standoff parameter 𝛾  decreases by increasing laser pulse 

energy with larger 𝑅𝑚𝑎𝑥 or by decreasing the focus depth (|𝑧|), leading to narrower jets, which 

is similar to previous numerical and experimental studies (74,75). By using a low laser pulse 

energy of 0.4 µJ or a high focus depth of 78 µm, the focus depth 𝑍 is higher than the bubble 

size 𝑅𝑚𝑎𝑥 (i.e. 𝛾 > 1). In this case, the initial kinetic energy for jet propagation is not sufficient 

to overcome the surface energy with a Weber number 𝑊𝑒 < 4, leading to no material transfer 

or hydrogel breakup. 

If the kinetic energy of the hydrogel jet is sufficient to overcome the surface tension of 

the air–hydrogel interface, a continuous hydrogel jet can be formed (80,82). However, this jet 

is not able to develop infinitely, but breaks up into single or even multiple droplets, this 

phenomenon is attributed to the Rayleigh-Plateau instability (83). The breakup mechanisms 

can be classified into four different regimes by increasing the jet velocity as well as Weber and 

Reynolds numbers: Rayleigh breakup, first wind-induced as well as second wind-induced 

breakup and finally atomization as shown in chapter 2.3 Figure 2.6 (84,85).  

Figure 4.1 and Figure 4.2 present the schematic images, which summarize the 

cavitation bubble dynamics and the jet ejection as well as the breakup regimes regarding the 
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variation of the laser pulse energy and focus depth. Figure 4.3 summarizes the breakup regime 

in variation of Reynolds and Weber numbers for printing of low viscos hydrogel (pure 

histopaque has a viscosity of 13 mPa·s).  

The first jet develops in a laminar form with a velocity below 20 m/s (4 < 𝑊𝑒 < 200 and 

10 < 𝑅𝑒 < 50) by using a low laser pulse energies of 1 and 2 µJ (see Figure 3.7) or a high focus 

depth of 52 and 65 µm (see Figure 3.10) and then breaks up into a primary droplet, whose 

diameter is larger than the jet. These regions are called the Rayleigh breakup and the first 

wind-induced regime (79,82,84,85). In the Rayleigh breakup regime, the jet velocity is just 

sufficient to lead to a pinch-off due to capillary forces. In the first wind-induced breakup 

regime, the jet breakup takes place later and the corresponding breakup length increases with 

the increasing jet velocity and the aerodynamic force caused by the relative motion between 

the liquid jet and ambient gas can be ignored. These laminar jets are called as well-defined 

regime. In this case, hydrogel jets develop in laminar form and creates well-defined circular 

hydrogel spots on the acceptor. 

When further increasing the laser pulse energy or decreasing the focus depth, a change 

of the jet behavior from laminar to curved and even turbulent jets can be observed in Figure 

3.7 (pulse energy of 3 and 4 µJ) and Figure 3.10 (focus depth of 39 µm) with a jet velocity 

between 30 and 50 m/s, this corresponds for following Weber and Reynolds numbers: 

200 < 𝑊𝑒 < 1000 and 50 < 𝑅𝑒 < 100. In this case the aerodynamic force cannot be ignored any 

more, resulting in unstable surface tension forces oppose the jet propagation due to the 

second wind-induced breakup (84,85), resulting in much curved and even turbulent jets. As 

the jet velocity further increases above 50 m/s (We > 1000 and 𝑅𝑒 > 100), the jet develops in 

a splashy and spray form and breaks up into lots of small droplets as shown in Figure 3.7 (5 µJ 

and 7 µJ) and Figure 3.10 (focus depth of 26 µm). This region is called atomization regime and 

is not suitable for the bioprinting. A disruptive force can be affected on the jet due to the 

unstable growing of instabilities existing in the liquid flow, resulting in the breakup of the 

hydrogel jet into lots smaller droplets (84,100,101). Similar splashing jets with a Weber 

number We > 1000 have been presented in previous work (71,79).  
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Figure 4.1 Correlation of the cavitation bubble size and the jet behavior in variation of the laser pulse 
energy, while the focus depth was fixed at 52 µm.  

  

 

Figure 4.2 Correlation of the cavitation bubble size and the jet behavior in variation of the focus depth, 
while the laser pulse energy was fixed at 2 µJ.  
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Figure 4.3 Breakup regime as a function of Reynolds and Weber numbers for printing of low viscos 
hydrogel (0% alginate). As the Weber and Reynolds numbers increase, the jet behavior changes from 
no material transfer to the laminar jets due to Rayleigh breakup and the first wind-induced breakup 
regime to a curved or even splashing jet form due to the second wind-induced and atomization 
breakup. All data points represent average values of 3 independent experiments. 

4.1.2 Effect of hydrogel viscosities on the hydrodynamic 

The breakup regime in variation of the Ohnesorge and Weber number are summarized 

in Figure 4.4. As shown in Figure 3.14, for 1.5% alginate and 2 µJ pulse energy, the kinetic 

energy of the hydrogel jet is insufficient to overcome the surface tension of the air–hydrogel 

interface and gravitational forces and the jet collapses without leaving the hydrogel reservoir. 

By increasing the hydrogel viscosity from 13 to 450 mPas, the Ohnesorge number increases 

from about 0.3 to 10 and thus the effect of viscosity on the jet behavior can no longer be 

ignored. It is not difficult to understand that, higher viscosity induces more resistance (i.e. 

shear force) for the deformation of the hydrogel in relative motion, such as the bubble 

expansion and jet propagation. Thus, more kinetic energy as well as a higher Weber number 

is required for transfer of higher viscos hydrogel due to higher dissipation effect, which is in 

good agreement of previous work (102). For details investigating the effect of the viscosity 

and corresponding breakup regimes, more hydrogel of higher viscosity should be investigated 

and analyzed in the future.  
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Figure 4.4 Breakup regime in variation of Ohnesorge and Weber numbers in variation of viscosity. As 
the Weber number increases, the jet behavior can change from no material transfer to a well-defined 
jet due to Rayleigh breakup to curved jet (first or second wind-induced breakup) to an undesired 
splashing jet (atomization). All data points represent average values of 3 independent experiments. 

4.1.3 Effect of pulse durations on the hydrodynamic 

As shown in Figure 3.30, the first jets develop in a stable laminar form without 

splashing for all pulse durations up to 14.1 ps, while the initial jet velocity 𝑣1 decreases from 

25.6±0.6 m/s for 0.6 ps to 24.0±0.8 m/s for 1.8 ps to 17.5±1.0 m/s for 9.7 ps and to 

14.3±1.0 m/s for 14.1 ps. Smaller cavitation bubbles can be observed by increasing the laser 

pulse duration (see Figure 3.31), as a result of a drop of the energy conversion efficiency from 

about 12.5% at 600 fs to 7.5% at 14.1 ps pulse duration. These decreases are similar to the 

above-mentioned jet development when using lower pulse energy. According to Kennedy’s 

model, in ultrashort pulse regime < 100 fs, the optical breakdown is dominated by only “pure” 

multiphoton ionization, as the critical free electron density 1021 cm-3 can be achieved before 

the cascade ionization completes (103–105). As the pulse duration increases, the multiphoton 

process would “jump start” to cascade. The multiphoton absorption depends strongly on the 

irradiation Ik, which is inversely proportional to pulse duration (106). Additionally, comparing 

pico- to femtosecond laser pulses the critical electron density can be achieved much later 

during the laser pulse due to the decreasing role of the multiphoton ionization (76,107), thus 

more laser pulse energy can be transmitted before the breakdown occurs. Thus, the pulse-

duration dependent absorption efficiency decrease may be the key reason for the reduction 
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of the bubble energy and jet kinetic energy observed by us for comparable laser pulse energies, 

wavelengths and pulse durations.  

4.2 Hydrodynamic analysis of cell-laden transfer 

As described above, an identical hydrogel was used in the reservoir for both - cell-free 

and cell-laden bioprinting. By using the same laser parameters, identical initial forces should 

act on the hydrogel surface and the suspended cells due to the expanding bubble. This is 

confirmed by the almost identical protrusions of the cell-free and the cell-laden transfer at the 

early stages at about 1 and 3 µs as shown in Figure 3.18 and Figure 3.20. Below a laser pulse 

energy of 2 µJ or a focus depth above 52 µm, the jet behavior of cell-free and cell-laden 

printing has no significant difference: both develop straight up with a similar velocity < 20 m/s 

(4 < 𝑊𝑒 < 200 and 10 < 𝑅𝑒 < 50). By using a higher laser pulse energy, however, (3 and 4 µJ in 

Figure 3.18) or a lower focus depth (39 µm in Figure 3.20), the printed single cell develops a 

much higher velocity and then separates from the first jet. As the living cells separate from 

the jet, there is almost no hydrogel surrounding the printed cells and the impact on the 

acceptor slide occurs with a high velocity above 40 m/s. 

Cells can be easily accelerated due to their lower density of mass, under an identical 

initial force, resulting in a higher velocity than the surrounding hydrogel. A drag force also 

called fluid resistance can act opposite to the relative motion of an object (living cells with 

intact membrane) moving within a viscous liquid (108). Therefore, the separation of the 

printed cells from the jet front can take place only when the acceleration force exerted on the 

cells is high enough to overcome the drag force between cells and the surrounding hydrogel. 

After the separation of living cells from the jet front, the cell-laden jet has higher Weber and 

Reynolds numbers than that from the cell-free jet. The transfer of momentum from the 

separated single cell to the jet results in a repulsive force, leading to more curved jets. If the 

initial force acting on cells is not sufficient to overcome the drag force on the cells, thus, no 

separation of the printed cells from the jet front can be observed. Cells were transferred 

within the primary droplet with surrounding hydrogel and exhibits a similar diameter as the 

cell-free primary droplet.  
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4.3 Hydrogel printing resolution and single cell positioning accuracy  

By increasing the applied laser pulse energy, more hydrogel from the first jet and even 

the second jet can be transferred, resulting in larger hydrogel spot on the acceptor slide, which 

reduces the spatial printing resolution. Therefore, a minimal pulse energy should be used for 

obtaining the smallest spots, and thus for obtaining optimal spatial printing resolution for 

creating 2D and 3D cell structures as shown in Figure 3.9. More threshold energy is required 

for the transfer with higher focus depth and a larger primary droplet is separated from the 

first jet. The primary droplet size is proportional to the first jet width, due to the Rayleigh-

breakup (74,83,100), resulting in a larger hydrogel spot at the acceptor slide and a reduced 

the spatial resolution.  

The spatial printing accuracy of the transferred cells is of high interest for the 

generation of nature-mimicking cell environments and cell niches, which can further stimulate 

cells to migrate, differentiate and proliferate to form functional tissue. As shown in Figure 3.22, 

the deviation from the target position of a single cell increases with the hydrogel spot size on 

the acceptor slide, because the transferred cells are located randomly within the hydrogel 

spot on the acceptor slide. Therefore, for high spatial printing accuracy of the transferred cells, 

only the primary droplet containing one single cell should be transferred to the accepter slide.  

4.4 Analysis of cell-damage 

Besides the printing resolution and cell positioning accuracy, high cell survival rates 

and good cell viability are key parameters for biofabrication techniques in tissue engineering. 

The most likely causes of cell damage in laser-induced cell transfer are radiation and thermal 

damage from the applied laser source, mechanical stresses from the expanding cavitation 

bubble, shear forces, as cells are moving through the hydrogel, and forces caused by the 

impact of landing cells on the acceptor (42,64,109–111). In this work the laser wavelength of 

1030 nm was chosen, which is in the so-called biological optical window: For this wavelength, 

the linear optical interaction between photons and biological material reaches a minimum, 

and practically no laser energy is absorbed by cells or other biomaterial (49,50) and thereby 

the risk of inducing photochemical damage is minimized. As the laser beam is focused 

underneath the hydrogel surface about 40 to 80 µm and the resulting a laser focus has a beam 

waist of about 1 µm, thus the cells which are near the hydrogel surface where energy densities 
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are not sufficient for multi-photon absorption (65,70) hardly interact with near infrared 

radiation.  

In addition, it has been shown, that energy absorption, and cavitation bubble 

expansion is much faster than energy transport through thermal conductivity, and that 

heating effects outside of the laser focus can be neglected (64,112). Previous works have 

demonstrated that tightly focused fs laser pulses can generate spatially extremely confined 

chemical, thermal, and mechanical effects in transparent materials (65). Therefore, both of 

the radiation and thermal damage can only occur within the laser focus. The mechanical 

damage induced by the transfer process itself is therefore believed to be the key remaining 

source of cell damage.  

As shown in Figure 3.32, for the inverted configuration, elongated cavitation bubbles 

can be generated caused by spherical aberration, which may penetrate the suspended cells 

and lead to cell damage. Thus, our results demonstrate that only the spherical aberration 

corrected water immersion objective can be integrated into the inverted microscope setup 

for printing of living cells. 

As demonstrated above, more mechanical energy can be deposited for the bubble 

expansion with larger bubble size by using higher pulse energy. The acceleration forces on the 

suspended cells caused by the expanding cavitation bubble can be decreased by increasing 

the focus depth. By using too much laser pulse energy or a too low focus depth, the suspended 

cells can be impaired by high acceleration forces or may even be penetrated by the rapid 

expanding cavitation bubbles, leading to a low cell viability (see Figure 3.34 red area can be 

regarded as deadly zone). Thus, potential cell damage effect can be minimized by using the 

threshold pulse energy for the transfer. 

By increasing the laser pulse duration, less energy can be converted into mechanical 

energy for the cavitation bubble expansion, resulting in less energy for jet propagation. 

Nevertheless, our results show that almost all of the printed cells survived laser pulse 

durations in the range from 600 fs to 14.1 ps. Thus, effect of the pulse durations in this range 

on the cell viability plays a minor role for the printing process. The transfer process induced 

by longer pulse durations such as sub- and nanoseconds and its effect on the cell viability 

should be carried out in more detail in future.  
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Finally, the fact that higher cell survival rates are obtained from the slower and thicker 

second jet (Figure 3.2), suggests that the impact of the landing cells at the acceptor surface is 

also a source of cell damage. The larger droplets generated by the second jet seem to cushion 

the impact more effectively than smaller droplets from the first jet. Furthermore, acceleration 

and shear forces during jet generation and expansion, as well as deceleration forces are 

reduced for the wider and more slowly moving second jet.  

4.5 Analysis of cell-cell interactions 

As shown in Figure 3.40 and Figure 3.41, the cell-cell interactions were studied, by 

printing single cells with different intercellular spacing on a substrate. “Cells with low intercell 

spacing below 100 µm start to polarize and elongate toward neighboring cells, while the 

200 μm separated cells remain isolated and are seemingly unaffected by their neighbors. This 

indicates paracrine and/or substrate mediated mechanical communication between the cells, 

stimulating cell elongation at intercell distances of below 100 μm, while at larger intercell 

spacing, the biochemical and/or mechanical signals do not reach the neighboring cells. This is 

most likely due to the lack of external guidance by the ECM. In native tendon, the tenocytes, 

which in vivo derive from TSPCs, align themselves in parallel longitudinal rows separated by 

collagen fibers (113). The cell-cell contact is mediated via gap and adherens junctions, which 

are associated to actin stress fibers. The orientation of those fibers aligns with the longitudinal 

cell orientation and thereby, specific mechano-sensitive signal transductions pathways are 

triggered allowing cells to sense the tensile loads in the tissue (114–116). To engineer tendon 

tissue, the establishment of such cell-cell contacts is therefore critical to obtain functional 

tissue mimetic constructs (5)”. The text is obtained from the article (22). 

Taken together, by increasing the laser pulse energy or decreasing the focus depth, 

more laser energy can be converted to kinetic energy driving the jet propagation with higher 

velocity. For printing higher viscos hydrogels, more energy is dissipated due to higher shear 

force which leads to less kinetic energy for jet propagation. Less laser energy can be absorbed 

during the optical breakdown by increasing the pulse durations from 600 fs to 14.1 ps, 

resulting in less kinetic energy for jet propagation with low jet velocity. By increasing jet 

velocity, the jet behavior exhibited four characteristic behaviors: (1) The kinetic energy of the 

jet is too low and not sufficient to overcome the surface tension of the air–hydrogel interface, 

thus no material is transferred. (2) Laminar jet due to the Rayleigh and the first wind-induced 
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breakup reaching the target substrate on a linear trajectory. (3) Curved and turbulent jet due 

to the second wind-induced breakup, as the aerodynamic force cannot be ignored and 

resulting in unstable surface tension forces oppose the jet propagation. (4) The atomization 

induced undesired splashing jet. Our results demonstrated that a threshold energy for 

hydrogel and cell transfer should be used to obtain a laminar jet (well-defined regime). In this 

case, the kinetic energy for jet propagation is just high enough to overcome the hydrogel 

surface energy and gravity, only the primary droplet can be transferred, resulting in the 

highest printing resolution (minimal spot size about 50 µm) as well as the best single cell 

positioning precision close to 10 µm. In addition, all of the potential sources of cell damage 

can be significantly reduced and minimized by using the threshold transfer conditions, 

resulting in a high cell viability (93–99% cell survival, depending on cell type and substrate). 

The use of a medium immersion objective to correct the spherical aberration is necessary for 

preserving cell viability in single cell bioprinting. Cells can polarize and elongate towards 

neighboring cells with low intercell spacing below 100 µm, while at larger intercell spacing the 

biochemical and/or mechanical signals do not reach the neighboring cells. This result suggests 

that, controlling the cellular microenvironment in vitro with single cell precision is therefore 

an important factor for the generation of instructive cell environments and cell niches, which 

stimulate cells to migrate, differentiate, proliferate and can form functional tissue.  
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5 Conclusion 

Laser-induced cell transfer has been developed in recent years for the flexible and 

gentle printing of cells. Because of the high transfer rates and superior cell survival rates, this 

technique has great potential for tissue engineering applications. However, the transferred 

construction can be contaminated with inorganic material or it brings the risk of DNA damage 

by using UV laser sources. Until now, there is no reliable bioprinting technique enabling 

efficient and precise printing of living cells at the single cell precision. 

The results of this thesis can be summarized as follows: 

1. A novel single cell bioprinting method with ultrashort laser pulses using living 

cells has been established. 

For the first time, we established laser-based bioprinting technology, which does not 

require any sacrificial material for energy absorption, or the use of UV lasers. The transferred 

cells had 93–99% survival rates on the target substrate. They maintained their ability to 

migrate and proliferate, and show normal, cell type specific behavior after transfer. No DNA 

double strand breaks could be detected. 

2. A time-resolved imaging setup for visualizing the transfer process and to 

investigate and optimize the effects of the experimental parameters on the cell 

viability and the printing precision has been established. 

With a time-resolved imaging system we were able to investigate the transfer kinetics 

in detail. We then investigated in systematical manner the effects of the experimental 

parameters such as laser pulse energy, focus depth, hydrogel viscosity, laser pulse duration 

and spherical aberration of the microscope objectives on the cavitation bubble formation and 

jet kinetics and the corresponding hydrodynamics. Our results demonstrated that a threshold 

energy for hydrogel and cell transfer should be used to obtain a laminar jet (well-defined 

regime). In this case, the kinetic energy for jet propagation is just high enough to overcome 

the hydrogel surface energy and gravity, only the primary droplet can be transferred, resulting 

in the highest printing resolution (minimal spot size about 50 µm) as well as the best single 

cell positioning precision close to 10 µm. For the cell transfer, the cell damage could be 
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significantly reduced and minimized using the threshold conditions, resulting a high cell 

viability (93–99% cell survival, depending on cell type and substrate).  

3. Single cell sorting method has been established by integrating the bioprinting 

approach into an inverted epi-florescence microscope.  

We successfully integrated laser-induced bioprinting into an inverted optical 

microscope, which allows to select and sort individual cells from heterogeneous cell 

populations, based on cell morphology (e.g. cell shape or size) or fluorescence markers.  

4. Single cells can be precisely transferred to target substrate or a pre-manufactured 

scaffold and arranged to create high precision cell nichoids.  

Cellular microenvironment in vitro can be controlled by single cell printing for a better 

understanding of cell behavior under normal and pathological conditions. Additionally, the 

fabrication of precision nichoids can replicate and mimic the complex and unique cellular 

microarchitecture of the native tissue.  
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6 Outlook 

In the future “the experimental parameters should be further optimized, to increase the 

cell viability to above 99% and reach a single cell positioning accuracy of less than 5 µm. At 

present, selecting the cell, focusing and positioning the target surface are the rate limiting 

steps. The process should be further automated and accelerated: the shown integration into 

an inverted optical microscope setup, will allow the use of automated image analysis and a 

cell recognition software, which is a prerequisite for a fully automated process. The cell transfer 

process alone requires less than 100 µs per cell, which would allow transfer rates of ~10 kHz. 

By using a multiplexing approach with fast laser scanners, one can envision even faster cell 

transfer rates in the future, which are limited only by the laser repetition rate. This approach 

will enable the precise, fast and cell friendly fabrication of cell-chips, organs-on-a-chips, 3D 

organoids, and ultimately of functional tissue substitutes. With the generated cell niches, cell 

migration, differentiation and proliferation can be studied on a single cell level, with the 

prospect of creating functional tissues in the future. More applications, such as exploration of 

paracrine signaling between the same or different cell types, or cell biomechanics, or single cell 

sorting and analysis should also be explored in follow up studies”. The text is obtained from 

the article (22). 

Using this technology, living cells and extracellular matrix molecules ECM can be 

precisely transferred and arranged to create 2D and 3D cell nichoids, which can replicate and 

mimic the complex and unique molecular and cellular microarchitecture of the native tissue 

in future applications. This single cell printing approach has therefore the potential to become 

an important tool to study the role of cell and ECM architecture in tissue homeostasis, but 

also in the pathogenesis of diseases. In addition, it can be used for drug discovery and improve 

the treatment of lesions caused by injuries or diseases. As an example from the 

musculoskeletal system, we aim to generate with this technology high precision tendon and 

cartilage niches exhibiting key molecular and cellular features in follow up studies. 
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