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ABSTRACT

In the last few decades, 3D printing has emerged as a preferred alternative to conventional
polymer manufacturing. This transformation has been driven by new key technologies for
manufacturing as well as by the development of new materials for these arising technologies.
Among those technologies, light-based 3D printing particularly stands out due to its
capability to produce 3D objects fast and precisely. The rising interest and demand for new
materials, i.e. photocurable inks, for specifically designed applications are driving forces for
innovations in this field. This thesis focusses especially on the design of new biomaterial inks
for 3D laser printing at the microscale and expanding their application in in vivo
microprinting. The presented new biomaterials cover synthetic as well as natural-based
systems and focus on implementing new material properties and functionalities. In detail,
this includes the expansion of printable synthetic materials to very soft synthetic materials
by introducing a new ink design for multiphoton 3D laser printing based on supramolecular
interactions. This new synthetic ink design allows for 3D printing of very soft materials which
are highly desired in bioapplications. In addition to addressing current limitations of
synthetic biomaterial ink, a natural-based biomaterial ink based on collagen is presented.
The microprinted collagen hydrogels exhibited cell-adhesive properties and were composed
of a highly porous collagen network. After characterizing the static material properties, the
printed collagen was studied for its temperature-responsive folding motif. The fully
reversible shrinkage and recovery of printed collagen upon heating and cooling was
attributed to the folding and unfolding of the collagen binding motif — experimentally as well
as theoretically. The new responsive mechanism based on polypeptide folding or unfolding
opens new opportunities to equip and use natural-based biomaterials with stimuli-
responsive properties. Moving toward application, this thesis also covers the implementation
of biomaterials in in vivo microprinting. For this purpose, a suitable synthetic biomaterial ink
is chosen to meet several important criteria for multi-photon 3D laser printing directly in
developing organisms of medaka fish and fruit flies. In this collaborative study, the effect of
the ink microinjection, multiphoton 3D laser printing process, and printed material on the
development of the organisms is studied and evaluated. The presented framework opens new
opportunities for in vivo microfabrication paving the way towards printed microimplants and

drug delivery devices.
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ZUSAMMENFASSUNG

In den letzten Jahrzehnten hat sich der 3D-Druck als Alternative zur herkdmmlichen
Polymerprozessierung etabliert. Diese Transformation wurde zum einen durch neue 3D-
Drucktechniken sowie durch die Verfiigbarkeit neuer Materialien vorangetrieben. Unter
diesen Technologien sticht insbesondere der lichtbasierte 3D-Druck hervor, da er die
schnelle und prazise Herstellung von 3D-Objekten ermdoglicht. Das steigende Interesse an
neuen lichthartende Tinten und Materialien ist die treibende Kraft fiir Innovationen in diesem
Bereich. In dieser Arbeit werden neue Biomaterial-Tinten fiir den 3D-Laserdruck im
MikromaBstab vorgestellt und neue Anwendungen dieser Biomaterial-Tinten im Mikrodruck
in lebenden Organismen untersucht. Die neuen vorgestellten Biomaterial-Tinten umfassen
sowohl synthetische als auch natur-basierte Systeme und konzentrieren sich auf die
Implementierung neuer Materialeigenschaften und Funktionalititen. Im Einzelnen umfasst
dies die Erweiterung der druckbaren synthetischen Materialien auf sehr weiche synthetische
Materialien, die in Bioanwendungen sehr gefragt sind. Dies gelingt durch die Einfithrung
eines neuen Tintenkonzepts fiir den Multiphotonen-3D-Laserdruck durch die Nutzung
supramolekularer Wechselwirkungen. Zusitzlich zur Uberwindung der derzeitigen
Einschrankungen synthetischer Biomaterialtinten wird eine natur-basierte Kollagentinte
vorgestellt. Die gedruckten, hochporésen Kollagenhydrogele weisen zelladhéasive
Eigenschaften auf. Dariiberhinaus wird das gedruckte Kollagen hinsichtlich seines
temperatursensitiven Proteinfaltungsmotivs untersucht. Erhitzen und Abkiihlen fiithrt
jeweils zu einer vollstandig reversiblen Schrumpfung und Anschwellen des gedruckten
Kollagens, das sowohl experimentell als auch theoretisch auf das Falten und Entfalten des
Kollagenbindungsmotivs zurtickgefithrt wird. Dieser neue auf Proteinfaltung basierende
Mechanismus eroffnet neue Moglichkeiten, Proteine als responsive Materialien nutzen zu
konnen. In dieser Arbeit wird zudem der 3D-Mikrodruck von Biomaterial-Tinten in
entwickelnden Organismen gezeigt. Zu diesem Zweck wird eine Tinte vorgestellt, die
mehrere wichtige Kriterien fiir den Multiphotonen-3D-Laserdruck direkt in sich
entwickelnden Organismen von Medaka-Fischen und Fruchtfliegen erfiillt. In dieser
gemeinsamen Studie wird die Wirkung der Injektion, des 3D-Laserdruckverfahrens und des
gedruckten Materials auf die Entwicklung der Organismen untersucht und bewertet. Der
vorgestellte Rahmen eroffnet neue Moglichkeiten fiir die In-vivo-Mikrofabrikation und ebnet

den Weg fiir gedruckte Implantate und neue Moglickeiten zur Medikamentenverabreichung.
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I. Introduction & Outline

Polymers have become an important class of material which can be found in various aspects
of our daily life, ranging from construction, coatings, (food) packaging, and coatings, to
contact lenses, drug delivery, wound dressings, and hygiene products. The numerous
applications rely on the chemical and structural tunability of polymers offering a range of
achievable properties. Main chemical properties of a polymer are attributed to the monomer
composition and types of repeating units. The architecture of polymers is tuned by varying
the polymer length, sequence of various employed monomers, shape of the polymer, and by
adding crosslinks between polymer chains. The combination of employed monomers
together with the architecture of the polymer gives access to a variety of material
functionalities, making them a tunable and versatile class of materials for the plethora of

daily life products.

Despite being omnipresent in daily life products, polymer research is currently progressing
rapidly due to ecological, economical, and social demand for more sustainable solutions as
well as for more specialized and personalized applications. Major current topics include the
development of sustainable and closed-loop recyclable (bio)polymers, new synthesis
methods for precise architecture-defined polymers, and the implementation of advanced
properties and functions. In addition to these large overarching topics, current progress is
also driven by new and easily accessible manufacturing technologies. 3D (three-dimensional)
printing, also known as additive manufacturing, plays a crucial role in this context since it
allows the manufacturing of material (precursors) into desirable 3D geometries from a digital
model. This process is achieved by fabricating the structure with the help of volumetrically
controlled polymer deposition either by starting from a molten polymer or single monomers.
In this context, light-based techniques such as digital light processing or multiphoton 3D
laser printing are excellent manufacturing techniques offering lateral resolution down to
dozens of micrometers or even in the nanometer range. Both methods rely on the in-situ
spatially controlled polymerization of monomer precursor mixtures leading to the polymer
deposition during fabrication. In addition to the fabrication of static 3D structures, light-
based 3D printing is also an excellent tool for advancing applications with additional material

functionalities for functional soft robotics, optics & photonics, microfluidics, and



biomedicine. These advanced applications are enabled by 3D printed structures which offer
various stimuli-responsive features. Depending on the printed responsive material, different
stimuli-responsive features can be achieved leading to desired structural or functional
property changes upon exposure to physical or chemical stimuli such as temperature, light,
or pH. The combination of this additional control of material properties in another
dimension, i.e. time, with 3D printed structures is often referred to as 4D (four-dimensional)

printing.

Based on these perspectives, the aim of this thesis was to design new biomaterials for light-
based 3D/4D printing at the microscale and explore the possibility of combining printed
biomaterials in new advanced applications. For this purpose, the different main projects
were split into different objectives dealing with topics such as 3D microprinting, responsive
behavior, and biocompatibility. In these presented interdisciplinary projects, the 3D and 4D
printed biomaterials have been studied by mechanical characterization, in-vivo or single cell
biocompatibility assays, theoretical simulation, and advanced electron microscopy imaging

techniques.

Two-photon 3D Response
laser printing
[.WJ] temperature

light G

chemical

4D printed cellular oron
biomaterials \ """

Biocompatibility

Figure 1: Overview of three key aspects for all three PhD projects on 3D/4D printing of biomaterials.

This thesis covers the theoretical background, scientific results, and conclusion in five
chapters. After this introduction and outline section, Chapter 2 introduces the theoretical
concepts and techniques to provide the reader with the background on 3D/4D printing of

biomaterials. This includes a description of the available additive manufacturing techniques,



I.Introduction & Outline

employed photochemistry, previously reported biomaterials, and stimuli-responsive
materials for 4D microprinting. Chapter 3 deals with the scientific results obtained for
different explored biomaterials and their applications. This chapter is separated by the
followed research directions with varying topics from overcoming manufacturing paradigms,
design of new biomaterials, to advancing new biomedical applications. Chapter 4 provides a
summary and discussion of the results based on the scientific findings. Finally, Chapter 5

offers a reflection on future perspectives of this research direction.






II. Theoretical Background

The rise of today’s polymer chemistry has started with the description of high molecular
weight compounds by Hermann Staudinger, around 100 years ago. ! More than a century
later, an entire interdisciplinary field of research had evolved around macromolecules
dealing with varying different monomer compositions, architectures, physical behaviors,
manufacturing techniques, and applications. *°! To narrow down the large topic of polymer
chemistry, this section deals first with processing and manufacturing polymeric materials.
After introducing additive manufacturing and essential technical aspects, current state-of-
the-art photopolymerization for vat photopolymerization is presented. Last, the variety of
accessible functional (bio)materials is introduced - focusing on materials which have been

prepared using multiphoton 3D laser printing (MPLP).

1. POLYMER PROCESSING & MANUFACTURING

Polymers are omnipresent in our daily life for various applications ranging from construction
materials for damping or sealing to consumer products like packaging, plastic bottles, or
clothes. ¥4 All these applications heavily rely on the processing of bulk polymeric materials.
Polymer processing is a crucial step, because it defines various macro- and microscopic
properties, thus mechanical properties, material porosity, and applicability. »¢ Most
employed industrial processing steps are polymer extrusion, injection molding, and
extrusion blow molding. ' All these industrial processing steps are usually performed by
liquefying synthesized polymers. This step is possible for polymeric materials consisting of
single linear or branched not-crosslinked polymer chains, because the comparably weak
interchain interactions can very often be overcome at high temperatures leading to
macroscopic material creeping. ! These polymeric materials are therefore called

thermoplasts.

Covalent crosslinking between the different chains improves the mechanical stability of the
bulk polymeric materials but constrains the movement of the chains at high temperatures.
Polymer networks cannot show material creeping like thermoplasts and are also often called

thermosets. ?! For thermosets, which are generally not meltable, injection molding is usually



performed with a liquid pre-polymer or monomer solution which is crosslinked in the mold

by heating or irradiation. >®

Thermoplast Thermoset

Figure 2: Thermoplast and thermoset bulk polymeric materials.

Although proven to be applicable for large scale bulk polymer manufacturing, these
processing methods highly rely on a specific structure to be repeated and do not allow fine-
tuning of geometrical parameters in a simple and specified manner. ! Moreover, these large-
scale manufacturing set-ups are very often bound to a specific location which requires
sending these manufactured components. Although being cheap on a large scale, rapid
prototyping and manufacturing-on-demand is currently addressed by new technological

progress. [

To overcome existing limitations on slow prototyping and manufacturing-on-demand, new
material processing technologies have been developed in the last decades. % By using 3D
printing, also known as additive manufacturing, bulk materials are manufactured in a
stepwise manner by adding separate material parts during processing. Today, many methods
for additive manufacturing are already well-established or in their early promising stages for
broad application. % All methods have the same initial starting point prior to manufacturing:
the design of a suitable 3D model. The versatility of accessible 3D structures as well as the
fast implementation of changes make 3D printing superior for rapid prototyping and
manufacturing-on-demand compared to traditional polymer processing. After its creation,
the created 3D model is used for the preparation of the printing file by the desired 3D printer.
In this step, the desired additive manufacturing method and its manufacturing process, i.e.
layer-by-layer, line-by-line, or volumetric, pre-defines the subsequent 3D printing execution
protocol. ' In general, the different additive manufacturing techniques are distinguished

based on the employed setup into seven different categories:
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1. Material extrusion: This method utilizes a nozzle which is used to selectively dispense
material on the substrate or already printed structures. The material can be, for example,
a thermoplastic polymer which melts in the nozzle such as polylactic acid (PLA) or
polycarbonate (PC) using fused deposition modeling (FDM). In addition to these very
frequently applied materials, 3D dispersible hydrogel or photoresist liquids can be used

and cured during the nozzle extrusion by parallel irradiation. *

2. Material jetting: These additive manufacturing methods utilize droplets which are
selectively deposited using a nozzle such as in inkjet printing. Inkjet printing is a common
technique for commercial paper printers but has also been established for the selective
deposition of conductive or dielectric inks onto (flexible) substrates for printed

electronics. %

3. Binder jetting: Binder jetting uses selective deposition of a binder onto substrates which
is afterwards used for binding and fusing layers of solid powders. This method is

especially interesting for binding layers of ceramic materials. [**!

4. Sheet lamination: This additive manufacturing process is performed by directly bonding

separate layers directly onto each other. [*°

5. Directed energy deposition: Directed energy deposition is used to deposit and melt/fuse
materials at the same time. This is achieved by depositing the material precursor with

nozzle(s) while a laser or electron beam provides thermal energy. 1%

6. Powder bed fusion: In powder bed fusion, thermal annealing of a powdered precursor
bed is performed in a spatially controlled fashion by using thermal energy of a laser or
electron beam. Methods such as (selective) laser sintering are especially interesting for

the fabrication of metals, but it can also be employed for polymers. %

7. Vat photopolymerization: Vat photopolymerization is performed by spatially controlled
photopolymerization of liquid (pre-polymer) ink. This can be achieved by employing
different light sources and irradiation setups. This method includes MPLP and digital light

processing (DLP) 3D printing. [**

All additive manufacturing methods show similarities but also vary in terms of printing
setups and more importantly applicability for different materials. In the following section,
the different accessible printing processing and requirements are discussed for vat

photopolymerization in detail.



2. LIGHT-BASED 3D PRINTING

Vat photopolymerization is the additive manufacturing method of choice for creating 3D
structures from monomers or pre-polymers using light. % Light offers an excellent source of
energy because it can be focused on mirrors or objectives in a volumetrically controlled

manner either by using light emitting diodes or (femtosecond-pulsed) lasers. !

In fact, vat photopolymerization methods originally developed as stand-alone 3D fabrication
techniques but have similarities and conceptual origins in 2D (two-dimensional)
photolithography. In photolithography, the substrate is first covered with a thin film of
photosensitive ink, i.e. photoresist, which is subsequently irradiated with spatial resolution
using a photomask. ¥ Depending on the employed ink, irradiation can enable either
photodegradation or photocrosslinking of the material in the irradiated regions. In positive
photoresists, exposure to ultraviolet (UV) light induces a change in polymer structure making
it soluble in the subsequent washing step. [*? In contrast to that, the exposed area in negative
photoresists is photocrosslinked with UV light and remains on the substrate in the washing
step. Thus, employing the photomask and irradiation with UV light enables the highly precise

generation of thin polymer film structures. "2

A Negative photoresist B Positive photoresist
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Figure 3: Photoresists in 2D photolithography. A) Irradiated regions of negative photoresists become
insoluble. B) Irradiated regions of positive photoresists become soluble for the development.

Transferring the concept of 2D photolithography to 3D vat photopolymerization techniques
is typically achieved by employing negative photoresists. ' Before dealing with ink design
on the molecular level, the different available setups for vat photopolymerization are briefly

discussed in the following sections.
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2.1 STEREOLITHOGRAPHY

Stereolithography (SLA) printing is the oldest 3D printing technology and typically offers the
fabrication of hundreds of micrometers to dozens of centimeters scaled structures. ' It was
developed in the 1980s, thus building the foundation for commercial light-based 3D printing
technologies in the last decades. **! In the first setups for SLA, a UV laser was focused on a
photopolymerizable ink which was placed in a vat with a movable platform. In this step, the
suitable laser light excites the photoinitiator or photosensitizer in a one-photon absorption
process to an excited state. The subsequently forming species are able to induce the desired

polymerization reaction. !

A  Stereolithography 3D printing B Line-by-line irradiation
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Figure 4: Stereolithography. A) Original drawing of the stereolithographic 3D printing setup proposed by
Hull in 1986. [*® B) Printing process of line-by-line irradiation.
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Selective photopolymerization is achieved by moving the laser focus on top of the solution in
a line-by-line (x, y) manner. After finishing with the first layer, the platform is mechanically
lowered allowing the selective photopolymerization of the adjacent layer (z). With this line-
by-line (hatching in x,y) and layer-by-layer (slicing in z) separation of the desired computer
aided design (CAD) model, the final desired 3D solid object is photopolymerized with
volumetric control. ' SLA offers a high spatial resolution which can be further tuned by
changing the spot size of the focused laser beam. ¥ Moving the laser line-by-line together
with the curing time of the single layers makes this process quite time-consuming for larger
scaled structures. For this reason, the initial SLA setup was improved over time. "% One of
them was the implementation of a projection approach instead of a scanning approach. %!

This new printing process is called digital light processing 3D printing.



2.2 DIGITAL LIGHT PROCESSING 3D PRINTING

Compared to earlier SLA, several changes were implemented in DLP 3D printing to improve
the printing process and increase the accessibility of the setup. ['° First, the irradiation setup
in DLP was inverted to reduce the amount of necessary printable ink in the vat. Second, the
laser source was replaced by a light emitting diode (LED). This replacement included the use
of an array of digital mirrors, i.e. digital mirror device (DMD), instead of the previously
employed galvano-mirrors for moving the laser in xy. "% In DLP, the DMD is located and
oriented in a way that incident light can be either reflected into the ink or not. By switching
the single individual mirrors in the DMD, a pixelated irradiation pattern is obtained yielding
parallel photopolymerization in one layer. This parallelization without the need for single line

movement and reduced waiting times increase the printing speed. 1%

The printing process is performed by moving the platform in the ink-containing vat and
irradiate the desired pattern for the single slice. Afterwards, the platform is moved upwards
by the slicing distance and the next layer is irradiated. The final 3D printed structure is
carefully removed from the platform and typically thoroughly washed with solvent to remove
residues of uncured ink. This step is called development and can furthermore include

additional post-curing with UV light to improve mechanical material properties. ¢!
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Figure 5: Digital light processing. A) Printing set-up with the digital mirror device (DMD) which can be
navigated independently to irradiate or not irradiate the ink in a spatially controlled way using an ultra-
violet light emitting diode (UV LED). B) Printing process of layer-by-layer irradiation.

Prior to starting the 3D printing process, a printing file containing all necessary mechanical
and irradiation parameters needs to be prepared. This file includes information about the 3D
model such as slicing thickness (z) and the irradiation patterns (xy), parameters about the

movement of the platform, as well as the irradiation intensity and irradiation times per slice.
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The printing parameters such as irradiation intensity and irradiation time per slice need to
be determined experimentally beforehand. [*®! In DLP 3D printing these are related to the
curing behavior of the ink. The curing behavior describes the photopolymerization behavior
of the ink for varying irradiation conditions. Two important parameters are used to quantify
the amount of irradiation energy for achieving a certain layer thickness: the critical exposure
energy E. and penetration depth D,. 7'l Both parameters are determined by recording an

energy-cure depth curve which is also called Jacob’s working curve. **!

X Measured cure depths

Linear regression
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Figure 6: Jacob’s working curve for the calculation of the critical exposure energy E: and penetration depth
Dy. Prior to performing the linear regression, the measured cure depths are plotted against the set exposure
energies on a logarithmic scale. ['7-19

For this purpose, different irradiation energy exposures are applied onto ink droplets, and
after removing unpolymerized ink, the obtained photopolymerized spots are measured for
their thickness. This procedure yields varying cure depths as a function of the exposure
energy. Usually, the exposure energy is varied by changing the irradiation times. The energy
can then be calculated by multiplying the irradiation times with the constant (lamp)

irradiation intensity.

Due to the description of light-based absorption processes by the Lambert-Beer law, linear
regression of the measured curve in logarithmic representation of the exposure energy is
performed. 711 The linear regression yields the two important parameters E. and D,. The
crititcal energy E. provides a measure of exposure energy which is necessary to yield gelation
of the ink. The penetration depth D, describes the slope with which the spot thickness
increases with increasing exposure energy. 7® Tt furthermore equals the D, the penetration

depth of ink which reduces the irradiation energy to e* (% 37 %) of the surface irradiation
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energy. ' Both quantitative parameters are important for understanding the curing behavior
of an ink and its potential in DLP 3D printing. After characterizing the curing behavior, the
measured parameters are used to calculate the irradiation time for a certain slicing thickness

during the printing file preparation.

The resolution of the DLP 3D printed structures highly depends on technical and chemical
parameters. Most importantly, the lateral resolution in xy is determined by the pixel size of
the irradiation pattern. "% The pixel size is connected to the size of individual mirrors on the
DMD as well as to the distance between the DMD and the projection plane. 2 Chemical ink
properties such as viscosity or curing speed influence the movement of activated monomers,
thus having an impact on the lateral resolution too. ?*?*?! The lateral resolution is usually
between 10-50 pm. % The axial resolution in z depends on the set slicing distance and
accuracy of the mechanical platform movement. It usually ranges from 25-100 pm. !
Moreover, it is important to keep in mind that the final resolution of the object also highly
depends on the development, i.e. post-printing material treatment. This treatment can
significantly affect the size of the printed structure by swelling or shrinkage. This size change
needs to be considered especially when removing or replacing the ink with another (liquid)

medium of choice.

Although DLP 3D printing is an established technique today, it has furthermore served as an
excellent starting point for next-generation vat photopolymerization techniques. Most of
these new techniques aim to increase printing speed. This can be seen by the new printing
techniques which have emerged in the last decade, e.g. continuous liquid interface
production (CLIP) or volumetric 3D printing. 22 For example, the patented technology for
CLIP by the company CARBON3D employs an oxygen-permeable membrane window in the
vat to enable oxygen polymerization inhibition during continuous pulling and irradiation of
the desired structure. ! The continuous pulling of the structures speeds up the recoating
step which is often the most time-consuming operation during DLP 3D printing. "% In addition
to increasing the printing speed, CLIP improves the axial resolution of the objects by avoiding
stepwise irradiation. [*°! An alternative approach towards rapid vat photopolymerization is
the use of volumetric 3D printing technologies. 2! Volumetric 3D printing describes the
process of creating irradiated 3D volumes instead of sequentially applied 2D patterns such
as in SLA, DLP 3D printing, or CLIP. This can be achieved, for example by using rotational

setups, up-conversion processes, or dual-wavelength photoinitiators. 126-2°!
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2.3 MULTIPHOTON 3D LASER PRINTING

2.3.1 Nonlinear Optics

MPLP, often also called two-photon 3D laser printing (TPLP), direct laser writing, or
multiphoton lithography (MPL), is a vat photopolymerization technique which was pioneered
by Kawata and co-workers in 1997. % MPLP allows the fabrication of (micro)structures with
submicron resolutions. %I This technique and is achieved by using multiphoton absorption
processes for the spatially controlled photoinitiation. Multiphoton absorption is a nonlinear
optical process, in which multiple photons are absorbed simultaneously. ¥ The basis for
this phenomenon relies on the light-induced polarization P of molecules by the incoming

light, i.e. electromagnetic wave:

P =xWE 4+ @ EE 4+ x® EEE + higher order terms, (1)

where x™ is the susceptibility of order n and E is electric field of incident light. % In everyday

life, the electric field E of light is usually too low to induce second, third or even higher terms
of polarization since these tabulated high-order susceptibilities in solids are typically very
low. ©¢ Here, the first term is typically sufficient to describe one-photon absorption and
scattering phenomena. By moving to high-energy light sources such as (pulsed) lasers, other
types of optical phenomena can be observed. *¢ This includes, for example, second, third, or
higher order harmonic generation scattering or absorption. ¢ By selecting a suitable laser
power, these effects are only observed in a small volume, i.e. focal point. ** Thus, applying
multiphoton absorption in the photoinitiation process allows to photopolymerize inks in a
desired focal point inside of the ink. ¥ Moving the focal point inside of the ink droplet or
container leads to spatially controlled photopolymerization along the desired trajectory. The
process starts with the simultaneous absorption of multiple photons by a photosensitizer or
photoinitiator molecule. ¥ In a Jablonsky scheme, this process is depicted by the
multiphoton absorption via a “virtual state”. Next, the excited photosensitizer or
photoinitiator molecule can undergo thermal relaxation from a singlet to another excited
triplet state before inducing or forming reactive species. The reactive species start the

subsequent polymerization reaction in MPLP. 13
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Figure 7: Two-photon absorption induced radical photoinitiation mechanism. 134

2.3.2 Printing Setups

The technology behind MPLP has evolved rapidly in the last two and a half decades since
Kawata and coworkers presented it for the first time in 1997. % In the last two decades, this
new technology has been commercialized by different vendors facilitating the accessibility of
printing setups as well as commercially accessible inks. 7 In this thesis, a commercially
available Nanoscribe Photonic Professional GT2 system was used for printing. In general,
this setup allows microfabrication in two distinct modes, namely oil-immersion and dip-in
mode. The dip-in mode or DILL is a patented configuration by Nanoscribe GmbH. ¥ These

two modes refer to the preparation of the substrate and the placement of the ink. ¥

A Oilimmersion mode B Dip-in mode

Ink droplet m
Transparent substrate

Immersion oil Ink droplet

Substrate

Objective
Objective

Figure 8: Two printing configurations commonly applied for MPLP. A) In oil immersion mode, the objective
is used in combination with immersion oil to print in an ink droplet on top of an optically transparent
substrate. B) In dip-in mode, the objective immersed in the ink and printing occurs directly on the
substrate. This mode enables printing on non-transparent substrates.
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In oil-immersion mode, the objective is covered with an immersion oil and placed below the
optically transparent substrate. The light beam exits the objective and reaches the ink after
traversing the oil and substrate. In this standard configuration, the accessible structure
height is limited to the working distance of the objective and the substrate thickness. *¥ Prior
to printing, the suitable substrate is mounted on the substrate holder, and a drop of ink is

applied on top of the substrate. This configuration is often applied to screen different inks.

In contrast to that, the dip-in configuration gives access to prepare also structures up to
multiple millimeters in size by circumventing working distance limitations and transparent
substrate requirements. ¥ In this configuration, the ink droplet is placed between the
objective and the substrate. By lowering the objective during printing, the structure is printed
upside down. This mode typically requires larger amounts, i.e. volumes, of ink. Available inks
for MPLP in oil immersion are not necessarily suitable for printing in dip-in mode
configuration since upscaling is not straightforward. % This printing configuration requires

the maintenance of a stable connection between the objective and the substrate.

An interesting alternative printing mode was recently presented by the company UpNano
GmbH with their vat mode. %4 In this mode, the structure is pulled out of a vat similar to
the DLP printing setup. In this setup, no constant connection or meniscus between substrate
and objective is required allowing fabrication of macroscopic structures with micrometer

resolution. B9

2.3.3 Printing Process

The printing process is usually described by two models - the threshold dose model and
accumulation dose model. 24 Following the threshold dose model, the printing of the
separate irradiated volume units, i.e. voxels, is achieved by irradiation in a simple binary
model. If the energy threshold for achieving photopolymerization is surpassed for each voxel
during printing, the polymerized structure is crosslinked enough to remain stable during
development. In addition to that, if the induced suitable photoenergy remains below this
photocuring threshold, no photopolymerization occurs. 24! Although this model explains
the printing process in a simplified manner, the oversimplification does not explain different
phenomena related to the resolution limit of printed objects. The accumulation dose model
assumes that multiple exposures with suitable photoenergy lead to additive energy

accumulation in the irradiated voxel. 24! Following this model, a stable photopolymerized
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material is obtained after development only if the total accumulated energy dose is
surpassed. The accumulation dose model reflects better on the achievable resolution of the
printing process - especially when the multiphoton absorption process is considered for the
photoinitiation step. “! For example, thin structural features typically require larger
exposure energies compared to solid volumes where printing of several lines next to each

other leads to an energy accumulation. !

MPLP has multiple important printing parameters which highly influence the structure
outcome. Different parameters are set by the utilized setup such as laser wavelength and
pulse duration — others can be set by the user during sample preparation or printing file
generation. For example, the selection of the printing objective already partially predefines
the achievable voxel size. The easily tunable settings in the printing file generation include,
for example, the distance between scanned lines during printing, i.e. slicing and hatching

distance, as well as the laser power and the scanning speed.

2.3.4 Technological Challenges

Current technological progress focuses on pushing the targeted miniaturization to its limits,
significantly increasing the printing speeds, or achieving printability with lower energy laser
sources. Y Employing stimulated emission depletion in the controlled photoinitiation
process with another laser source allows, for example, the printing of structures with a
minimum feature size down to 9 nm. “? In addition to tackling the miniaturization limits,
technological progress also focuses on extending the accessible fabrication dimensions from
microstructures to the mesoscale and macroscale. This step involves the key to increasing
printing rate and developing highly sensitive inks. To increase the achievable printing speed,
laser sources with higher maximum power can be applied together with a parallelization
approach using multiple foci systems towards volumetric approaches. “*! Another
approach is to use grayscale lithography to modulate the irradiation voxel size by changing
the laser power during printing. By doing so, very smooth surfaces can be achieved, and less

printing time is spent. 146!

In the following section, the polymerization mechanisms and the employed chemistry of

photopolymerization in vat photopolymerization is described.
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3. CHEMISTRY OF LIGHT-BASED 3D PRINTING

Polymerizations can be classified depending on their mechanisms either as a step-growth
polymerization and chain-growth polymerization. ! The decision on which polymerization
mechanisms, i.e. step-growth or chain-growth, depends on the molecular structure of the

monomers and desired polymer.

In step-growth polymerization the reaction and bond formation of the involved monomer’s
functional groups leads to their deactivation. ! Thus, the formation of the bulk polymer
material proceeds in a stepwise manner and high molecular weight polymers are achieved
only for high conversions of functional groups following Carother’s equation. ”! Thereby,
step-growth polymerization is also highly sensitive to the ratio of both involved molecular

functional groups in the bond formation. !
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Figure 9: Step- and chain-growth polymerization mechanisms. In white are the reactive monomers, in grey
the fully converted monomers, and in orange is the growing reactive chain.

In contrast to that, chain-growth polymerization proceeds in three steps: initiation, chain
growth, and termination. ! After the initiation of a reactive chain, the polymerization
mechanism proceeds by inserting monomers iteratively into the growing reactive chain. The
growing reactive chain remains active as long as no termination reaction deactivates it. The
obtained mass distribution depends on the number of active chain initiation events as well

as the kinetics and possible termination reactions. !
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3.1 PHOTOPOLYMERIZATION PROCESS

Successful vat photopolymerization requires fast photocuring during the printing process.
101 For this reason, photocurable inks with fast photochemically induced reaction
mechanisms are typically employed. Especially, (meth)acrylic monomers exhibit fast radical
polymerization kinetics together with a chain-growth mechanism. "% Moreover, the chain-
growth mechanism supports a fast increase in polymer mass compared to step-growth
mechanisms which follow the previously mentioned Carother’s equation. “”' In the following,
the reaction mechanism of commonly utilized free radical (photo)polymerization is described

step-by-step. 48

The first key step for successful photopolymerization is the photoinitiation process. This
process starts with the absorption of one or multiple photons by the photoinitiator or
photosensitizer. Photoinitiators are typically categorized for their radical formation

mechanism into Norrish type I and Norrish type II photoinitiators. 48!
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Figure 10: A) Commonly employed Norrish type I photoinitiators such as Irgacure 2959, LAP, BAPO, or
Ivocerin. B) The initiation mechanism of the Irgacure 2959 in a Norrish type I mechanism. 48]

Norrish type I photoinitiators show photodissociation, often via an a-bond cleavage, upon
irradiation. Commonly employed photoinitiators in this class include for example 2-hydroxy-
4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (Irgacure 819 or BAPO), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), or bis(4-methoxybenzoyl)diethylgermanium (Ivocerin).

49 In all these initiators, the a-bond breaks upon suitable light irradiation leading to the
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formation of two active radical species which can serve for chain-growth during

polymerization. 48!

Norrish type II photoinitiators have a different initiation mechanism because they involve a
hydrogen abstraction for radical formation. Their photoinitiation mechanism starts with the
absorption of suitable light energy by a photosensitizer. In the next step, the photosensitizer
typically abstracts a hydrogen radical from a co-initiation species, often an amine co-initiator.
After the hydrogen abstraction, both formed radical species can initiate the subsequent

chain-growth. 4850
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Figure 11: A) Commonly employed Norrish type II photoinitiators such as ITX, BDEABP, or P2CK. B) The
initiation mechanism of the ITX in a Norrish type II mechanism. 48]

The choice of photoinitiation system is linked to the employed photopolymerization
technique and desired printing wavelength. '°! Norrish type I photoinitiators are frequently
employed in both, DLP 3D printing as well as MPLP. However, while being the standard choice
for DLP 3D printing, these photoinitiators often do not show efficient multiphoton
absorption. 2! For this purpose, Norrish type II systems such as 4-(propan-2-yl)-9H-
thioxanthen-9-one (ITX), 4,4'-bis(diethylamino)benzophenone (BEABP), or the photoinitiator
P2CK have proven to be more effective in initiating under these conditions. 2! The high

multiphoton absorption cross-section as well as effective intra- and intermolecular hydrogen
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abstraction ensures highly efficient photoinitiation. “¢%3 However, a major drawback of these
systems is their residual presence in printed structures which can lead to strong undesired

autofluorescence. 4

After successful photoinitiation, the next step involves radical chain-growth polymerization.
Bl For this purpose, rapidly polymerizable monomers are preferred because they offer fast
mass growth, i.e. printing speed. This can be achieved using acrylic monomers such as

(meth)acrylates and (meth)acrylamide. 5
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Figure 12: Mechanism of free radical polymerization after formation of initiating radical species. [°!

During polymerization of the different monofunctional acrylic monomers, linear chains are
formed. Using multifunctional monomers, e.g. di-, tri-, and tetraacrylates, provides access to
crosslinked polymeric materials. %! In addition to acrylate systems, another frequently
used class of radically polymerizable monomers employ thiol-ene photopolymerization. #+5°!
Compared to acrylic systems, these systems can be come with various advantages -
especially when biocompatible hydrogels are desired — such as better biocompatibility, lower
shrinkage, and lower required light doses for photocuring. [10-3440.495557] Nevertheless, poor
thermal storage stability as well as strong odor of these thiol-ene based systems make them

usually less attractive to work with.

The polymerization process is stopped by a termination step which can occur by radical
recombination or disproportionation. ©*! In addition to the combination or disproportionation
of growing chains, this step is often connected to the presence of dissolved oxygen in the ink.

The oxygen reacts with the radical and thereby hinders additional chain-growth. 2%
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An alternative to radical photopolymerization is the use of epoxy-functionalized monomers
and the use of photoacid generators for starting the cationic chain-growth polymerization.
Epoxy-based polymerization typically leads to less shrinkage of printed structures but comes

typically at the cost of slow polymerization rates compared to radical polymerization.["!

3.2 PREPARATION OF INKS

The obtained photopolymerized materials possess properties which are related to the
employed monomers as well as the polymer architecture. %% This modular principle gives
access to a wide range of tunable additional functionalities. Development of new inks for vat
photopolymerization such as DLP 3D printing or MPLP follows a rational process in an
iterative protocol. The process starts with the selection of desired and targeted material
properties in the final 3D printed structures (e.g., mechanical, optical, responsive, or other
functional properties). First, the ink is designed around synthesized or selected accessible
mono- and multifunctional monomers for the implementation of the desired properties.
Next, other ink components are chosen based on their compatibility with the printing
process and the desired properties. Frequently employed additional ink components are
suitable solvents, non-polymerizable additives, or photoinitiators. The prepared inks are

tested for their printability, and the process optimized.

'
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Figure 13: Process of ink development. After deciding the targeted material properties, the process involves
the formulation of monomers into inks which are tested for their printability. The process is re-evaluated
at an earlier point in the development chain until the desired properties are achieved.
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3.3 CURRENT TRENDS IN INK FORMULATIONS

The interest in expanding the scope of accessible structures and materials for a variety of
users across disciplines such as engineering, physics, chemistry, biology, and medicine is

the driving force for recent innovation in printable inks.

For example, photochemical approaches using multiple wavelengths during 3D printing have
attracted attention in recent years. These involved the development of new methods and
photochemical reactions by using multiple wavelengths of light simultaneously. For example,
multiple wavelength photoinitiators for volumetric 3D printing using xolography holds great
potential for new photochemical concepts. *1 In this regard, employing orthogonal
photochemistry by printing with multiple wavelengths is a promising approach to combine

multiple materials into 3D multimaterial structures during printing. [¢1:62

Many recently presented ink formulations aim for establishing bio-based, degradable, and
recyclable vat photopolymerized 3D structures. Reported bio-based systems typically
employ natural resources, for example vegetable oils, for the synthesis of multifunctional
photocrosslinkable monomers. ©*% Moreover, innovative concepts for breaking and

reforming crosslinks were introduced in 3D printing to achieve recyclable systems. 1

In addition to progressing sustainability in 3D printing, inks for biohybrid materials have
been recently presented to achieve living materials. In this approach, inks are combined with
bacteria, yeast, or mycelium, which could be used for modulating material properties. [¢5-8!

Mixing inks with mammalian cells is attractive for application in tissue engineering. 166!

For 3D printed bioelectronic materials, a new class of ink formulations based on
polymerizable deep eutectic systems (PDESs) is currently raising interest in vat
photopolymerization. 74 PDESs are liquid deep eutectic mixtures prepared from Lewis or
Bronsted acids and bases, where one of the components is polymerizable. ">77 These liquid
eutectics with tunable polarity are readily accessible by mixing the components at elevated
temperatures. 777! Furthermore, a low volatility and tunable viscosity make PDESs also

highly attractive for dissolving a variety of polar and apolar compounds. 7>77!

Since this thesis focused on materials for MPLP, the next section introduces accessible
functional state-of-the-art materials focusing on stimuli-responsive materials and

biomaterials.
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I1.Theoretical Background

4. STATE-OF-THE-ART MATERIALS FOR MULTIPHOTON
3D LASER PRINTING

Functional materials play a key role in the development of new applications on the
microscale. 1597879 The functionality can be incorporated into the material either physically
by additives or covalently using functional monomers. ”® In state-of-the-art ink design for
MPLP, functional monomers are typically combined with crosslinkers and a suitable
photoinitiator. 7*#°! In many cases, the crosslinking density very often must be sufficiently
low to ensure the desired material functionality. ® However, since crosslinking is very
important for MPLP to achieve printability and mechanical stability of the 3D printed
microstructures, state-of-the art ink design often requires optimization of the ratio of

functional monomers to crosslinker. [

The next section will deal in detail with addition of and control over stimuli-responsive,

shape-morphing material properties in 3D microprinted structures.

4.1 BEYOND STATIC 3D STRUCTURES

Developing structures which can respond, interact, and adapt to environmental changes are
of great interest for developing signaling cascades and robotics applications. By introducing
stimuli-responsive behavior into static structures, they can for example change their shape,
exert forces onto other structures, move in a controlled manner, or induce further signals.
178801 Among a plethora of those materials, organic stimuli-responsive polymers have been
previously designed to respond to external stimuli such as temperature, light, electric fields,
pH, humidity, and other chemical signals. ¥ From a chemical point-of-view, stimuli-
responsive materials possess molecular structures which can respond to the stimulus of
interest. ¥ For example, light-induced changes start with the absorption of light and
continue with internal electronic or molecular rearrangement processes which can also lead
to thermal processes. ! Similar to light, thermal energy induces electronic and molecular
changes which can affect the interaction of molecular groups. ! The choice for a desired
stimulus and response influences the suitability stimuli-responsive polymer class.
Embedding stimuli-responsive features in 3D printed structures is often called 4D printing.

21 The additional dimension is the accessible material change upon applying a certain
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stimulus. This provides another dimension of control over the shape, stiffness, size, or any
other material property. 78 Thus, 4D printing using MPLP offers an excellent technique for
preparing stimuli-responsive structures for soft robotics, optics and photonics,
microfluidics, and biological applications. 7®! Four different classes of stimuli-responsive
polymers have played a crucial role in the development of 4D printed structures using MPLP:
responsive hydrogels, shape memory polymers, liquid crystalline elastomers, and (magnetic)
composite materials. The following section deals with MPLP of the first three classes, namely

responsive shape memory polymers, liquid crystal elastomers, and responsive hydrogels.

Active Materials Applications

Responsive Liquid Crystalline Microrobotics Optics & Photonics
Hydrogels Elastomers

Shape Memory ~ Composite Microfluidics Life Sciences
Polymers Materials

Figure 14: Active materials involved in providing stimuli-responsive properties for 4D microprinting using
MPLP. 78]

4.1.1 Shape Memory Polymers

Shape memory polymers are a class of polymers which can change their shape upon
applying an external stimulus. ¥ In temperature-responsive shape memory polymers, a
temporary, i.e. programmed, shape transforms back upon heating into the material’s
permanent shape. [®! Programming is performed by heating the permanent shape above the
polymer’s glass or crystallization transition temperature. In this step, the material typically
shows significantly softer mechanical properties allowing the deformation of the softened
material to a temporary shape. Fixing the programming strain in the shape memory polymer
is achieved by cooling the material in its temporary shape below the glass or crystallization

transition temperature. ® The response is usually based on the release of induced, i.e.
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I1.Theoretical Background

programmed, strains upon heating the programmed material back above the polymer’s glass
or crystallization transition temperature. Upon melting at the transition temperature,
softening of the material allows the material to release its strain and recover its previously

permanent state. [*°!

Shape memory polymers were previously 3D printed using MPLP. Reported shape memory
systems by Greer and coworkers or Blasco and coworkers are based on glass transitions of
polymers such as poly(benzyl methacrylate) or poly(isobornyl acrylate). 4% The ink
composition reported by Blasco and coworkers was printable with only minor changes using

MPLP and DLP printing. %

4.1.2 Liquid Crystal Elastomers

Liquid crystal elastomers are a special class of stimuli-responsive polymers showing
responsive behavior based on changes in liquid crystalline phases. ®¢! Liquid crystals
possess unique physical properties by combining long-range order of crystals with the
fluidity of liquids. Various liquid crystalline phases have been prepared which can be
categorized based on the molecular orientation between suitable liquid crystalline
molecules, often called mesogens. ! The different liquid crystalline phases fix the mesogen
orientation without limiting its fluid state. In the nematic phase, the mesogens show an
alignment in a direction without an additional preference along the orientation axis. ¢
Increasing thermal energy by heating can at a certain temperature overcome the orientation
preference leading to an isotropic state. This temperature is called nematic-to-isotropic
phase transition temperature T,.. Cooling the isotropic mixture back results in the recovery
of the nematic phase. *®¥ Connecting mesogens in a low crosslinked network allows to use
the reversible phase transitions in materials. For example, the orientation of mesogens in
nematic liquid crystalline elastomers is along an alignment direction. Upon induced nematic-
to-isotropic phase transition, the long-range orientation is lost leading to a contraction in the
direction of alignment. ®¢ Thus, the application of liquid crystalline elastomers highly
depends on the possibility to align the mesogens prior to crosslinking in the network. In thin
film applications (< 100 pm), alignment of the mesogens is typically achieved by using coated

surfaces in glass cells. #5471

By MPLP of (meth)acrylated mesogens in glass cells, liquid crystalline elastomers were

successfully 4D printed and used for the preparation of stimuli-responsive microrobots. %92
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For example, Wiersma and coworkers prepared a light-fueled moving microrobot by
incorporating a photo-responsive azobenzene in the printed structure. 2 The absorption of
suitable light by the dye and the photo-thermal heating of the microrobot induced the desired
nematic-to-isotropic phase transition. In another work, Wegener and coworkers used
electrical field induced mesogen alignment during the MPLP process to achieve spatially
controlled mesogen alignment in the printed structure. *® In a follow-up work, Wegener and
coworkers utilized this approach to 3D printing photo-responsive metamaterials using liquid

crystalline elastomers.

In addition to the actuation of nematic structures, Florea and coworkers presented MPLP of
a cholesteric liquid crystalline elastomer structure. °! The pitch distance of the printed
structure was found to change its color in response to differences in humidity of the

environment.

4.1.3 Responsive Hydrogels

Stimuli-responsive hydrogels are another class of stimuli-responsive polymer. ¢! In
responsive hydrogels, the responsive behavior is achieved by stimuli-induced differences in
swelling behavior of the hydrogel network. ¢ For example, incorporating different organic
acids or bases lead to pH-responsive swelling or shrinkage in aqueous media close to their
pK. or isoelectronic point value. 4% Sitti and coworkers have incorporated pH responsive
behavior in microprinted hydrogels by adding acrylic acid (AAc) and poly(ethylene glycol)
diacrylate (PEGDA) in a hydrogel ink for MPLP to achieve on-demand pH responsive cargo
release of the core of a printed drug carrier. ° This pH responsive core was embedded into
a temperature-responsive outer shell. For this purpose, Sitti and coworkers used a N-
isopropyl acrylamide-containing (NIPAAm-containing) hydrogel ink formulation.
Poly(NIPAAm) is a commonly employed temperature-responsive polymer in hydrogel
formulations. ' It possesses a critical solution temperature at around 32 °C which causes
the polymer to shrink in aqueous solution slightly above room temperature. % In
crosslinked hydrogels, this effect leads to shrinkage of the hydrogels upon heating. ' The
earliest example of microprinted poly(NIPAAmM) using MPLP was reported by Bastmeyer and

coworkers in 2019. (101
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Figure 15: Reported MPLP of bilayered poly(NIPAAm)-containing actuator. [1°1

In this first work, the authors have also shown the influence of the printing parameters in
MPLP on the controlled shrinkage of bilayered structures. "% Bending of their printed
bilayered structures was achieved by printing with different printing parameters and thereby
different crosslinking densities. The more crosslinked part of the bilayered beam showed less
shrinkage compared to the less crosslinked beam part. This anisotropy led to the bending in
a controlled way. 'Y The combination of differently crosslinked materials serves as an
excellent way to create anisotropic behavior in responsive hydrogel-based actuators. 7
Selhuber-Unkel and coworkers have investigated the response of the printed poly(NIPAAm)
and employed it in microfluidic chips to trap particles. 1°21%%! Blasco and coworkers have
recently developed oligo-ethylene glycol-based prepolymer inks to achieve responsive

shrinkage at tunable temperatures between 40 °C and 80 °C. [1%4

Responsive behavior was also implemented by Tanaka and coworkers by using adamantane-
based host-guest systems. %! This system allowed for selective chemically triggered
decrosslinking, i.e. swelling response, in the presence of cells. Moreover, the authors
presented multimaterial structures with this system allowing the controlled stretching of

cells. 1031

Ensuring biocompatibility of printed materials is a crucial aspect for the development of

crucial applications. The next section introduces biomaterials for MPLP.
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4.2 3D MATERIALS FOR BIOAPPLICATIONS

Before going in detail on the variety of biomaterials, the first step includes the definition of
the materials which we commonly consider as biomaterials. According to the broadly
accepted definition from 2009, David F. Williams defined biomaterials in his book “On the

nature of biomaterials” as following:

“A biomaterial is a substance that has been engineered to take a form which, alone or as part
of a complex system, is used to direct, by control of interactions with components of living
systems, the course of any therapeutic or diagnostic procedure, in human or veterinary

medicine. “ 196l

Based on this definition, the term biomaterial is linked to synthetic as well as natural
materials intended for use with living systems in biomedical studies, diagnostics, implants,
and therapeutics. Moreover, the term biomaterial can apply to ceramics or metals intended
for bone replacement as well as to flexible substrates used in wearables and bioelectronics.
Keeping this definition and the versatility of applications in mind, it is not necessarily related
to biodegradable or bio-derived materials. ® It is also not necessarily linked to soft materials.
However, since many applications are connected to soft tissues, many soft biomaterials are
interesting in those applications. A crucial requirement for this combination is often called
biocompatibility. The biocompatibility of a material can be defined as the property of not
producing an adverse effect when in contact with a living system. %7 Following this
definition, biocompatible materials include bioinert materials and materials with a positive
effect. Of course, the evaluation of the effect from a biocompatibility study depends on the

material and final application in mind. ¢!

Using additive manufacturing and especially vat photopolymerization for shaping
biomaterials in 3D provides a range of new opportunities in tissue engineering for biomedical
research and personalized medicine. For example, the precise processing of biomaterials
with submicron, i.e. subcellular, resolution using MPLP is highly attractive for fabricating
single-cell scaffolds for (bio)medical studies and implants. [“°! In this thesis, the main effort
was placed on developing new soft synthetic as well as natural material inks for 3D
microprinting and advance possible applications of these 3D printed biomaterials. For this

purpose, the next section focuses on soft 3D printable biomaterials using MPLP.
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I1.Theoretical Background

4.2.1 Synthetic Precursors

Synthetic polymers offer several advantages compared to pure natural polymers. The main
advantage is the versatility of chemical compositions yielding highly tunable mechanical
material properties, controllable swelling degree in aqueous media, and easily embedded
additional functionality. For example, soft mechanical properties can be achieved by using

poly(dimethylsiloxane)-based (PDMS-based) prepolymers in printable inks. [10%-111]

This is performed by using (meth)acrylate-functionalized PDMS-prepolymers. A frequently
employed PDMS-based ink is the commercially available IP-PDMS by the company
Nanoscribe GmbH. "2 This ink gives access to soft hydrophobic printable elastomers. This
hydrophobic material shows a low degree of swelling after printing and development
facilitating its fabrication in more complex structures. The low cytotoxicity of printed IP-
PDMS has provided the basis for numerous successful studies using this material in cell

scaffolds and biophysical studies. 314

For example, Tanaka and coworkers have recently fabricated different net structures from
IP-PDMS and examined cell forces on these materials. "% After printing different net
geometries using MPLP, the authors seeded cells on the structures and investigated the net
deformation during cell movement. "'* In another recent work, Selhuber-Unkel and
coworkers have 3D printed an elastic structure using IP-PDMS, seeded cells inside of the
elastic structure, and used a mechanical tip to mechanically stimulate the multicellular

systems. 1%
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Figure 16: Frequently employed photopolymerizable synthetic precursors for MPLP.
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Although IP-PDMS can be used for various studies, moving to hydrogels can provide access
to even softer materials. ®* In hydrogels, non-covalently bound water ensures the structural
stability of the material. Hydrogels are frequently employed in biological studies because
they also come along with some further advantages. In addition to the soft and tunable
mechanical properties, the intrinsic presence of water inside of the material comes along
with improved nutrient supply. "**! In biological studies, the perfusion of hydrogels ensures
cell viability, even if cells are directly encapsulated inside. '*® Commonly employed synthetic
systems are poly(ethylene glycol)-based (PEG-based) hydrogels. For MPLP, PEG prepolymers
are typically functionalized with (meth)acrylate groups and formulated in printable inks

together with a photoinitiator and water. [4°

It is important to note that pure PEG-diacrylate (PEGDA) hydrogels possess cell repellent
behavior making it crucial to add additives to promote cell-adhesion. For example, selectively
cell-adhesive printed PEGDA-based inks can be achieved by adding acrylated polypeptides

with cell-adhesion promoting sites (e.g. sequence motif “RGD”). [117]

PEGDA-based formulations have been previously printed for the fabrication of microrobots
and cell scaffolds. ''#11° In 2021, Gopfrich and coworkers presented MPLP of a PEGDA-based
ink for the preparation of intracellular structuring inside of giant unilamellar lipid vesicles.
(120l Moreover, in recent years, the commonly employed PEG-based hydrogels have been step-
by-step replaced in (bio)medical studies by alternative hydrogels, because long term

exposure of human to these materials leads to the development of PEG-antibodies. [121:122]

4.2.2 Natural-Based Precursors

Implementing natural-based hydrogels in bioapplications comes along with multiple
advantages. Natural-based hydrogel-forming polymers can be found in a plethora of tissues
where they serve key components in the natural extracellular matrix (ECM). “°! The ECM was
found to not only offer mechanical surrounding to cells, but to also play a crucial role in cell-
cell as well as cell-matrix interactions. '?® Thus, using natural-based components from the
ECM allows the fabrication of hydrogels with similar mechanical material properties and
provides the possibility of including biochemical and biological cues to stimulate
surrounding cells. Two frequently employed natural-based ECM components are
poly(saccharides) and poly(peptides). “° To enable MPLP, natural-based materials are

usually chemically functionalized with (meth)acrylates or (meth)acrylamides using acryloyl
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chloride or (meth)acryloyl anhydride. These reagents react with accessible amine or hydroxy

groups of the natural prepolymers allowing additional photocrosslinking during MPLP. 14°!

Biopolymer functionalization
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Figure 17: Functionalization procedure for photocrosslinkable natural-based precursors. 124
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4.2.2.1 Polysaccharide-Based Precursors

Polysaccharides are important components of the extracellular matrix with highly varying
stiffness. For example, chitin is produced by arthropods as one of the main components of
stiff exoskeletons, i.e. shells for protection. ['*! In contrast to that, hyaluronic acid is a key
component in the ECM of soft tissues because it retains water and thereby keeps the tissue
elastic. !'*! The broad range of natural occurrences of polysaccharides is related to the
tunability in monosaccharides and their connectivity. The broad range of properties and
accessible polysaccharide prepolymers makes this class of biopolymers attractive for MPLP.
1271321 Among those, hyaluronic acid is especially interesting for its biomedical role in
mammalian tissues. [!?! For this reason, different functionalization strategies have been
employed to access printable hyaluronic acid. Chichkov and coworkers functionalized the
polysaccharide prepolymers with methacrylate groups using glycidyl methacrylate. "?°! To
achieve the printability of their systems, the authors have moreover added PEGDA as another
crosslinker to their ink. '?*! To reduce the cytotoxicity of the printed material by avoiding
unreacted (meth)acrylate groups, Liska and coworkers have functionalized the hyualuronic
acid with vinyl esters using a lipase-catalyzed transesterification reaction. *® The vinyl ester
functionalized hyualuronic acid was printed using thiol-ene photopolymerization with

dithiothreitol as dithiol agent. '3
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4.2.2.2 Polypeptide-Based Precursors

Polypeptide-based precursors are an excellent natural source of biopolymers. In nature,
polypeptides and proteins are essential to ensure cell functions and cell interactions with
their surroundings. "** Preparation of polypeptide scaffolds for tissue engineering is a
crucial part of mimicking natural tissues which often consist of a mixture of different types

of collagens and their denatured, partially hydrolyzed form gelatin. (3%

Collagen, for example, as one of the most abundant proteins in animals is essential to
maintain mechanical stability of the ECM. !*¢! Moreover, this protein induces alighment in
tissues and plays a crucial role in signaling pathways. %71%! Collagen can be found in various
types where collagen type I is the most abundant. [***! The different types of collagens vary in
their polypeptide-sequence, chain combinations, length, and post-modifications. [** These
variations in collagen structure lead to different properties and function in different

tissues.® Collagen has various hierarchical levels of structure formation.
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Figure 18: Collagen self-assembly at different hierarchical levels. 4]
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Its smallest element, i.e. primary structure, is built from a sequence of amino acids with the
repeating tripeptide sequence of glycine-X-Y, where X and Y are mostly proline and
hydroxyproline with regular mutations at the positions X and Y, respectively. [*** This primary
structure forms a polyproline II helical secondary structure which assembles with two more
collagen polyproline II helices into a trihelical quaternary structure. '** The stability of this
quaternary structure is closely connected to the ratio of proline and hydroxyproline in the
primary structure. Increasing the content of hydroxyproline was found to also increase the
folding stability of the quaternary structure. "*° In nature, the unfolding, i.e. melting,
temperature of different collagen sources was found to depend on the tissue. ! For
example, collagen extracted from Antarctic fish skin unfolds, i.e. melts, slightly above the
body temperature the fish faces (5°C-6 °C). In collagen extracted from rat skin, melting

occurs around 37 °C. (141

In addition to the other hierarchical levels, the separate trihelical quaternary structures can
assemble into fibrils of several hundreds of nanometers and fibers of centimeter scale
depending on the environment and tissue. ['*® Research on collagen assembly across
different scales has gained rapid evolution in the last decades due to new accessible powerful
computational methods and simulations. *>44 Up to today, potential folding and assembly
mechanisms of collagen in vivo remain a vividly discussed topic. !*! Understanding this
process in detail could offer new biomedical opportunities to understand and manipulate

wound healing and aging processes. 13

To study and use collagen in hydrogels, it is typically purified from natural sources such as
bovine, rat, or fish. *° In this step, the water-insoluble fibers are usually treated with acids
at low pH to break the quaternary assembly. [13%146:1471 The solubility of collagen in this
medium highly depends on the source and degree of chemical crosslinking between the
separate trihelical structures. ['*! Increasing the pH of the soluble collagen solution yields
gelation with reformation of fibril or fiber assembly. 14! This assembly is further highly
preferred with increasing temperature. 46! For this purpose, soluble collagen is usually
dissolved at low temperatures before inducing gelation at relevant temperatures for cell

cultures. 48

To achieve collagen gelation during vat photopolymerization and explicitly MPLP, soluble
collagen can be printed with photosensitizers such as riboflavin or rose bengal which are

supposed to induce oxidative crosslinking of amino acid side chains upon irradiation. [14%:10
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However, this process was found to show low efficiency, thus required high laser powers. An
attractive alternative to increase the printability is the functionalization of the amines and
hydroxy groups in the side chains with photopolymerizable groups. This can be achieved by
methacrylation or incorporating groups for subsequent thiol-ene crosslinking. [1°152 So far,
MPLP of collagen methacrylamide (ColMA) has only been achieved by using custom setups

or cooling of the ink during the printing process to avoid undesired gelation. [*°?

In contrast to soluble collagen, gelatin is composed of hydrolyzed short polypeptides, i.e.
collagen primary structure fragments, which can be obtained by treating collagen with
enzymes or harsh pH conditions over time. !°31% This treatment changes the chemical
properties of the material entirely since it does not form fibrils or fibers anymore. Due to this
fragmentation, gelatin dissolves readily in aqueous conditions at temperatures above 30 °C.
(1531541 Similar to collagen, gelatin possesses cell-adhesive properties making it highly
attractive for the fabrication of cell scaffolds. [**" Chemical (photo)crosslinking of gelatin
improves the mechanical properties of the hydrogels, making them suitable as scaffolds for
cell culture. This can be achieved in the same way as for the other biopolymers, e.g.
(meth)acrylation. '°°! Gelatin methacryloyl (GelMA) is an established hydrogel material in vat
photopolymerization and MPLP. 155158 Tt js typically dissolved in concentrations of 20 wt% to
40 wt% in aqueous solution with a suitable photoinitiator. After spatially controlled
photochemical crosslinking, the residual GelMA is removed by slightly heating the printed
structures in an aqueous medium. GelMA has been previously used for the fabrication of cell

scaffolds and biocompatible microrobots. 155158

For example, Nelson and coworkers have prepared enzymatically degradable helical
microswimmers in 2018 using GelMA. %! After MPLP, the authors incorporated iron oxide
nanoparticles and were able to control the movement of the microswimmers upon applying
magnetic fields. Furthermore, the 3D printed GelMA matrix was degradable in the presence
of collagenase, a hydrolytically active enzyme, making the system interesting as a

controllable biomedical cargo. [°*

34



III. Cumulative Part

1. DEEP EUTECTIC INKS FOR MULTIPHOTON
3D LASER MICROPRINTING

Bibliographic reference

Philipp Mainik, Christoph A. Spiegel, Jonathan L. G. Schneider, Martin Wegener, and Eva
Blasco. “Deep Eutectic Inks for Multiphoton 3D Laser Microprinting.” Adv. Mater. (2025):
2507640.

Author contribution

Philipp Mainik has contributed to the methodology (lead), validation (lead), formal analysis
(lead), investigation (lead), data curation (lead), writing — original-draft (lead), writing — review

& editing (lead), and visualization (lead).

Patent reference

The results of this work have been used for an invention disclosure and patent application

together with Heidelberg University:

Philipp Mainik, Christoph Alexander Spiegel, Eva Blasco Pomar. Deep Eutectic Inks for
Multiphoton 3D Laser Microprinting. EP25151765. Filing date: 14.01.2025.

35



36



Formblatt Kumulative Dissertation

1. Publikation/Publication:
Vollstdndige bibliographische Referenz/Complete bibliographic reference:

Philipp Mainik, Christoph A. Spiegel, Jonathan L. G. Schneider, Martin
Wegener, and Eva Blasco. “Deep Eutectic Inks for Multiphoton 3D Laser
Microprinting.” Adv. Mater. (2025): 2507640.

2. Erst- oder gleichberechtigte Autorenschaft/First or equal authorship: Ja/Yess Nein/No []

Veréffentlicht/Published
Zur Veréffentlichung angenommen/Accepted
Eingereicht/Submitted
Noch nicht eingereicht/Not yet submitted

4, Beteiligungen/Contributions**

Contributor Role Doktorand/in/ Co-Autor/in 1/ Co-Autor/in 2/
Doctoral Student Co-author 1 Co-author 2

Name, first name Mainik, Philipp

Methodology X

Software

Validation X

Formal analysis X

Investigation X

Resources

Data Curation

Writing-Original Draft

Writing-

Review&Editing X
Visualization X
Supervision

Project administration

Funding acquisition

**Kategorien des CRediT (Contributor Roles Taxonomy, https://credit.niso.org/)

Hiermit bestitige ich, dass alle obigen Angaben korrekt sind/I confirm that all declarations made
above are correct.

i,

YA/ ~
Unterschrift/Signature %i‘—'\»\""”w

Doktorand/in/Doctoral student Co-Autor/in 1/Co-author 1 Co-Autor/in 2/Co-author

Betreuungsperson/Supervisor:

Hiermit bestatige ich, dass alle obigen Angaben korrekt sind und dass die selbststdndigen Arbeitsanteile
des/der Doktoranden/in an der aufgefiihrten Publikation hinreichend und signifikant sind// confirm that all
declarations made above are correct and that the doctoral student’s independent contribution to this
publication is significant and sufficient to be considered for the cumulative dissertation.

Pro) Derse, EV - & R £.8.2028
Name/Name Unterschrift/Signature Datum/date

Stand: Februar 2025
37



38



II1.Cumulative Part

RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Deep Eutectic Inks for Multiphoton 3D Laser Microprinting

Philipp Mainik, Christoph A. Spiegel, Jonathan L.G. Schneider, Martin Wegener,

and Eva Blasco*

Multiphoton 3D laser printing of polymers has become a widespread
technology for manufacturing 3D architectures on the micro- and nanometer
scale, with booming applications in micro-optics, micro-robotics, and
micro-scaffolds for biological cell culture. However, many applications
demand material properties that are not accessible by conventional polymer
inks. These include large stiffness, for which recent breakthroughs based on
inorganic materials have been reported. Conversely, some applications require
very low stiffness and high mechanical compliance. Existing solutions achieve
softness by low crosslinking densities, at the inherent expense of deteriorated
spatial resolution and structure quality. Herein, this apparent contradiction is
resolved by introducing multiphoton inks based on deep eutectic systems,
comprising Lewis or Brgnsted acids/bases. The 3D printed materials support
extremely large strains and bulk Young’s moduli as low as 260 kPa under
aqueous conditions, well suited for biological applications — at comparable
ease of use and spatial resolution as well-established commercially available

polymer inks.

1. Introduction

3D microfabrication by multiphoton 3D laser printing (MPLP),
also known as multiphoton lithography or direct laser
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writing, offers unparalleled precision and
versatility in 3D microfabrication, enabling
the creation of complex structures with
nanoscale resolution.'"®! This technology
is driving advancements across a wide
range of cutting-edge applications, from op-
tics and photonics!”"3 to soft-robotics,[1*2]
and biology.»? As demand for these
applications grows, developing printable
materials or inks that meet specific re-
quirements is crucial. Recent advances in
materials such as fused silica and metal
oxides have enabled the fabrication of
stiff 3D microstructures,>3% but achiev-
ing soft and elastic materials with high pre-
cision at these scales remains challenging.

Currently, the design of inks for MPLP
typically involves the incorporation of
multifunctional monomers, molecules
equipped with multiple photopolymeriz-
able moieties, which enable fast efficient
polymerization for the generation of stable
3D microstructures.332  Thus, good
printability is very often inevitably linked to the generation of
highly crosslinked polymer networks and stiff materials. There-
fore, the design of inks for 3D-printed soft and elastic structures
typically involves an iterative process to find an optimum between
desired mechanical properties and printability.’] Reducing the
crosslinking density and thereby reducing the stiffness, is usually
achieved by either adding monofunctional monomers or solvents
which significantly impact the printability by lowering achievable
printing speeds and structural quality. Therefore, a major limita-
tion of today’s printable materials for MPLP is the lack of func-
tional soft materials that enable fast and precise fabrication.®3334]
Filling this missing gap with a suitable material approach is of
particular interest for advanced (biomedical) applications in the
life sciences and flexible electronics.

One approach to overcome this challenge is the use of dy-
namic bonds, which allow fine-tuning of the crosslinking den-
sity and thus mechanical characteristics after printing. So far, re-
ported strategies usually require multiple steps of chemical syn-
thesis limiting wide-range applicability.*>*’] As an alternative,
inks using supramolecular interactions based on ionic or hydro-
gen bonding could offer easily accessible and versatile systems.
We have identified deep eutectic systems (DESs) as a promising
class of materials for this approach.3®39] DESs are liquid eutectic
mixtures comprised of Lewis or Brgnsted acids and bases. These
mixtures are readily accessible, possess low volatility as well as
tunable viscosity, and offer excellent media for dissolving a va-
riety of polar and apolar compounds.!**3°! Polymerizable DESs,

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Deep eutectic systems (DESs) as versatile printable materials for multiphoton 3D laser printing (MPLP) enabling complex and soft 3D mi-
crostructures. a) We introduce deep eutectic mixtures based on acrylic acid (AAc), 2-hydroxyethyl acrylate (HEA), and N,N-dimethylacrylamide (DMAAm)
and zinc chloride (ZnCl,). The zinc ions interact with the acrylic monomers through ion-dipole and hydrogen bonds, forming “multi-functional”
monomers that facilitate rapid photocrosslinking during the printing process. b) The supramolecular crosslinking enables fast printing and enhances
the structural stability of the printed objects, allowing for the fabrication of 3D microstructures with intricate geometries and fine features. c) Developing
and disrupting the supramolecular ion-dipole and hydrogen bonds results in a low-density crosslinked network that leads to highly elastic and soft 3D
microstructures. d) Schematic illustration of the DEI phase diagram, where a transparent ink is formed from the 1:2 ZnCl, /monomer mixtures (shown
in the photograph). e) Exemplary scanning electron microscopy (SEM) images of 3D complex microstructures fabricated from DEls. Scale bars 100 um.

which contain atleast one component that allows polymerization,
have very recently raised interest in different fields.[**#¢] How-
ever, this material class is completely unexplored for the fabrica-
tion of functional 3D/4D microstructures using MPLP.

Herein, we present for the first time the use of DESs for
fast and efficient MPLP of soft and flexible 3D structures with
high resolution. The printable mixtures consist almost entirely of
monofunctional acrylic monomers with zinc chloride (Figure 1).
Their unique supramolecular interactions facilitate outstanding
printing performances with a wide range of readily available
acrylic monomers and only minimal amounts of multifunctional
monomers (<5 wt%). This enables rapid fabrication of soft, elas-
tic, and even multi-responsive structures ranging from pm to
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mm sizes with high fidelity, that is unattainable by conventional
printable materials.

2. Results and Discussion

2.1. Identification and Characterization of Suitable Deep Eutectic
Systems

To bridge the current challenge of efficient MPLP of soft and
elastic 3D/4D micro- to millimeter-sized structures, we explored
DESs which provide supramolecular bonds during microprint-
ing and can easily break during the development step leading to
a low crosslinked network (Figure 1). In particular, deep eutectic

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Preparation and characterization of DESs. a) Three different deep eutectic systems (DESs) were easily prepared by mixing acrylic monomers
(acrylic acid, 2-hydroxyethyl acrylate, or N,N-dimethylacrylamide) with zinc chloride as a Lewis acid in a molar ratio of 2:1 at 90 °C for 30 min. b) DSC
thermograms of the formed DESs, demonstrating their deep eutectic behavior. The three systems show glass transitions far below room temperature
and the absence of additional melting transitions of the acrylic monomers. The thermographs are presented in stack with an offset for clarity. ¢) Dynamic
viscosities of prepared DESs measured by rotational rheology at shear rates of 1000 s~' with photograph of the prepared mixtures showing their optical

transparency.

mixtures based on a metal halide and photopolymerizable acrylic
monomers were explored. Zinc chloride was chosen as a suit-
able metal halide with a filled d'° shell for the preparation of col-
orless deep eutectic mixtures using different acrylic monomers
— acrylic acid (AAc), 2-hydroxyethyl acrylate (HEA), and N,N-
dimethylacrylamide (DMAAm) — in a 1:2 ratio ZnCl,/monomer.
Here, the zinc chloride is expected to form ion-dipole or hydro-
gen bonds with the acrylic monomers providing supramolecular
entities that act as “multi-functional” monomers enabling fast
crosslinking during MPLP. Afterward, the metal halide can be
easily removed leaving behind a slightly crosslinked material.
The DESs were prepared in a facile way by stirring both com-
ponents vigorously at elevated temperatures (90 °C) in a molar
ratio x of 2:1 acrylic monomer to zinc chloride (see Figure 2
and Experimental Section). After 30 min, the zinc chloride and
acrylic monomers fully mixed into a colorless liquid which be-
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came highly viscous after cooling it to room temperature. The
liquid state of the mixtures clearly indicated a phase transition
below room temperature and deep eutectic behavior. The ob-
served deep eutectic behavior was confirmed by performing dif-
ferential scanning calorimetry (DSC) of all the analyzed mixtures
(Figure 2). Importantly, the thermograms showed different be-
havior compared to the single components. For example, the
melting point of acrylic acid at T, = 9.5 °C was absent in the
acrylic acid mixtures, instead a new glass transition appeared at
T, =—53.8 °C (Figure S1, Supporting Information). Similarly, the
two DESs ZnCl,-HEA, and ZnCl,-DMAAm, also exhibited glass
transitions at temperatures far below room temperature, i.e.,
—60.7 and —53.3 °C, respectively. The thermograms align well
with previously reported behavior of deep eutectic mixtures.[*7#8]
The preparation of DESs with other molar ratios x was also
possible allowing precise fine-tuning of the glass transition

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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(Figure S2, Supporting Information) as well as dynamic viscosity
(see Figures S3 and S4, Supporting Information). 'H NMR ex-
periments indicated the presence of supramolecular interactions
between the zinc chloride and the acrylic monomers (see Sup-
porting Information).

The optical properties of the obtained DESs were also inves-
tigated. First, we determined the refractive indices (Figure S12,
Supporting Information), which range from #,,.c = 1.48-1.52 at
the wavelength of the femtosecond pulsed laser 4 = 780 nm. This
range is comparable to indices of various commercially avail-
able inks (IP-S, IP-Dip, IP-L, OrmoComp, IP-Visio, and PO4) fre-
quently used in MPLP.[*! Additionally, we have performed UV-
vis and IR spectroscopy to study the absorption of the deep eu-
tectic mixtures (see Supporting Information). Importantly, the
three colorless mixtures showed no absorption between 4 = 380-
800 nm making it highly suitable for light-based laser printing
at A = 780 nm (Figure S13, Supporting Information). In addi-
tion to that, no photocuring was observed even after exposing
them for 5 min to UV irradiation (4 = 380-400 nm). The stabil-
ity under ambient light conditions facilitates future handling of
the DESs. FTIR spectroscopy of ZnCl,-AAc,, ZnCl,-HEA,, and
ZnCl,-DMAAm, confirmed the presence of supramolecular in-
teractions between zinc chloride and the employed monomers
(Figures S14-S16, Supporting Information).

2.2. MPLP of Deep Eutectic Inks

Once thoroughly characterized, the DESs were formulated into
deep eutectic inks (DEIs). MPLP of the DEIs was performed
using a commercial printing set-up (Photonic GT2, Nanoscribe
GmbH), which is based on a femtosecond laser at center wave-
length 4 = 780 nm. For this purpose, we first dissolved suit-
able photoinitiators known for efficient multiphoton polymeriza-
tion such as phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) or bis(diethylamino)benzophenone (BDEABP) directly
in the DESs (Figure 3 and Experimental Section). To investigate
the printing performance of the optimized DEIs, we 3D printed
benchmark boat microstructures (dimensions of 50 um x 25 pm
X 40 um) with varying laser power and scanning speed (Figure
S17, Supporting Information). Even without the addition of any
covalent crosslinkers, micrometer-scale buckyballs with dimen-
sions of 54 um X 54 ym x 50 pm were successfully printed using
a laser power of 20 mW and scanning speed of 40 mm s~! (see
Video S1 and Figure S18, Supporting Information).
Nevertheless, we found that the presence of very low amounts
of covalent multifunctional crosslinker, i.e., PEGDA-M, 700 (4-
5 wt%), in the DEIs was beneficial to ensure the stability of the
printed structures throughout development and in different me-
dia. Thus, we maintained a constant molar ratio of 86.5:1 em-
ployed acrylic monomer in the deep eutectic mixture to cova-
lent multifunctional crosslinker PEGDA-M, 700 in the final DEIs
(Figure 3). The three prepared DEIs exhibited a broad printabil-
ity window allowing exceptional printing speeds (>20 mm s7?!) at
low laser powers (10-15 mW) (Figures S19-S21, Supporting In-
formation), respectively. It should be noted that, in contrast to the
frequently employed multifunctional monomers such as tri- or
tetra-acrylates, the DEIs contained only very low amounts of cova-
lent multifunctional photopolymerizable crosslinker (4-5 wt%).
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Nevertheless, the DEIs printability was found to reach the print-
ing performance of these commonly used, highly sensitive mate-
rials for MPLP such as, for example, the commercially available
IP-S (Nanoscribe GmbH) or of a custom-made ink composed
of 99.5 wt% pentaerythritol triacrylate (PETA) and 0.5 wt% 7-
diethylamino-3-thenoylcoumarin (DETC) (Figures S22 and S23,
Supporting Information). This suggests that zinc chloride forms
photocrosslinkable entities with acrylic monomers in the DESs
mimicking the behavior of multifunctional photopolymerizable
crosslinkers during printing. For example, a comparative ink
with similar molar ratios, but without zinc chloride (Tables S1
and S2, Supporting Information), was not printable using the
same range of printing parameters as depicted in Figure S24
(Supporting Information) and showed only a very narrow print-
ability window leading solely to unstable microstructures even
when using high laser power and low scanning speed (Figure
S25, Supporting Information). The printability as well as the res-
olution of the printed DEIs was found to be similar or better com-
pared to that of the commercially available soft material ink IP-
PDMS (Nanoscribe GmbH) (see Table S3 and Figures S27-S30,
Supporting Information).

To study the shape fidelity of the printed DEIs in water, we
3D printed free-standing net microstructures with dimensions
of 25 um X 25 um X 10 um and analyzed their deviations from
the model by using confocal fluorescence microscopy. Quantita-
tive analysis of the printed net microstructures revealed excellent
shape fidelity for DEI1 and DEI2. The printed DEI3 showed mi-
nor relative deviations of #10% by swelling in water indicating
hydrophilic properties (see Table S4 and Figure S31, Supporting
Information).

To demonstrate printability, the three DEIs formulations
were also used for the fabrication of complex free-standing
larger millimeter-sized 3D structures such as an “Eschenheimer
Turm” printed with DEI1, “Eiffel tower” printed with DEI2, or
“Michelangelo’s David” printed with DEI3 (Figure 3). The 3D-
printed structures showed excellent shape fidelity as evidenced
by the recorded SEM images. Furthermore, to show the stability
of a mechanically highly demanding, delicate structure in water,
we added rhodamine B methacrylate (0.01 wt% of total ink mass)
as a fluorescent dye to DEI1 to perform confocal fluorescence mi-
croscopy after printing. This enabled, for example, the confocal
imaging and 3D construction of a 3D microprinted “Atomium”
with dimensions of 600 pm x 600 pm X 600 pm in aqueous media
(Video S2, Supporting Information).

2.3. In-Depth Characterization of Printed Material

The resulting chemical composition of the printed materials was
investigated spectroscopically and thermogravimetrically (see
Supporting Information). The development process with iso-
propanol and water was found to remove almost all zinc ions
resulting in a very low crosslinked network by breaking the
supramolecular ion-dipole and hydrogen bonds. Residual traces
of zinc ions could be successfully removed by employing an ad-
ditional development step with a chelat binding ligand solution.
Thus, the presence of zinc chloride plays a crucial role in the
printability, but also can be easily removed having an impact on
the final properties of the 3D printed materials.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. 3D microprinting in dip-in mode MPLP using DEls. a) Ink composition of DEI1 (top) and exemplary SEM image of DEIT printed “Eschenheimer
Turm” (bottom). b) Ink composition of DEI2 (top) and SEM image of DEI2 printed “Eiffel tower” (bottom). c) Ink composition of DEI3 (top) and SEM
image of DEI3 printed “Michelangelo’s David”. Notes: The inks have been prepared from the identified DESs ZnCl,-AAc,, ZnCl,-HEA,, ZnCl,-DMAAm,
as monomers, BAPO or BDEABP as photoinitiator, and small amounts of covalent crosslinker PEGDA M, 700 as indicated for each case. The presence
of very low amounts of PEGDA ensures better stability of the printed structures during development while keeping the main features of the materials.

As a next step, we studied the mechanical properties of the 3D
printed DEIs using a custom-built compression set-up for mea-
surements in the dry state and in water. For this purpose, we
printed and analyzed cylindrical pillars of 400 um in diameter
and 300 pm in height (Figure 4 and Supporting Information).

The printed DEIs demonstrated a broad, tuneable range of
Young’s moduli in compression, ranging from 36 MPa in the
dry state to 0.26 MPa in aqueous media (see Figure 4; Figures
S37-S48 and Tables S5-S8, Supporting Information). These val-
ues are attributed to the low covalent crosslinker concentrations
in the DEI formulations, which enable much softer mechani-
cal properties than those observed in current commercial dip-
in-compatible inks (Figure 4; Table S9, Supporting Information).

Adv. Mater. 2025, 2507640 2507640 (5 of 10)

For example, commercial inks such as IP-Q and IP-S exhibit
Young’s moduli in the GPa regime (3100 and 2100 MPa, in the
dry state respectively). Compared to softer materials such as DE-
GRAD (50-60 MPa) and particularly to IP-PDMS (15.3 MPa),
DEIs offer a more versatile material platform, covering a wider
mechanical spectrum in the low-modulus regime, while avoid-
ing the limitations of hydrophobic, PDMS-based chemistries.
DEIs exhibited Young’s moduli between 0.26 and 10 MPa un-
der aqueous conditions. The significant variation in Young’s
modulus—spanning over two orders of magnitude—between
the dry state and in water can be explained by material swelling.
For the hydrophilic DEI1 and DEI3, based on poly(acrylic acid)
and poly(dimethylacrylamide), Young’s moduli in water were

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Mechanical characterization of the printed DEIs. The mechanical properties have been investigated quantitatively by compression experiments
and qualitatively by flow-induced stretching/bending. a) Young's moduli of 3D printed DEls in the dry state and in water have been determined by
studying the compression of printed pillars with 400 um diameter and 300 um height, respectively. The Young’s modulus has been calculated from force-
strain displacement curves in the linear regime (see Tables S5 and S6, Supporting Information). b) Comparison of mechanical properties of different
available material inks for dip-in mode MPLP. DEls extend the range of accessible materials to the range of low Young’s moduli (Table S9, Supporting
Information).5¢-52] ¢) 3D model of spring with dimensions of 600 um in height, 100 um in diameter, and 30 um in thickness. d) 3D printed helical
spring has been subjected to a water flow induced by a microliter pipette (Video S4, Supporting Information). The optical microscopy images have been

recorded without flow (left) and with flow (right).

notably lower. In contrast, DEI2 showed similar Young’s mod-
uli both in air and in water. The printed pillars were com-
pressible up to strain of 40% without observing any defects
(Video S3, Supporting Information). It should be noted that
conventional hydrogel inks often suffer from bad mechan-
ical stability and are not comparable with DEI systems in
terms of printability performance. To the best of our knowl-
edge, the only commercially available hydrogel ink compati-
ble with the dip-in mode for printing larger structures is HY-
DROTECH INX@© X200, which exhibits a Young Modulus ~3-
4 MPa in aqueous media. However, DEIs not only cover this
range but also reach significantly lower stiffness values in
water—down to 260 kPa—thereby enabling the fabrication of
highly compliant, responsive microstructures as demonstrated
below.

Adv. Mater. 2025, 2507640 2507640 (6 of 10)
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To demonstrate the elastic material properties, we printed free-
standing helical spring structures of DEI1 with dimensions of
600 um in height, 100 pm in diameter, and 30 pm in thickness.
After placing the springs in water, we induced a periodic flow with
a microliter pipette (Figure 4; Video S4, Supporting Information).
We observed a significant bending response of the spring. Stop-
ping the flow resulted in the recovery of the 3D-printed initial
state confirming the elasticity of the 3D-printed DEL.

2.4. Extending Functionality
We further demonstrated the versatility of the new ink design

approach by first mixing the DESs with other monofunctional
monomers. This allowed, for example, for the preparation of

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Functional 3D microstructures from DEls. Further functionalities are introduced by mixing the different DEIs with other acrylic monomers.
To prove the versatility, we have combined two identified DEls, i.e., DEIT and DEI2, with N-isopropylacrylamide (NIPAAm) — a well-known monomer
leading to thermoresponsive polymers — or with acrylamide (AAm), respectively. a) DEI1+NIPAAm (top) has been employed to print, for example, the “Al
Was| Dome”. A 3D reconstruction of the dome structure has been obtained using confocal fluorescence microscopy and verified its mechanical stability
(bottom). Furthermore, the temperature-response of DEIT+NIPAAm has been studied in printed buckyball microstructures as well as multimaterial
microgrippers (see Supporting Information). b) DEI2+AAm (top) has been successfully used for 3D microprinting of mechanically demanding structures

now

such as, for example, the “Statue of liberty”, “Seattle space needle”, or the “Albero della vita” with high shape fidelity. SEM images of these printed
structures are shown (right and bottom).

multicomponent DESs with monomers that could not be used  thermore, the addition of thodamine B methacrylate (0.01 wt%
with zinc chloride alone. For example, we combined the previ-  oftotal ink mass) to DEI1+NIPAAm allowed for confocal fluores-
ously identified DESs with N-isopropyl acrylamide (NIPAAm) as  cence imaging of a delicate 3D printed “Al Wasl Dome” structure
well as acrylamide (AAm) (see Tables S10 and S11, Supporting In-  with dimensions of 600 um X 600 pm x 400 ym (Video S7, Sup-
formation). Both monomers showed good solubility in the iden-  porting Informations; Figure 5). DEI2+AAm was used to print a
tified DESs and were used for the preparation of the two DEIs,  millimeter-scaled “Statue of liberty,” the “Seattle space needle,”
i.e., DEI1T+NIPAAm and DEI2+AAm (Figure 5). Both exhibited  and the “Albero della vita” with a laser power of 50 mW and
printability in a printing parameter range similar to the three pre-  scanning speed of 20 mm s! (Figure 5; Figure S56, Support-
viously identified DEIs (Figures S50 and S55, Supporting Infor-  ing Information). The recorded SEM images confirm the high
mation). Printed DEI1+NIPAAm showed the expected multire-  quality and stability during printing of the mechanically demand-
sponsive behavior and could also be combined with other DEIs  ing, very thin, and delicate structures. The optical microscopy im-
in multimaterial structures offering, for example, targeted direc-  ages (Figure S57, Supporting Information) of the printed statue
tional actuation of responsive 3D structures (see Videos S5 and ~ showed several fine detailed features such as the crown, face, and
Video S6, and Figures S51-S54, Supporting Information). Fur-  fire of the statue. Inspired by buildings constructed for the world
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exhibition, we also printed the structurally demanding “Atom-
ium”. SEM images of this microarchitecture are included (Figure
S58, Supporting Information).

3. Conclusion

The use of DESs in MPLP is proved to be an excellent ap-
proach to overcome existing limitations in combining the de-
sired excellent printability of highly crosslinked materials with
targeted soft mechanical properties. This goal is achieved by ex-
ploiting the present supramolecular interactions in the printing
process which are later easily broken in the subsequent develop-
ment step. Following this approach, the identified and presented
DEI models exhibit exceptional printability performances with
only a very low and tunable amount of covalent multifunctional
crosslinker. This leads to a very low crosslinking density, which
results in soft and elastic mechanical properties as well as signif-
icantly increasing responsive behavior in 4D microprinting ap-
plications. Furthermore, by adding other functional monomers,
the functionality of the printed (multimaterial) structures can be
easily extended while maintaining excellent printability.

Future efforts will effectively integrate DESs materials into
applications in soft robotics, cell scaffold fabrication, meta-
material design, optics and photonics, sensors, and micro-
electromechanical systems. In addition to that, we believe our
work on DEIs for 3D microprinting represents just the begin-
ning of a wealth of new possibilities for ink design. The versatil-
ity and simplicity of the ink preparation significantly facilitates
its handling for potential users across disciplines, thus ensuring
its broad applicability.

4. Experimental Section

Materials:  All chemicals and solvents were purchased from com-
mercial suppliers and used without prior purification. In detail, zinc
(1) chloride was purchased from TCI chemicals. Acrylic acid (AAc), 2-
hydroxyethyl acrylate (HEA), polyethylene glycol diacrylate (M,, 700), N, N-
dimethylacrylamide, BAPO, BDEABP, zincon, EDTA, and polyacrylic acid
(M, 20000) were purchased from Merck. N-isopropylacrylamide (NI-
PAAm) and acrylamide (AAm) were purchased from BLDpharm. HPLC-
grade isopropanol and water used in this work were purchased from Fisher
Scientific. All chemicals, mixtures, inks, and samples were stored and han-
dled under yellow light.

Preparation of DESs: DESs were prepared by adding the acrylic
monomer to a flask with zinc (11) chloride in varying molar ratios. The
prepared batches typically ranged from 5 g to 12 g by mass in total. The
flask was heated to 90 °C for 30—60 min and vigorously stirred until a ho-
mogeneous, transparent, and liquid mixture was afforded. The obtained
DESs remained liquid after cooling to room temperature and were used
for the preparation of the ink.

Characterization of DESs:  DSC was performed to characterize the deep
eutectic behavior using the DSC 250 of TA Instruments in a temperature
interval between 40 and —80 °C. The shown data is recorded from the
second heating cycle.

The flow properties of the DESs were measured by rotational rheometry
using a HAAKE MARS rheometer. The shear rate was varied between 1and
1000 s~ in 30 steps. The measured viscosity at 1000 s~ is described in
the results section.

TH NMR spectra were recorded using a Bruker Avance Il 300 NMR
spectrometer at room temperature and 300 MHz. The acrylic monomers
were recorded in CDCl; as a solvent. The DESs were recorded in WILMAD
NMR tubes with a coaxial insert tube filled with CDCl;.
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Refraction indices were determined at 20 °C for varying wavelengths
using a Schmidt+Haensch ATR L refractometer. UV-vis spectroscopy and
FT-IR of the deep eutectic mixtures were measured with a Jasco V-770 and
a Jasco FT/IR-4600 spectrometer, respectively.

Preparation of DEIs:  DEls were prepared by mixing the DESs of interest
with PEGDA as a covalent crosslinker in a molar ratio of 0.0116 mol% (4-5
wt%) polymerizable molecules. The photoinitiator, i.e., BAPO or BDEABP,
was selected based on solubility in the DEI and added in a concentration
of 3.5 or 1.0 wt%, respectively. Rhodamine B methacrylate was added to
the DEI in a concentration of 0.01 wt% to achieve covalent incorporation
of a fluorescent dye for confocal microscopy imaging.

Silanization Procedure: Glass coverslips (Marienfeld, 170 + 5 um)
were washed with isopropanol and acetone and dried with pressurized
nitrogen. Subsequently, the surface of all slides was activated for 1 min
by plasma treatment using a TDK PiezoBrush. Afterward, the coverslips
were immersed in a 4 mM solution of 3-(trimethoxysilyl)propyl acry-
late in toluene for 1.5 h. Last, the acrylate-functionalized coverslips were
washed twice in toluene and once in acetone and used as substrates for
microprinting.

Multiphoton 3D Laser Printing:  MPLP was performed with a commer-
cially available set-up (Photonic Professional GT2, Nanoscribe GmbH &
Co. KG) using a 63x objective (NA = 1.4), 25x objective (NA = 0.8) or 10x
objective (NA = 0.3) from Zeiss for focusing the femtosecond laser with
a center wavelength of 780 nm. All microstructures were printed using an
oil immersion (63x and 25x) or dip-in (10x) configuration. The proce-
dure reported by Toulouse et al. was used for the 10x objective.[>3] Be-
fore printing, GWL files were generated with the Describe software (Nano-
scribe GmbH) from previously designed STL files of desired geometries
by setting slicing and hatching to 300 nm (25x) or 5 um and 1 pum (10x)
for all printed geometries, respectively. The structures were developed in
isopropanol or propylene glycol methyl ether acetate depending on the
printed material to remove uncured ink. After development, the printed
structures were subjected to air drying before analysis. The printing pa-
rameters for the shown demonstrating structures are included in the Sup-
porting Information.

Optical Microscopy: Optical images were recorded with a Zeiss Axio
Imager M2 microscope using a 5X long-distance Zeiss objective (NA =
0.13) or a LD Plan-Neofluar 20x/0.4 Korr Ph M27 objective (NA = 0.4)
and an Axiocam 705 microscope camera.

Scanning Electron Microscopy: ~ All SEM images were acquired using a
Zeiss Supra 55VP (Carl Zeiss AG) instrument at 3-5 kV in secondary elec-
tron mode. Prior to imaging, the structures were sputter coated with a
Pt—Pd layer of 12 nm. The structures were imaged from in top view or in
side view (40°).

Confocal Laser Scanning Microscopy: Confocal fluorescence mi-
croscopy was performed using a Nikon ATR confocal microscope (10X,
NA = 0.45 and 20x, NA = 0.75) equipped with GaAsP-detectors by
exciting the covalently incorporated rhodamine B methacrylate dye with
561 nm laser and detecting the fluorescence at 595 nm. To enable con-
focal fluorescence imaging of DEIT or DEI3, rhodamine B methacrylate
was added as 0.01 wt% to the total ink mass. DEI2 was imaged using
an excitation laser wavelength of 488 nm. Confocal imaging of printed
IP-PDMS was performed using an excitation laser wavelength of 404 nm.
The Atomium structure was recorded in HPLC grade water and the “Al
Wasl Dome” structure was recorded in a solution of 70% ethanol and
30% HPLC water.

Analysis of Temperature-Responsive Behavior: Heating of printed struc-
tures was performed with a heating stage (LTS 420, Linkam Scientific
Instruments) in the optical microscope. The transmission illumination
mode was used for imaging. The investigated temperature program
started at 25 °C and heated the N-isopropylacrylamide containing printed
structures up to 60 °C using a gradient of 5 °C min~'. The heated mi-
crostructures were subsequently cooled using a gradient of 5 °C min~!
back to room temperature. The swelling factor S, was calculated by esti-
mating the volume from the top area of the printed structure.

Analysis of pH- and Calcium-Responsive Behavior: ~ Calcium-responsive
behavior was analyzed by washing the 3D printed structures several times
with a calcium chloride solution (0.24 g mL™"). The pH response was
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analyzed by washing the structures several times with an aqueous sodium
hydroxide solution with a pH of 10.6.

Characterization of Chemical Composition of 3D Printed DEIT: FT-IR
spectra of 3D printed cubes (50 um x 50 um x 20 pum) were acquired
using a Bruker Lumos Il and averaged for five structures. UV-vis spectra
of the Zincon solution (1 mL, 188 uM) were recorded with a Jasco V-770
spectrometer. Thermogravimetry (TGA) of 3D printed cubes (500 pm X
500 um x 1 mm) was performed in a nitrogen flow (50 mL min~") us-
ing a TGA 2 of Mettler Toledo and heating from 30 to 600 °C with rate of
10 °C min=".

Mechanical Characterization of Printed DEls: The mechanical char-
acterization of the presented materials was performed by conducting
uniaxial-loading experiments using a home-built setup (Figure S35A, Sup-
porting Information). This setup was previously used in slightly different
configurations.[>43%]

For each material, six pillar samples were printed on glass coverslips
(Marienfeld, 170 pm + 5 um) with dimensions of 300 um in height and
400 um in diameter with the following printing parameter using the 10x
objective and dip-in configuration: laser power 100%, scanning speed
20 mms~T, slicing 5 pm, and hatching 1 um.

To prevent warping of the substrates during the measurements, all sub-
strates were mounted onto cleaned soda-lime glass (Nanoscribe GmbH &
Co. KG, 25 mm x 25 mm x 0.7 mm) and fixed via a thin layer of glue (UHU,
Plast Special), distributed with a syringe. After mounting, the samples
were air-dried for 24 h. Samples measured in aqueous media required ad-
ditional preparation steps; therefore, optical transparent cuvettes (Brand
GmbH & Co. KG, 12.5 mm x 12.5 mm X 45 mm) were cut into pieces
(12.5 mm X 12.5 mm x 3 mm) and coated on the underside with UV-glue
(Best Uvirapid 702, BEST Klebstoffe). The UV-glue allows for alignment
and centering the cuvette pieces around the pillar arrays on the substrates,
before curing and sealing them with an UV-LED flashlight for 2 min (Figure
S35C, Supporting Information).

To obtain the effective spring constant and the Young’s modulus of
the materials, four out of six pillars for each material were measured as
follows:

The substrate was placed and tightly fixed on the sample holder under-
neath the stamp. The stamp itself was centered around a pillar and loaded
the pillar by a prescribed displacement normal to the substrate surface,
gradually moving down along the z-direction by the translation stages. Af-
ter reaching the maximum displacement, the stamp unloads the sample.
During loading and unloading, the force is recorded by the force sensor.
Loading and unloading cycles are repeated ten times with a delay time of
40 s between each cycle. To ensure sufficient initial contact between the
stamp and the sample, the alignment is observed by the cameras. An il-
lustration of a measurement cycle can be seen in Video S3 (Supporting
Information).

For the measurements in aqueous media, the samples were stored 2 h
in deionized water before conducting the experiments. In between the
measurements, evaporated water was replaced with a pipette to prevent
drying out of the samples.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Differential scanning calorimetry of identified DESs

DSC measurements of ZnCl>-AAc, mixtures with varying molar ratio x were performed and
compared to thermograms of the starting compounds, i.e. acrylic acid and zinc chloride. The
characteristic peak in the thermogram at the melting temperature of acrylic acid (7m = 10 °C)
vanishes in the deep eutectic mixtures. Instead, a new glass transition appears in a temperature

range between -66.4 °C to -45 °C.

AAc

Heat flow (arb. units)

-90 -60 -30 0 30
Temperature T (°C)

Figure S1: DSC thermogram of the starting compounds ZnCl; and acrylic acid. The stack is shown with an offset.
The melting point of AAc vanishes in the DSC thermograms of the ZnCl,-AAc,.

51



WILEY-VCH

v x=1.25
=
=1
g x=1.50
s
3 x=1.75
(=]
(=
y x=2.00
o
I
x=2.25
x=2.50
T T T
-90 -60 =30 0 30

Temperature T (°C)

Figure S2: DSC thermogram of ZnCl,-AAc, with varying molar ratio x from 1.25 to 2.50. The stack is shown

with an offset.
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Rotational rheology of identified DESs

Rheological analysis of ZnCl, and acrylic acid containing DESs was performed by rotational
rheology. Increasing the molar ratio x of the acrylic acid in the ZnCl,-AAc, systems allowed

for tuning the dynamic viscosity in a range between 2x10* mPa s to 2x10> mPa s.
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Figure S3: Rotational rheology measurements. Dynamic viscosity of DESs ZnCl,-AAc, for varying shear rates.

Higher molar ratios x reduced the viscosity of the DES.
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Figure S4: Tunable dynamic viscosity depending on the molar ratio x in ZnCl-AAc,. The viscosity was

determined at a shear rate of 1000 Hz by rotational rheology, respectively.
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Figure S5: Dynamic viscosities of the three DESs for varying shear rates from rotational rheology measurements.
ZnCl-AAc; (in a) and ZnCl-HEA; (in b) show similar viscosities. ZnCl,-DMAAm, shows lower viscosities

compared to the other two systems.
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NMR spectroscopy of identified DESs

"H NMR spectroscopy was performed of the starting acrylic monomers and the identified DESs.
The acrylic monomers were dissolved and measured in CDCIs. The DESs were measured using
a coaxial insert tube filled with CDClIs. In general, the DESs showed significant broadening of

the "TH NMR bands which can be related to the increase in viscosity.

O
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Figure S6: '"H NMR spectrum (300 MHz, CDCls, room temperature) of acrylic acid.
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Figure S7: 'H NMR spectrum (300 MHz, CDCl;, room temperature) of ZnClr-AAc,.

The &-shift of the hydroxy proton in ZnCl>-HEA» (compared to HEA) indicates a coordination
of hydroxy groups to zinc ions (see Figure S8 and Figure S9).
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Figure S8: '"H NMR spectrum (300 MHz, CDCl;, room temperature) of 2-hydroxyethyl acrylate.
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Figure S9: 'H NMR spectrum (300 MHz, CDCl3, room temperature) of ZnClo-HEA,. In the DES, the signal for

the hydroxy group is shifted towards higher ppm.

The doublet splitting of the methyl groups in ZnCl,-DMA Am; (compared to DMAAm) indicate

a strong coordination and polarization of the amide bond (see Figure S10 and Figure S11).
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Figure S10: 'H NMR spectrum (300 MHz, CDCls, room temperature) of N,N-dimethylacrylamide.
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Figure S11: '"H NMR spectrum (300 MHz, CDCl3, room temperature) of ZnCl,-DMAAm,. The two methyl group

signals are split in the DESs due to the strong polarization of the amide bond.
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Optical properties of identified DESs

The three identified DESs ZnCla-AAcz, ZnCla-HEA», and ZnCl.-DMAAm; were analyzed for
their optical properties such as refractive indices and absorption in the UV-vis and IR spectral
range.

First, the refractive indices were measured using an ATR refractometer. The measured
refractive indices of the three studied DESs (720°c = 1.48-1.52 at A = 780 nm) are comparable
to indices of various commercially available inks (IP-S, IP-Dip, IP-L, OrmoComp, IP-Visio,
and PO4) frequently used in MPLP. ! In detail, for ZnCl-AAc> and ZnCl,-HEA,, the
refractive index at the center wavelength of the femtosecond pulsed laser A =780 nm was found
to be similar with #72°c = 1.479 and #n2o°c = 1.489, respectively (Figure S12). The refractive
index of ZnCl,-DMAAm; at 780 nm was slightly higher with #20°c = 1.519.
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Figure S12: Refractive indices of investigated DESs at different wavelengths. The refractive indices are in a
similar range compared to different commercially available inks such as IP-S, IP-Dip, IP-L, OrmoComp, IP-Visio,

and PO4 which are frequently used in MPLP. [!]

After characterizing the refractive optical properties, we analyzed the optical absorption of the
identified DESs by UV-vis spectroscopy. The colorless mixtures ZnCl-AAc; and ZnCl,-HEA»
did not exhibit any absorption in the range between 350 nm and 900 nm. The mixture ZnCl-
DMA Ams> did not show absorption between 400 nm and 900 nm. The high optical transparency
in the visible and near IR range around make these mixtures highly suitable for multiphoton 3D

laser printing.

59



WILEY-VCH

1.0
ZnClL,-DMAAmM,
08 ZnCl,-HEA,
ZnCLl,-AAc,
8
© 0.6
©
£
3
-g 0.4
0.2 4
0.0 4 — B
300 460 560 GCI)D 760 B(IJO 900
Wavelength A (nm)

Figure S13: UV-vis spectra of investigated DESs. All DES are optically transparent and do not absorb light
between 400 nm and 800 nm making them highly suitable for MPLP.

To extend the UV-vis analysis of the absorption properties to the IR spectral range, we have
performed detailed FTIR spectroscopic analysis of ZnClo-AAcz, ZnCl-HEA», and ZnCla-
DMAAm; and compared them to the recorded spectra of pure monomers, i.e., acrylic acid, 2-
hydroxyethyl acrylate, and N,N-dimethylacrylamide, respectively (see Figure S14 to Figure
S16).
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Figure S14: IR spectra of acrylic acid and ZnCl>-AAc; in a) the full range from 4000 cm™ to 500 cm™ and b) a
zoom-in from 2000 cm™! to 1000 cm™!. The broadening of the peaks compared to the monomer can be explained

by the dynamic species in DES.
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Figure S15: IR spectra of 2-hydroxyethyl acrylate and ZnCl,-HEA, in a) the full range from 4000 cm™' to 500 cm-
! and b) a zoom-in from 2000 cm™' to 1000 cm'. The broadening of the peaks compared to the monomer can be

explained by the dynamic species in DES.
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Figure S16: IR spectra of N,N-dimethylacrylamide and ZnCl,-DMAAm in a) the full range from 4000 cm™' to
500 cm™' and b) a zoom-in from 2000 cm™' to 1000 cm'. The broadening of the peaks compared to the monomer

can be explained by the dynamic species in DES.

In the FTIR spectra, we identified three general trends. First, the DESs show an altered intensity
ratio between the C=0 carboxyl group and the C=C double bond in the acrylic moiety compared
to the pure monomers. Second, a bathochromic shift of the C=0 band indicates that the zinc
ions act as a Lewis acid and interact with the oxygen of the carboxyl group, thereby weakening
the C=0 double bond. Furthermore, the observed broadening of the peaks in the FTIR spectra
suggests that different species are formed by ion-dipole interactions in the three characterized

DESs.
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Printing of DEIs without additional crosslinker

To demonstrate that certain conditions allowed also the preparation of covalent crosslinker-free
microstructures, we printed an ink (HEA-pure) composed of 99 wt% ZnCl,-HEA; and 1 wt%
DEABP. We have further examined various printing parameters such as laser power and
scanning speed to evaluate the printability window for this covalent crosslinker-free ink (Figure
S17). The printed microstructures were categorized in three different categories for their quality.
Green printing parameter set allowed for high structural fidelity. Using the yellow printing
parameters allowed for printing of the solid boat part but were limited for the fine boat features.
Red printing parameters did not show stable structures or led to microexplosions due to local

heat accumulation during printing.

a Scanning speed[mm '] b Scanning speed [mm s™']
20 » 100 » 100
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Figure S17: Printability window of a PEGDA-free ink composed solely of 99 wt% ZnCl,-HEA; and 1 wt%
DEABP for varying printing parameters. a) 3D printed benchmark boat structures (50 pm x 25 pm x 40 pm) and

b) evaluation of printing parameters.

Moreover, we printed micrometric buckyballs using this covalent crosslinker-free ink (Video
S1) and developed the microstructures in isopropanol. The 3D micrometric buckyballs did not

dissolve and were imaged using optical microscopy (Figure S18).
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50 ym

Figure S18: 3D printed buckyball (54 pm x 54 pm x 50 pm) with 99 wt% ZnCl,-HEA; and 1 wt% DEABP after

development in isopropanol (laser power 20 mW, scanning speed 40 mm s!).

Printability window of optimized DEIs

The prepared and optimized DEIs were analyzed for their performance in MPLP. For this
purpose, 3D benchmark boat microstructures with dimensions of 50 um x 25 pum x 40 um were

printed with varying printing parameters, i.e. laser power and scanning speed using the 25x

objective.
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Figure S19: Printability window of DEI1 for varying printing parameters. a) 3D printed benchmark boat structures
(50 pm x 25 pum x 40 um) and b) evaluation of printing parameters.

63



a
20
30 -
A
Y -
E
o
s -
[=]
Q.
o
(7]
[\ -
-
10 w»

WILEY-VCH

Scanning speed[mm ']

p

“p

» 100

-

—
200pum

b Scanning speed [mm s™']
20 » 100

A

o

o

o

o

]

©

-
10

Figure S20: Printability window of DEI2 for varying printing parameters. a) 3D printed benchmark boat structures

(50 pm % 25 pum x 40 um) and b) evaluation of printing parameters.
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Figure S21: Printability window of DEI3 for varying printing parameters. a) 3D printed benchmark boat structures

(50 pm % 25 pum x 40 um) and b) evaluation of printing parameters.
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Printability windows of highly sensitive reference systems (IP-S, PETA)

After printing the optimized DEIs, we compared the printing parameters to well-known

frequently employed highly sensitive inks for MPLP. For this purpose, we selected IP-S

(Nanoscribe GmbH) and a custom-made ink composed of 99.5 wt% PETA and 0.5 wt% DETC.

Both materials show similar printability windows compared to the DEIs.
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Figure S22: Printability window of IP-L (Nanoscribe GmbH) for varying printing parameters. a) 3D printed

benchmark boat structures (50 pm % 25 um x 40 um) and b) evaluation of printing parameters.
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Figure S23: Printability window of PETA with 0.5 wt% DETC for varying printing parameters. a) 3D printed

benchmark boat structures (50 pm % 25 um x 40 um) and b) evaluation of printing parameters.

65



WILEY-VCH

Printability of optimized DEI and zinc-free comparative ink

In order to study the effect of zinc chloride on the printability of the ink, we first prepared a
reference ink (RI1) without zinc chloride with similar mol% of acrylic monomers, covalent

crosslinker PEGDA, and photoinitiator BAPO compared to DEI1 (see Table S1 for DEI1 and
Table S2 for RI1).

Table S1: Ink composition of DEI1 with 5 wt% PEGDA.

Compound wt% M (g mol ™) mol% AAc-mol%
ZnCl-AAc, 91.5 280.4 48.8% 97.7%
AAc 0 72.1 0% 0%
PEGDA 5 700.0 1.1% -
BAPO 3.5 418.5 1.3% -

Table S2: Ink composition of DEI1 with 5 wt% PEGDA without zinc chloride (RI1).

Compound wt% M (g mol™) mol% AAc-mol%
ZnCl,-AAc, 0 280.4 0% 0%
AAc 84.7 72.1 97.7% 97.7%
PEGDA 9 700.0 1.1% -
BAPO 6.3 418.5 1.3% -

Next, the performance in MPLP of RI1 was compared to the performance of DEIl (Figure

S24). Printing of RI1 was not possible for the same broad range of printing parameters as for

DEII.
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Figure S24: Printability windows of DEI1 (a) and RI1 (b) for printed boat structures (50 um X 25 pm x 40 um)

with varying printing parameters. The ink formulations of both inks are summarized in Table S1 for (a) and Table
S2 for (b).

By increasing the laser power, a very small printability window was found for MPLP. However,
the 3D printed benchmark boat microstructures with these printing parameters were

mechanically unstable (Figure S25).
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40 % 20

Laser power [ mW]

N
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Figure S25: Printability window of RI1 (see also b in Figure S24) for printed boat microstructures (50 pm X

25 pm x 40 um) with varying printing parameters and higher exposure doses. The ink formulation is summarized
in Table S2.
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Printability window of reference soft material ink (IP-PDMS)

After comparing the printability to highly sensitive inks, we compared the printing parameters
also to the well-known frequently employed soft material ink IP-PDMS (Nanoscribe GmbH)

for MPLP. Printing of the prepared DEIs was possible with a lower laser power compared to
IP-PDMS.
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Figure S26: Printability window of IP-PDMS (Nanoscribe GmbH) for printed boat microstructures (50 pm %

25 pm x 40 pm) with varying printing parameters. a) 3D printed benchmark boat structures and b) evaluation of

printing parameters.
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Resolution tests

Lateral resolution was measured from printing single lines with varying distance from 0.4 pm
and 1.6 um as the distance at which the lines appear separated. To determine the highest
possible resolution with the available setup, MPLP was performed using a 63 objective lens
(NA = 1.4). The analysis was performed with optical microscopy and confocal fluorescence
microscopy, respectively, and compared with the results obtained for IP-PDMS. We observed
that the resolution in the dry and wet state was similar or even slightly better compared to that

of the commercially available soft material ink IP-PDMS from Nanoscribe GmbH (Table S3).

Table S3: Achieved lateral resolution of the three selected main DEI systems in single line printing tests measured

in the dry state from optical microscopy images and in the wet state from confocal fluorescence.

Compound Resolution (dry state) Resolution (wet state)
DEI1 1.0 pm 1.0 um
DEI2 1.0 pm 1.0 pm
DEI3 1.0 pm 1.2 pm
[P-PDMS 1.2 pm 1.2 pm

The printed single lines for each material in Table S3 are shown in Figure S27, Figure S28,

Figure S29, and Figure S30.
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Figure S27: DEII single lines microprinted with a laser power of 5 mW and 0.1 mm s™! focus velocity, and varying

20pum

20um

line pitch from 0.4 pm to 1.6 um. a) Optical microscopy images in the dry state. b) Confocal fluorescence

microscopy images in water using an excitation wavelength of 561 nm. The confocal images were recorded from

rhodamine-B-methacrylate-incorporated structures.
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Figure S28: DEI2 single lines microprinted with a laser power of 5 mW and 0.1 mm s focus velocity, and varying

20um

20 pum

line pitch from 0.4 pm to 1.6 um. a) Optical microscopy images in the dry state. b) Confocal fluorescence

microscopy images in water using an excitation wavelength of 488 nm. The confocal images were recorded by

using the autofluorescence of printed DEI2.

70



II1.Cumulative Part

WILEY-VCH

a
- - .
A 0 JOR BN é =
b
. . l l . . 20pum

Figure S29: DEI3 single lines microprinted with a laser power of 15 mW and 0.1 mm s focus velocity, and
varying line pitch from 0.4 pm to 1.6 pm. a) Optical microscopy images in the dry state. b) Confocal fluorescence
microscopy images in water using an excitation wavelength of 561 nm. The confocal images were recorded from

rhodamine-B-methacrylate-incorporated structures.
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Figure S30: IP-PDMS single lines microprinted with a laser power of 5 mW and 0.1 mm s focus velocity, and

20um

—
20pum

varying line pitch from 0.4 um to 1.6 pm. a) Optical microscopy images in the dry state. b) Confocal fluorescence
microscopy images in water using an excitation wavelength of 404 nm. The confocal images were recorded by

using the autofluorescence of printed IP-PDMS.
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Shape fidelity of printed structures in water

To show the achievable shape fidelity of DEI1, DEI2, and DEI3 in water, we printed hollow
cylinders (outer and inner diameter 25 um and 20 um, respectively) with an enclosing net
microstructure and performed confocal microscopy imaging of structures in water (Figure S31).

The net microstructure consisted of 1 pm bars in the xy-plane with 2 pm x 2 pm windows.

a 3D model of hollow b DEI DEI2 DEI3
cylinder with net structure

I Net height3 pm
Hm Netwidth 1 um

Top slice

Bottom slice

din=20 pm, dyy,; =25 pm, h=10pm

Figure S31: 3D printed net microstructure in water. a) 3D model of investigated hollow cylinder with net
microstructure. The designed model was printed using the oil immersion mode with the 63x objective lens, a laser
power of 30 mW, focus velocity of 10 mm s, slicing of 0.3 pm, and hatching of 0.2 um. b) Top and bottom slices
of recorded confocal fluorescence microscopy images of the printed microstructures for DEI1 (with 0.01 wt%

rhodamine B methacrylate) at 561 nm, DEI2 at 488 nm, and DEI3 at 488 nm.

To quantify the changes of the net microstructures in water to the 3D model, we used the top
slice of the recorded stacks to measure the net widths and window withs (see Table S4). For
this purpose, we measured the distances of 10 net widths and 10 window widths and averaged
the outcome, respectively. DEI1 and DEI2 resembled with net widths of 0.97 um and 1.00 pm
the initially printed dimensions of 1.00 um. DEI3 as the softest hydrophilic material in water
with a net width of 1.14 um showed minor relative deviations from the model dimensions due

to swelling.
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Table S4: Dimensions of the 3D printed net microstructures in water. The dimensions, i.e., net and window width,

were measured and analyzed from recorded confocal microscopy images at 10 different positions.

Net microstructure Net width (um) Window width (um)
Model 1.00 2.00
DEIl 0.97+0.07 1.97+0.13
DEI2 1.00 £+ 0.09 2.06+£0.11
DEI3 1.14+0.09 2.19+0.09
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Optical microscopy image of printed DEI1

The 3D printed ‘Eschenheimer Turm’ structure was imaged using optical microscopy in side
view prior to sputter coating and SEM imaging (Figure 3). The flag on top of the tower
collapsed during handling of dry samples.

Figure S32: Optical microscopy image (side view) of DEI1 3D printed medieval tower ‘Eschenheimer Turm’

before sputter coating.

74



II1.Cumulative Part

WILEY-VCH

Printing parameters for the shown buildings and statues

The building and statue 3D structures were obtained from thingiverse.com and used without
modifications. All stl files were shared under common license allowing its free use and sharing

for non-commercial purposes.

For DEI1, the ‘Eschenheimer Turm’ (https://www.thingiverse.com/thing:4855222; BY-NC
4.0), ‘Atomium’ (https://www.thingiverse.com/thing:112476; CC BY-NC-SA 4.0) and the

1

modeled elastic spring were printed with 100% laser power and 20 mm s scanning speed,

respectively.

The ‘Eiffel tower’ (https://www.thingiverse.com/thing:2239567; CC BY-ND 4.0) was printed

with DEI2 using 100% laser power and 20 mm s™! scanning speed.

‘Michelangelo’s David’ (https://www.thingiverse.com/thing:502967; CC BY-SA 3.0) was

printed with DEI3 using 50% laser power and 40 mm s™! scanning speed.

The ‘Al Wasl Dome’ (https://www.thingiverse.com/thing:6605755; CC BY-SA 3.0) was
printed with DEI1+NIPAAm using 100% laser power and 10 mm s™! scanning speed.

For DEI2+AAm, the ‘Statue of liberty’ (https://www.thingiverse.com/thing:4056644; CC BY
4.0), ‘Atomium’ (https://www.thingiverse.com/thing:112476; CC BY-NC-SA 4.0), and ‘Space

space needle’ (https://www.thingiverse.com/thing:930296; CC BY-SA 3.0) were printed using

100% laser power and 20 mm s' scanning speed. The ‘Albero della vita’

(https://www.thingiverse.com/thing:922169; CC BY-SA 3.0) was printed using 100% laser

1

power and 50 mm s~ scanning speed.
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FTIR spectroscopy of 3D printed DEI1

To study the chemical composition of the printed network, FTIR spectroscopy was performed
on dry 3D printed DEI cubes (50 um x 50 um x 20 pm) using an FTIR microscope. 3D printed
DEI1 was composed mainly of a very low crosslinked polyethylene glycol-crosslinked network
with large amounts of AAc (Figure S33). The recorded spectra were similar to recorded FT-IR
spectra of pure polyacrylic acid (PAA). In detail, the recorded FTIR spectra showed a large
absorption band above v = 3000 cm™ showing the expected presence of free O-H groups.
Compared to the IR spectra of ZnClx-AAc; (Figure S14), the C=0 carboxyl band showed a
hypsochromic shift back to higher wavenumbers (v = 1698 cm™) and appeared very sharp
resembling the one of pure acrylic acid. As expected from the very low amount of employed
covalent crosslinker PEGDA-M;700, the FTIR spectra showed only very minor unreacted
acrylate C=C double bond signals around v = 1560 cm™! (see Figure S33 and Figure S14).
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Figure S33: Recorded FTIR spectra of 3D printed DEI1 (50 pm x 50 um x 20 um) and polyacrylic acid (My
20000).
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The recorded FTIR spectra of printed DEI2 and DEI3 follow the previously described trends
for DEI1 such as a low content of present acrylates or hypsochromic shift (Figure S34).
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Figure S34: Recorded FTIR spectra of 3D printed cubes (50 pm x 50 um x 20 um) of DEI2 and DEI3.

7



WILEY-VCH

Analysis of residual zinc ions

In addition to FTIR spectroscopy, we performed a highly sensitive UV-vis spectroscopic
analysis using a zinc-binding organic dye (Figure S35) to investigate the chemical composition
of the printed structures in-depth. To see if zinc ions are trapped and present in the DEI1 3D
printed structures, we 3D printed millimeter-sized blocks with dimensions of 500 um x 500 um
x 1000 um and performed UV-vis spectroscopic analysis using zincon as a zinc-specific
binding organic dye. After getting in contact with the 3D structures, the phosphate buffered
zincon solution (188 uM) instantaneously showed a color change from orange to purple
indicating the presence of zinc ions. The color change of the solution was observed in the
recorded UV-vis spectra by a new band at 620 nm (Figure S35). A similar color change was
detected after zincon solution got in contact with the ink DEI1. The observed color change and
appearance of a new band at 620 nm align well with the complexation of zinc ions with

zincon.?!

7T

e N DEI1
:-'"-l\ ————————— —
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3
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8 ... printed DEN
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g1.- .
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8 S
<
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Wavelength A (nm)

Figure S35: UV-vis spetra of zincon solution before and after contact with a 3D printed DEI1 structure, EDTA
washed 3D printed DEI1 structure, and the DEI1 ink. The stack is shown with an offset. The additional EDTA

wash does not lead to the color change of the zincon (analyte) solution indicating the absence of zinc ions.

Removing residual zinc ions was possible by performing an additional washing step with an
aqueous solution with a chelat binding ligand, i.e. saturated aqueous ethylenediaminetetraacetic
acid (EDTA) solution, which was expected to strongly bind to the transition metal. The

additional development step removed residual zinc ions entirely from the printed PEG-
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crosslinked acrylic acid network as shown by UV spectroscopic analysis. In detail, the zincon

solution exhibited the same absorption behavior before and after contact to the EDTA washed

DEI1 structure (Figure S35).

In addition to the spectroscopic analysis, we performed thermogravimetric analysis (TGA) of

the 3D printed blocks with and without EDTA washing to study the thermal stability and

amount of residue (Figure S36). Thermogravimetric analysis of the printed structures with and

without residual zinc ions showed similar weight residues after heating to 600 °C indicating

that the amount of zinc ions in the structures still present in the structures is very low (Figure

$36).

Weight (%)

Figure S36: Thermogravimetric analysis of 3D printed DEI! structures.
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Furthermore, the printed structures with residual zinc showed a higher affinity to binding water

from the atmosphere and a slightly increased thermal stability toward decomposition.
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Mechanical characterization of printed DEIs

Tube Lens Force Sensor

-

Optical Beam Path 1

[

geam SPHT \giecor

Figure S37: a) Overview of the home-built setup for uniaxial-loading experiments and mechanical
characterization, illustrating the main parts of the setup. Bottom illumination of the substrate is included in optical
beam path 2; back illumination and light sources are not depicted. b) Sample configuration for measurements in
air, the substrate is fixed in the sample holder and placed underneath the custom-made stamp with silicon tip, in
front of the two objective lenses. One pillar of the sample array is illuminated by the second optical-beam path. ¢)
Sample configuration for measurements in aqueous media, the cuvette functions as sealed reservoir for deionized
water during the measurements. Mounting of the substrate is the same as in a, displayed materials are DEI2+AAm

(a) and DEI3 (b).
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The main parts of the setup included two optical microscopes (optical beam path 1 and 2, ZEISS
Epiplan 10x, NA = 0.2) with attached cameras (Point Grey Research, Blackfly BFLY-PGE-
50H5C) for imaging the sample from the bottom and side during the experiment, a force sensor
(ME-MeBsysteme, K3D35 500 mN) with a custom-made aluminum stamp (cross-section
1 mm?), attached to automated translation stages (TRA25CC, Newport), and a sample holder.
To provide a smoother surface of the stamp, a piece of silicon of the same cross-section was
added to the tip. Illumination was provided by back illumination (Schott, KL. 2500 LED) and
from the bottom via optical beam path 2 (Schott, KL. 1500 LCD), which is not depicted in
Figure S37A. The setup was placed on an air-cushion optical table (RS 2000, Newport).
Measurements of dry samples were performed directly using the setup. For measuring the
samples in water, a cuvette was glued to the glass slide. The cuvette functions as a reservoir to
store and keep the samples in aqueous media. Both sample configurations are depicted in
Figure S37B and Figure S37C.

The recorded force is a function of the prescribed displacement (Figure S39), the effective
spring constant is obtained from the slope of a linear regression model fitted to the linear regime
of the loading cycles. By calculating the Young’s modulus from the effective spring constant,
the change of the sample geometry of the different materials, through shrinkage after
development or swelling in water, is included by taking pictures of the samples in the
experimental setup before conducting the experiments and analyzing them with the software
‘Imagel)’ to measure the height and diameter of the samples. The Young’s modulus for each
sample is averaged over all loading cycles for each prescribed geometry corrected strain, and
the modulus for each material is averaged over all measured samples. Geometry parameters and
results of the Young’s moduli are listed in Table S5 and Table S6, respectively. Data analysis
programmed in MATLAB, optical micrographs of the samples and supporting videos can be
found in the data repository published with this work (DOI:10.11588/DATA/UP26J7).
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Table S5: Results of mechanical characterization of 3D printed DEIs in air.

Printed Height Diameter Strain Corrected strain linear Young’s moduli
Material h (um) d (um) linear regime regime in air (MPa)
HEA-pure 216.8+6.0 291.6+2.9 4% 5.5% 30.276 = 0.068
DEI1 283.4+4.8 309.6+6.1 10% 10.6% 36.344+0.070
DEI2 300.9+2.8 386.5+4.1 10% 10.0% 12.606 + 0.046
DEI3 264.8+4.0 367.8+2.8 6% 6.8% 30.193+0.043
DEI1+NIPAAm 276.0+4.1 346.1+2.7 6% 10.9% 35.897+0.044
DEI2+AAm 294.4+3.4 384.0+3.2 10% 6.1% 14.364 +0.040

Table S6: Results of mechanical characterization of 3D printed DEIs in water.

Printed Height Diameter Strain Corrected strain linear Young’s moduli
Material h (um) d (um) linear regime regime in water (MPa)
HEA-pure 252.0+6.1 321.9+3.3 4% 4.7% 5.679+0.064
DEI1 390.5+5.1 499.1 £6.1 10% 7.7% 0.575+0.056
DEI2 297.6+6.5 387.5+£1.2 10% 10.1% 10.526 £ 0.045
DEI3 463.8+5.0 641.5+2.5 6% 3.9% 0.265+0.027
DEI1I+NIPAAm 400.2+5.8 490.0+3.7 6% 7.5% 0.393+0.042
DEI2+AAm 303.5+6.8 404.7+2.9 10% 5.9% 9.867 +0.053

The temporal measurement protocol for the first force loading and unloading cycle of the DEI2
measurement in air is depicted in Figure S38 as an example. The time between the loading and

unloading was 1.6 s for all measurements. The delay between the 10 cycles was set to 40 s.
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Figure S38: Selected data of first force loading and unloading cycle versus time for printed DEI2 cylinder in air.

The measured force-strain curves are depicted for one measured pillar of the six different
materials, respectively. The corrected strain includes the geometry measurement obtained by

‘Imagel” for the Young’s modulus calculation.

a b
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Figure S39: One measured force-strain loading and unloading cycle of one printed DEI2 cylinder in air (a) and in

water (b).
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Figure S40: One measured force-strain loading and unloading cycle of one printed DEI1 cylinder in air (a) and in
water (b).
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Figure S41: One measured force-strain loading and unloading cycle of one printed DEI3 cylinder in air (a) and in

water (b).

84



II1.Cumulative Part

WILEY-VCH

a b

h=(276.0x4.1)pm d=(346.1=6.1)um h=(400.2+5.8) pm d=(490.0+3.7) um

]
|
|
400 | 400
= Loading = Loading
3504 ® Unloading | 3504 ® Unloading
I
300 4 I 300
|
~ 250 | =250+
z z
E 0 1 E
- 200 4
o
g ' &
L 150 - I L 150
|
100 1 100
50 - ! 50 4
I
04 S S S G ! I I e
0 1 2 3 4 5 6 7 8 9 10 1 0 1 2 3 4 5 6 7 8
Corrected strain (%) Corrected strain (%)

Figure S42: One measured force-strain loading and unloading cycle of one printed DEI1+NIPAAm cylinder in

air (a) and in water (b).
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Figure S43: One measured force-strain loading and unloading cycle of one printed DEI2+AAm cylinder in air (a)

and in water (b).
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Figure S44: One measured force-strain loading and unloading cycle of one printed HEA-pure cylinder in air (a)

and in water (b).

The Young’s moduli of the printed HEA-pure, DEI1+NIPAAm, and DEI2+AAm are shown in
Figure S45.

100
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Figure S45: Young’s moduli of HEA-pure, DEI2+AAm, and DEI1+NIPAAm, and IP-PDMS. The Young’s

moduli were calculated from force-strain displacement curves in the linear regime (see Table S5 and Table S6).

To compare the compression measurements with a reference system, we have selected IP-

PDMS (Nanoscribe GmbH) as a commercially available reference system. First, we verified
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the reproducibility of measured Young’s moduli of our setup. For this purpose, we printed a
similar cubic structure with dimensions of 100 pm x 100 um % 50 um using the 25% objective,
slicing and hatching 0.3 pum, laser power 50 mW, and scanning speed 80 mm s™! as reported by
Nanoscribe GmbH in their nanoindentation experiment. The sample was analyzed using the
compression setup and showed Young’s moduli of (15.290 + 0.911) MPa. This value very much
resembles the reported 15.3 MPa by Nanoscribe GmbH. I*!

a=b=(86.6+2.9)pm h=(46.0£1.7) um
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Figure S46: One measured force-strain loading and unloading cycle of one 3D printed IP-PDMS cube with

dimensions of 100 pm x 100 um X 50 um in air as a reference measurement.

As anext step, we printed a cylinder of IP-PDMS of the same geometry as previously employed
for the DEIs (Figure S47). To avoid heat accumulation, we reduced the laser power from 50
mW to 40 mW to use the same scanning speed of 80 mm s™'. The Young’s modulus of the
printed cylinder was found to be (5.975 £ 0.204) MPa underlining the strong influence of the
printing parameters on the resulting mechanical properties as it has been described previously

for other inks. [
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Figure S47: One measured force-strain loading and unloading cycle of the 3D printed IP-PDMS cylinder in air
printed with the 25 objective. The cylinder (300 um height, 400 um diameter) has been printed with 80 mm s,
40 mW, 0.3 um slicing, and 0.3 pm hatching.

To finally compare the mechanical properties using similar printing conditions as the DEI, we
printed and analyzed four cylinders of IP-PDMS with the 10x objective (with foil) ), same
geometry, and printing parameters as we previously employed for the DEIs (Figure S48). We
observed a severe shrinkage of around 30% and 20% (pillars in air and in water) which was
larger compared to that the shrinkage observed for the printed DEIs. The smaller printability
window and severe shrinkage suggest that the used printing parameters do not offer relevant
quality in structure fabrication. This was further supported by compression measurements of
the printed IP-PDMS pillars yielding around (0.452+0.121) MPa in air and (0.489 +
0.068) MPa in water. This result highly deviated from the measured and reported Young’s
moduli 15.3 MPa by the vendor (Nanoscribe GmbH). B Thus, our results support the

recommendation of Nanoscribe to use IP-PDMS with the 25x objective.
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Figure S48: One measured force-strain loading and unloading cycle of one 3D printed IP-PDMS cylinder in air
(a) and in water (b). The cylinder (300 um height, 400 um diameter) has been printed using the 10x objective and
similar printing conditions as for the DEIs. The IP-PDMS cylinder shows severe shrinkage (20-30%) compared to
the reference sample printed with the 25% objective (Figure S47).
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The performed reference measurements using IP-PDMS (Nanoscribe GmbH) are summarized

in Table S7 and Table S8.

Table S7: Results of [IP-PDMS reference measurements in compression experiments in air.

o Height Strain Corrected strain linear Young’s moduli
Objective Geometry ) ) ) o
h (um) linear regime regime in air (MPa)
25x Rectangular 46.0+1.7 10% 10.9% 15.290 £ 0.911
25x Cylindrical 268.9+3.1 6% 6.7% 5.975+0.204
10x Cylindrical 212.0+7.3 10% 14.2% 0.452+0.121

Table S8: Results of IP-PDMS reference measurements in compression experiments in water.

o Height Strain Corrected strain linear Young’s moduli
Objective Geometry ) ) . )
h (um) linear regime regime in water (MPa)
10x Cylindrical 236.9%4.2 10% 12.7% 0.489 + 0.068
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Comparison of mechanical properties with available inks for dip-in mode MPLP

Table S9: Mechanical properties of reported inks available for MPLP preparation of larger structures in dip-in

mode (measured * - dry and in ° - aqueous media). (8]

Inks for MPLP of larger structures using Young’s modulus

the dip-in mode (MPa)
Nanoscribe IP-Q* 3100
Nanoscribe IP-S* 2100

DEGRAD INX© X100* 50 - 60
Nanoscribe IP-PDMS* 15.3
HYDROTECH INX© X200° 3-4

This work — DEIs* 12-36

This work - DEIs° 0.26 -10
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Extending functionality by mixing DEIs with N-isopropyl acrylamide

After printing a DEI with acrylamide, we selected N-isopropyl acrylamide (NIPAAm) as
another monomer with responsive properties. To achieve multiresponsive behavior towards
multiple stimuli such as temperature, pH, and calcium, "' we aimed for combining NIPAAm
with the previously identified DES ZnCl,-AAc,. Similar to acrylamide in ZnCl-HEA»,
NIPAAm, added in a 1:2 weight ratio, readily dissolved in the ZnCl>-AAc; DES. It is worth
noting that NIPAAm showed no lower critical solubility transition (LCST) in the mixture when

heated to 50 °C (Figure S49), drastically extending its processing window.

Figure S49: Dissolved N-isopropyl acrylamide (33 wt%) in ZnClo-AAc; (67 wt%) at room temperature and 50 °C.

The NIPAAm mixed with ZnCl>-AAc; was used to prepare an ink (DEI1+NIPAAm) together
with PEGDA as crosslinker and BAPO as photoinitiator (Table S10).

Table S10: Ink composition of DEI1+NIPAAm with N-isopropyl acrylamide.

Compound wt% M (g mol!) mol%
ZnCl-AAc, 61.0 280.4 43.3%
NIPAAmM 30.5 113.2 53.6%
PEGDA 5 700.0 1.4%
BAPO 3.5 418.5 1.7%
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DEII+NIPAAm exhibited an excellent printability window as the other DEIs (Figure S50).
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Figure S50: Printability window of DEI1+NIPAAm with N-isopropyl acrylamide. a) 3D printed benchmark boat

structures (50 um x 25 um x 40 pm) and b) evaluation of the printing parameters.

3D printed temperature-, pH-, and calcium-responsive DEI1+NIPAAm

We 3D printed micrometric buckyballs with DEI1+NIPAAm in dimensions of 100 pm X% 100
um x 100 pm and recorded the printed structures upon heating and cooling between room

temperature and 60 °C in water (Video S5).

a b ¢
100,051 pum_ 103,501 pm_ 59,300 um 57,819 pm 99,103 um _ 100,395 pm_
60,562 um 58,185 um

® @

Figure S51: Temperature response of 3D printed buckyball (54 pm X 54 pym x 50 pm, laser power 20 mW, and
scanning speed 40 mm s™') of DEI1+NIPAAm upon heating to 60 °C. The buckyballs shrink from a swelling factor
of Sy =7 (in a) to about Sy = 1.3 (in b) in volume. The dimensions recover upon cooling the microstructures back

to room temperature (in c).
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Upon heating, we observed large shrinkage of the buckyballs with a change in swelling factor
from Sy =7 at 25 °C to Sy = 1.0 at 60 °C with respect to the printed dimensions (Figure S51).
This shrinkage was recovered when the buckyballs were cooled back to room temperature.

The microprinted structures also exhibited the expected swelling or shrinkage upon addition of

basic aqueous solution or calcium ions, respectively (see Figure S52 and Figure S53).

Figure S52: pH response of 3D printed buckyball (54 pm x 54 pm % 50 um, laser power 20 mW, and scanning
speed 40 mm s™') of DEI1+NIPAAm between pH = 7 and pH = 10.6. The buckyballs swell by a swelling factor of
Sy =7 (in a) to about Sy = 14.7 (in b) in volume. The dimensions recover upon bringing the microstructures back

topH =7 (in¢).

HPLC water lutior ~20pm l HPLC water

Figure S53: Calcium response of 3D printed buckyball (54 pm x 54 um x 50 um, laser power 20 mW, and
scanning speed 40 mm s') of DEI1+NIPAAm between HPLC water and aqueous calcium chloride solution (0.24 g
mL"). The buckyballs shrink from a swelling factor of Sy = 7 (in a) to about Sy = 4 (in b) in volume. The

dimensions recover upon washing the microstructures with HPCL water (in c).

To demonstrate the potential of combining different DEIs into multimaterial structures, we

designed and printed gripper structures with dimensions of 620 um x 620 um x 240 um. The
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structural base for a bilayered actuator was printed with DEI3. The temperature-responsive

layer was printed with DEI1+NIPAAm on top of the DEI3 base structure. The printed structures

presented temperature-induced bending of the gripper arms upon heating and cooling between

Y

room temperature and 60 °C (Figure S54 and Video S6).

DEIT+NIPAAmM

R
*T

Multimaterial stimuli-responsive microgripper

Figure S54: Temperature response of 3D printed multimaterial (DEI1+NIPAAm and DEI3) gripper (620 um x

620 um x 240 pum). Schematic representation (top) and optical microscopy images (bottom) of the observed

temperature response.
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Extending functionality by mixing DEIs with acrylamide
To show the versatility of DEIs, we mixed acrylamide, a monomer with a high melting point,
in a 1:1 mass ratio with ZnCl,-HEA,. Since acrylamide was readily miscible in the DES, we

prepared an ink (DEI2+AAm) by adding PEGDA and BDEABP (Table S11).

Table S11: Ink composition of DEI2+AAm with acrylamide.

Compound wt% M (g mol") mol%
ZnCl,-HEA, 47.5 368.5 16.0%
AAm 47.5 71.1 83.9%
PEGDA 4 700.0 0.7%
BDEABP 1 324.5 0.4%

Remarkably, DEI2+AAm showed excellent printability using various laser powers and

scanning speeds similar to DEI2 (Figure S55).

A Scanning speed[mm s™'] B Scanning speed[mm s']
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Figure S55: Printability window of DEI2+AAm for varying printing parameters. a) 3D printed benchmark boat

structures (50 um x 25 um x 40 pm) and b) evaluation of printing parameters.

DEI2+AAm was used for MPLP of various structures such as a statue of liberty (2 mm height),
space needle (1.5 mm height), ‘Atomium’ (600 um), and ‘Albero della vita’ (600 um).
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Figure S56: SEM image of DEI2+AAm 3D printed ‘Albero della vita’ in top view.

E—
200 pm

Figure S57: Optical microscopy image (side view) of DEI2+A Am printed statue of liberty before sputter coating.
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b

Figure S58: SEM images of DEI2+AAm 3D printed ‘Atomium’ a) in top view and b) in side view.
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SEM images of 3D printed cubic grids

We have used DEI2 and DEI2+AAm for 3D printing cubic grids. The SEM images of the

printed structures in Figure 1 are shown from different angles in Figure S59 and Figure S60.

Figure S59: SEM images of DEI2 3D printed cubic grid a) in top view and b) in side view.

Figure S60: SEM images of DEI2+AAm 3D printed cubic grid a) in top view and b) in side view.
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Responsive 3D Printed Microstructures Based on Collagen

Folding and Unfolding

Philipp Mainik, Camilo Aponte-Santamaria, Magdalena Fladung,
Ronald Ernest Curticean, Irene Wacker, Gtz Hofhaus, Martin Bastmeyer,

Rasmus R. Schréder, Frauke Griter, and Eva Blasco*

Mimicking extracellular matrices holds great potential for tissue engineering
in biological and biomedical applications. A key compound for the mechanical
stability of these matrices is collagen, which also plays an important role in
many intra- and intercellular processes. Two-photon 3D laser printing offers
structuring of these matrices with subcellular resolution. So far, efforts on 3D
microprinting of collagen have been limited to simple geometries and
customized set-ups. Herein, an easily accessible approach is presented using
a collagen type | methacrylamide (ColMA) ink system which can be stored at
room temperature and be precisely printed using a commercial two-photon
3D laser printer. The formulation and printing parameters are carefully
optimized enabling the manufacturing of defined 3D microstructures.
Furthermore, these printed microstructures show a fully reversible response
upon heating and cooling in multiple cycles, indicating successful collagen
folding and unfolding. This experimental observation has been supported by
molecular dynamics simulations. Thus, the study opens new perspectives for
designing new responsive biomaterials for 4D (micro)printing.

biological and medical applications.['?]

ECM-mimicking biomaterials and their
processing in defined 3D structures have
been gaining more and more interest in
recent years.’] Various advanced manufac-
turing techniques such as direct ink writing
and light-based techniques relying on pho-
topolymerization processes have been
employed for these purposes.[“®! Recently,
two-photon 3D laser printing, also known
as multi-photon lithography or direct laser
writing, has attracted much attention.
This 3D printing technology offers precise
control in manufacturing on the micro- to
nanometer scale, being highly suitable for
the preparation of (single) cell 3D scaffolds
with sub-cellular resolution.®! In partic-
ular, polysaccharides (e.g., methacrylate
chitosan or hyaluronic acid), as well as

1. Introduction

Natural extracellular matrices (ECMs) have served as an excel-
lent source of inspiration for the design of cell scaffolds for

proteins (e.g., bovine serum albumin),
cover a large range of biocompatible and
easily accessible biomaterials exploited in
the field.'™2*1 These previously described bio-derived ma-
terials for two-photon 3D laser printing were mainly em-
ployed as non-responsive, structural hydrogels for the prepa-
ration of biocompatible cell scaffolds or microswimmers.
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Figure 1. Two-photon 3D laser printing of collagen methacrylamide (ColMA) in the presence of a water-soluble photoinitiator (LAP), fluorescent dye
(RhodBMA), and acetic acid (AcOH) at room temperature. The microprinted structures showed a fully reversible temperature-responsive behavior based
on collagen folding and unfolding. The experimental observation was supported by molecular dynamics simulations.

Printability of these biomaterials is usually achieved either by
functionalizing hydroxy or amine side groups of the biopoly-
mers with photocrosslinkable thiol-ene or (meth)acrylate groups
or by using photosensitizers which often imply the use of high
doses.[»]

High-resolution 3D printing of collagen is of great interest
since it is the major structural component in the ECM and hence,
collagen microstructures are close to mimicking the ECM.[?®) In
ECMs, collagen provides exceptional mechanical stability while
maintaining perfusive properties.[?”-?*] The mechanical stability
originates from the assembly of collagen into triple helices which
crosslink and form higher-order assemblies to fibrils and fibers.
First studies in the direction of microprinting of ECMs employed
native collagen type I in the presence of photosensitizers such as
riboflavin or rose bengal to create 2D patterns by crosslinking the
collagen.*-33] Custom-made set-ups were necessary due to the
high laser doses required, limiting its application in fabricating
3D scaffolds. One way to overcome these drawbacks is a chemical
modification of collagen. This approach enabled efficient photo-
crosslinking of the collagen and therefore significantly lower en-
ergy doses are required for printing, making it more attractive
for biomedical applications. For example, Tytgat et al. 3D printed
isobornene- and thiol-functionalized recombinant collagen to en-
capsulate cells.**] In another work, Shrestha et al. microprinted
commercially accessible collagen type I methacrylamide (ColMA)
for culturing retinal cells.®®! In the latter, the authors achieved
improved printability compared to native collagen, but cooling
the ink during printing was necessary to avoid its precipitation.
In addition to these technical limitations, it remains unclear if
the printing process allows collagen self-assembly as known in
ECMs, as the retention of the secondary structure of collagen af-
ter 3D printing has not been demonstrated yet.

In this work, we present a robust and facile methacrylamide-
functionalized collagen-based printable system that is stable at
ambient conditions and can be printed with a commercially avail-
able setup. This approach offers fast microfabrication of bio-
compatible arbitrary 3D collagen structures increasing the ver-
satility and applicability of current efforts. Moreover, we show
temperature-responsive reversible collagen folding and unfold-

Small 2025, 21, 2408597
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ing not only in the ink but also 3D printed microstructures for
the first time, leading to large and reproducible volume changes
(Figure 1). The fully reversible temperature-dependent response
is to the best of our knowledge the first demonstration of respon-
sive self-assembly of collagen in (3D printed) materials.

2. Results & Discussion

2.1. 3D Microprinting of Collagen

The first step toward achieving an easily accessible approach
for high-resolution 3D printing of collagen was the design of a
printable formulation (ink) that is stable and compatible with
two-photon 3D laser printing (Figure 1). We selected ColMA
as a suitable starting material since it is easily accessible either
commercially or by methacrylation of native collagen and ex-
hibits increased thermal stability by reversibly forming physical
gels between 4 and 34 °C.3%¥] In order to overcome the room
temperature instability of previously reported collagen inks, the
ColMA was dissolved in an acetic acid medium (0.02 M) in which
native collagen exhibits increased thermal stability.**-"] Before
printing, the preservation of the collagen triple-helix structure,
ie., folded collagen, was verified by UV circular dichroism
(UV-CD) spectroscopy (Figure S1, Supporting Information).
The ColMA solution showed two characteristic bands at 200
and 220 nm resembling reported characteristic native collagen
folding bands.[264142] Thus, the collagen methacrylamide type I
ink (collagen ink) was prepared by dissolving ColMA in a con-
centration of 8 mg mL™" in 0.02 M acetic acid and adding lithium
phenyl-2,4,6-trimethyl-benzoylphosphinate (LAP) (35 mg mL™),
a water-soluble and biocompatible photoinitiator. Additionally, a
fluorescence dye, methacryloxyethyl thiocarbamoyl rhodamine
B (RhodBMA), was added to facilitate subsequent imaging of
the 3D printed microstructures using confocal fluorescence mi-
croscopy. The methacrylate group enabled chemically covalent
incorporation of the fluorescent dye in the printed structure.
The collagen ink (pH 3.8) was characterized for its viscosity
by rotational rheology and optical properties by refractome-
try as well as UV and infrared spectroscopy (Figures S3-S6,

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Two-photon 3D laser printing of collagen ink at room temperature. A) Model of empty buckyball as complex 3D microstructure with overhanging
features in dimensions of 75 um x 75 pum X 70 um. B) Optical microscopy image acquired with CDIC contrast of micrometric buckyballs which were
successfully printed with a laser power of 42 mW and scanning speed of 20 mm~'s™'. C) Top view (XY) on volumetric 3D reconstruction showing
the porous free-standing features of microprinted collagen buckyballs acquired with confocal fluorescence microscopy. D) Large field of view scanning
electron microscopy image of printed collagen nanostructure after embedding and sectioning showing the distribution of fibrils in the ultrathin section.
The printed structure is composed of 13.2 nm + 2.4 nm thick fibrils. E) Confocal images of immunocytochemical staining of rat embryonic fibroblast
(REF) cells cultured on 3D laser-printed collagen blocks. Cells adhered to the printed scaffold (red) and exhibited an undisturbed actin organization
(green). The magnification of the indicated area shows that focal adhesions, as visualized by Vinculin-staining (magenta), formed on the RhodBMA-
labelled collagen blocks (red). Cells adhered to the top of the scaffolds as shown by the YZ-projection. The projection plane is indicated by a white dotted

line in the merged image. Scale bars: 20 um, magnification: 5 um.

Supporting Information). Furthermore, we investigated the
morphology of our collagen ink by cryo-transmission elec-
tron microscopy and found fibrils exhibiting thicknesses of
12.3 nm + 2.5 nm (Figures S7,S8, Supporting Information). Im-
portantly, the collagen ink was stable for several weeks at room
temperature without showing precipitation or any significant
change in printability.

The printability of the collagen formulation was tested us-
ing a commercial two-photon 3D laser printing set-up (Pho-
tonic GT2, Nanoscribe GmbH) with a 25x objective. As a
first step, 3D cubic lattice microstructures with dimensions of
100 ym X 100 pm X 70 um were printed with varying printing
parameters such as laser powers ranging from 21 to 42 mW and
scanning speeds from 20 to 60 mm~'s™". The broad printability
window for printing these microstructures is depicted in Figure
S9 (Supporting Information). After removal of unpolymerized
ink washing first with a 0.02 M acetic acid solution and subse-
quently with water (HPLC grade), the structures retained their
printed dimensions. The 3D-printed collagen microstructures
were stable at pH conditions between 2.6 and 10.8 (see Figure
S10, Supporting Information). Furthermore, the fabrication of
complex hollow 3D geometries, such as micrometric buckyballs

Small 2025, 21, 2408597
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(Figure 2A) with a diameter of 75 um was successfully achieved,
proving the good printability and versatility of the new collagen
ink. First, the printed collagen was imaged by optical microscopy
using contrast methods such as phase or circular differential in-
terference contrast due to the high content of water in the 3D mi-
crostructures (Figure 2B). Additionally, confocal microscopy was
employed to analyze the printed buckyballs in 3D (Figure 2C). A
3D reconstruction using experimental data proved the hollow fea-
tures as expected from the model with good accuracy (see Figure
S11, Supporting Information).

The precision of the printing process was further experimen-
tally quantified by printing single parallel lines and analyzed
using confocal microscopy. Resolved lines have been observed
when printing with a distance of 1.5 um between them (see
Figure S12, Supporting Information). The minimum feature size
was determined as 460 nm + 70 nm by measuring the thickness
of five separate lines.

As a next step, we aimed to analyze the internal nanostructure
of the microprinted collagen by using electron microscopy to
see how the fibrils in the ink translate into the printed collagen.
The high-water content of the collagen microstructures (>99%
in the collagen ink) led to an irreversible collapse upon simple

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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drying. Therefore, we have first replaced the water stepwise
with ethanol and subsequently, acetone to perform either critical
point drying or embedding the printed microstructures in
epoxide resin. Critical point drying led to a partial collapse of the
microstructures (see Figure S13, Supporting Information), so we
focused on employing an embedding protocol. For this purpose,
we prepared 3D blocks of 50 um x 50 um X 50 um (laser power
42 mW and scanning speed of 25 mm~'s™"). The 3D-printed
collagen micrometric blocks were embedded and sectioned, and
the cross-sections were imaged by scanning electron microscopy
(SEM). SEM images indicated a fibrillar network (see Figure 2D
for a large field of view and Figures S14,S15, Supporting In-
formation for the zoom-in). The average diameter of the fibrils
in the printed collagen was found to be 13.2 nm + 2.4 nm
(Figure S16, Supporting Information). In addition to SEM,
we performed TEM of 70 nm thick sections. The embedded
printed collagen exhibited an internal fibrillar nanostructure
(Figure S17, Supporting Information) as already suggested by
SEM. The diameter obtained by TEM was 12.6 nm + 2.3 nm
(Figure S18, Supporting Information) and was found to be
similar to the determined average from SEM. Comparing the
fibrils in the ink with the fibrils observed in the microprinted
collagen suggested that there is no apparent influence on the
fibrils during the printing process (see Table S1, Supporting
Information).

Next, biocompatibility, i.e., cell viability and immunocyto-
chemical analysis, was addressed by culturing rat embryonic
fibroblast cells on the 3D-printed collagen scaffolds. In de-
tail, cells were seeded on arrays of 10 x 10 printed squares
(100 pm X 100 um, height 5 um) as shown in Figure S19 (Sup-
porting Information). For cell viability, live and dead cells were
labeled with Calcein-AM and ethidium homodimer (EthD1) af-
ter 24 h, respectively. Additionally, cell nuclei were visualized
with Hoechst. The obtained fluorescence images are depicted
in Figure S20 (Supporting Information). Throughout three in-
dependent experiments, the majority of cells appeared positive
for the live stain and negative for the dead stain. Statistical anal-
ysis with a total number of N = 473 cells verified > 99% of cells
to be alive (Figure S21, Supporting Information). Immunocy-
tochemical staining was performed to verify the adhesion and
unaltered cytoskeletal organization of the cells. As depicted in
Figure 2E and Figure S22 (Supporting Information), focal adhe-
sions formed normally as shown by the vinculin staining and the
actin skeleton appears to be undisturbed. The orthogonal projec-
tion in YZ shows that the cells are well spread and adhered to
the top of the scaffold. These results indicate that the collagen
ink did not significantly impact cell viability and did not interfere
with the organization of the actin cytoskeleton or the formation
of focal adhesions. Hence, the herein-used collagen ink exhibits
good biocompatibility.

2.2. Response Study of the Collagen 3D Microstructures

Once we had characterized the internal fibrillar nanostructure
of the 3D-printed collagen, we used temperature as a stimulus
to study the response. It is well-known that heating of collagen
leads to uncoupling of the triple helices.[?*3”] Therefore, we were
interested in exploiting this effect in 3D-printed collagen. First,
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we verified the temperature-induced unfolding of the collagen
ink by UV-CD spectroscopy (see Figures S23-S25, Supporting
Information). Upon heating above 37 °C, which is known to be
the temperature range for unfolding or denaturation of collagen
type I from mammalian sources,!*}] the characteristic collagen
UV-CD band at 220 nm started to vanish completely between 40
and 42 °C suggesting the successful unfolding of the collagen
triple helix**#143] Cooling the ColMA back to room temperature
resulted in a slight recovery of the bands which could be entirely
recovered by keeping the sample for 2 days at 4 °C similar as it
has been observed for native collagen.2®]

Next, we investigated if the reversible self-assembly, i.e., un-
folding and folding transition, also takes place in the 3D-printed
collagen microstructures. To this aim, we printed the previ-
ously optimized 3D microstructures consisting of buckyballs
with larger dimensions (£100 um diameter) (see Figure 3A). As
a reference, frames of non-responsive commercial material (IP-
S, Nanoscribe GmbH) were printed around. After two-photon
3D laser printing, the 3D printed buckyballs were observed by
optical microscopy varying the temperature from 25 to 48 °C
(and vice versa) with 1 °C min~! (Video S1, Supporting Informa-
tion). Upon heating, the micrometric buckyballs shrank isotropi-
cally. Cooling the heated microstructures back to room temper-
ature fully recovered the initial dimensions of the buckyballs.
The response in the same temperature range indicates that the
reversible temperature-responsive unfolding also occurs in 3D-
printed (crosslinked) collagen.

Quantitative analysis of this reversible temperature response
was performed with cubic lattice structures with dimensions of
100 um X 100 pm X 70 um (Figure 3B and Video S2, Support-
ing Information). In detail, the top layer areas of cubic lattice
structures were measured and used for calculating the volumet-
ric swelling factor (Sy) with increasing temperature, respectively
(Figure S26, Supporting Information). The onset point was ob-
served at ~41 °C, which is in good agreement with the transi-
tion temperature detected for the collagen unfolding by UV-CD
spectroscopy (see Figure 3C). A total volume reduction of over
50% (Sy = 0.45) was found upon heating. This behavior was
found to be reversible over multiple times (5 cycles) exhibiting
similar volume changes (S, = 0.45-0.50), i.e., shrinkage, upon
heating and full recovery to the initial “swollen state” (S, = 1.00-
0.95) upon cooling (Figure 3D). The highly reproducible response
proves reversible self-assembly and the absence of defects in the
3D-printed collagen microstructures.

To investigate the effect of the printing parameters on the re-
sponse, we have printed the cubic lattices with increasing scan-
ning speed in 20 mm~'s™! step from 20 to 100 mm~'s™!, which
should result in decreasing crosslinking density. (see Figures
$27,528, Supporting Information). Although the shrinking was
found to be similar, the recovery rate upon cooling to room
temperature decreased with the reduction of different crosslink-
ing densities. For lower crosslinked structures, full recovery was
observed after 1 h at room temperature. Enhancing recoveries
with higher crosslinking were previously reported for the recov-
ery of shape memory polymers suggesting that the mechanism
of folding can be described as similar to the recrystallization
process.[#-47]

Stochastic molecular dynamics simulations were performed
to support the molecular basis of the shrinkage of collagen
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Figure 3. Analysis of the temperature response of 3D printed collagen microstructures. A,B): Temperature-response of two-photon 3D printed collagen
buckyballs (diameter of 100 um) and cubic lattice grids (100 pm x 100 um x 70 um) and a non-responsive frame of commercial printed IP-S (Nanoscribe
GmbH). Models (up) and optical microscopy images (down). Upon heating, the microstructure shrinks due to collagen unfolding, and cooling the
microstructures back to 25 °C entirely recovers the initially printed structure. Further images with multiple printed fields can be found in the Supporting
Information (see Figure S26, Supporting Information). C) Volumetric swelling factor (Sy) of 3D microprinted cubic lattices (100 um x 100 pm X 70 um)
upon heating (black). UV-CD signal at 220 nm of 5 ug mL™! ColMA in 0.02 m acetic acid solution upon heating to different temperatures (orange). The
change at 220 nm occurs due to the unfolding of collagen. D) Temperature response over multiple response cycles. The swelling factors are calculated
from images at room temperature of cubic lattices before and after heating to 48 °C.
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Figure 4. Reducing bending stiffness induces the shrinkage of crosslinked polymers in stochastic molecular dynamics simulations. A) Volume of the
system during self-assembly of a mixture of semiflexible polymers (n = 3, lines). The volume is normalized by the theoretical closed packing volume,
Vcp, and time is given in the integration steps. For each replica, four conformations with different volumes were selected (white circles, labeled a, b, ¢, d).
The snapshot shows the last of such conformation (polymers shown as ribbons of different colors). B) Upon self-assembly, polymers were crosslinked
with crosslinking probability Pc, as exemplified here for one system (polymers in gray and crosslinks in red). C) Volume time traces are shown for a
stage during which the crosslinked polymers were kept semi-rigid (“stiff": blue) and for a subsequent stage in which they were set fully flexible (“flexible”:
orange). N = 3 replicas were conducted for each of the four distinct initially considered volumes (different lines and labels a—d) and different crosslinking
probability, Pc; (panels). For comparison, time traces for P, = 0 (no crosslinks) are also shown (here only one volume is applicable, corresponding
to “d” in A). D) The shrinking process is illustrated for the four cases indicated in C for P¢ = 25%. Polymers are shown as ribbons of different colors.
E) The swelling factor, Sv = <Vqq,ipie>/<Veig>, i-€., the ratio between the average volumes in the “flexible” and the “stiff” stages, respectively (<>
denoting time average), was obtained as a function of the volume in the stiff stage (<V;g>: x-axis) and the crosslinking probability (P¢, : y-axis). Sy is
depicted in color according to the color scale at the right. Accordingly, shrinking upon flexibilization of the polymers is shown in blue and swelling in
red.

microstructures by heating. For this purpose, we mimicked  but also for conformations with larger volumes which would be

the microstructure as a mixture of semi-flexible crosslinked
polymers. We initially let the mixture self-assemble under equi-
librium conditions and chose conformations at four different
stages during this process for further simulations (see Figure
4A). Subsequently, polymer chains were crosslinked with dif-
ferent crosslinking probability, P, (Figure 4B). Crosslinking
helped to maintain the volume of the system almost constant,
not only for the final stable conformation, with the lowest volume
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unstable without crosslinks (Figure 4C).

Heating, above the phase transition temperature, transitioned
collagen from a folded conformation into a random coil in exper-
iments (see Figure 3C; Figures S23-S25, Supporting Informa-
tion). Folded collagen triple helices display persistence lengths
varying from few to several tens of nm,[**-°% meaning they are at
least an order of magnitude stiffer than unfolded protein chains
(for which persistence lengths are ~1 nm).’'-*%] We modeled this
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effect by reducing the bending stiffness of the individual polymer
chains (by ~25-fold in terms of their persistence length) while
still maintaining the crosslinks between them (see Experimen-
tal Section). Accordingly, the system turned from a mixture of
“stiff” into one of “flexible” crosslinked polymers (we note that
our simplified coarse-grained approach ignores other potential
factors such as the change in topology when three chains form
from one helix). Remarkably, this caused the volume of the sys-
tems to reduce in the majority of the crosslinked cases (com-
pare “stiff” and “flexible” stages in Figure 4C and see representa-
tive conformational transitions in Figure 4D). The swelling fac-
tor was computed here as a function of two key free parame-
ters: the volume before the coil transition (i.e., the volume in
the “stift” stage, <V;¢>) and the crosslinking probability (P)
(Figure 4E). Substantial shrinkage was observed for crosslink-
ing probabilities above 15%, independently of <V 4>. Shrink-
age was also observed for lower probabilities, but to a smaller
extent and only provided that the initial volume was considerably
high (<V > > 2.4-V;). In the absence of crosslinks, the system
did not shrink but swelled instead (compare P, = 0 with P, #0
in Figures 4C,E). In summary, our simulations demonstrate that
a mixture of cross-linked polymers undergoes shrinking transi-
tions, by loosening the bending rigidity of the constituent chains.

3. Conclusion

We have presented an easily accessible collagen ink suitable
for two-photon 3D laser printing, which can be stored at room
temperature for several weeks and be used with commercial
printing set-ups, thereby significantly facilitating future applica-
tions. Furthermore, we have proved biocompatibility and preser-
vation of fibrillar structure in the 3D printed collagen microstruc-
tures. Therefore, we believe that this approach paves the way
for 3D laser printing of extracellular matrices to influence and
support other biological studies on cell migration and tissue
assemblies.[>*%%] Moreover, we have demonstrated for the first
time the full reversibility of temperature-induced self-assembly,
i.e., folding and unfolding, of collagen in 3D printed materials.
Strikingly, full reversibility was found in multiple cycles leading
to recurring large volume changes. This makes the new response
mechanism particularly interesting for the future development
of responsive biomaterials, with tunable changes in volume and
molecular structure. For example, the temperature transition of
the folding-unfolding mechanism can be tuned either by vary-
ing the collagen source or by implementing synthetic collagen-
mimicking fragments.[?*5758] Thus, we also believe that these re-
sults provide an excellent platform for designing printed bioma-
terials that are responsive and whose properties can be modeled
and predicted by theory.

4. Experimental Section

Chemicals & Materials: Bovine collagen type | methacrylamide
(ColMA) was used as purchased from Advanced BioMatrix with
the product name PhotoCol. The photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) and HPLC grade water were pur-
chased from Fisher Scientific. Acetic acid (0.1 M) was purchased from
Merck and diluted with HPLC-graded water to a concentration of
0.02 M. The fluorescent dye methacryloxyethyl thiocarbamoyl rhodamine
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B (RhodBMA) was purchased from Polysciences. All chemicals and sam-
ples were stored and handled under yellow light. SYLGARD 184 Silicone
Elastomer Kit from Dow Chemical was used for the preparation of poly-
dimethylsiloxane (PDMS) molds.

Preparation of Collagen Ink: ColMA (12 mg) was first dissolved in
1.5 mL of acetic acid (0.02 m) by vigorously stirring the lyophilized solid for
3hat4°C. Next, LAP (10.5 mg) was dissolved in 300 uL water and added to
the dissolved ColMA solution. Last, RhodBMA (1 mg) was added to 1 mL
of water and sonicated for 15 min in a sonicator bath to get a saturated
aqueous RhodBMA solution. After filtration of the solution with a syringe
filter (0.2 pum), 300 pL of the saturated dye solution was added to obtain
the final collagen ink.

Characterization of Collagen Ink:  The pH was measured with METTLER
TOLEDO 5220 SevenCompact. The flow properties of the inks were mea-
sured by rotational rheometry using a HAAKE MARS rheometer with a
measuring geometry of C60/1° Ti-L. The shear rate varied between 100 and
1500 s~ in 30 steps. Refraction indices were determined at 20 °C and the
two-photon laser printing wavelength 780 nm using a Schmidt+Haensch
ATR L refractometer. UV-vis and FT-IR spectroscopy of the collagen ink
was measured with a Jasco V-770 and a Jasco FT/IR-4600 spectrometer,
respectively. UV-vis spectroscopy was performed using a Quartz cuvette
(d =2 mm). Before cryo-electron microscopy, 3 uL of the collagen ink was
applied to a glow discharged (3s, Solarus Gatan) Quantifoil (2/1, copper)
specimen support grid and blotted in a humidified atmosphere for 4 s
(Vitrobot, Thermofisher). The sample was vitrified by plunging it into lig-
uid ethane. Grids were mounted under liquid nitrogen in autogrids and
stored. The ink was imaged using similar conditions as the TEM sections
(see Sectioning and imaging using electron microscopy in Experimental
Section).

Silanization Procedure: ~ Glass coverslips (Marienfeld, 170 + 5 um) and
indium tin oxide (ITO)-coated glass coverslips (SPI Supplies, 160-190 um,
70—100 Q sq~') were washed with isopropanol and acetone and dried
with pressurized nitrogen. Subsequently, the surface was activated for
1 min by plasma treatment using a TDK PiezoBrush. The coverslips were
immersed in a 4 mm solution of 3-(trimethoxysilyl) propyl methacrylate in
toluene for 1.5 h. The methacrylate-functionalized coverslips were further
washed twice in toluene and once in acetone and used as substrates for
microprinting.

Two-Photon Laser Printing of 3D Collagen Microstructures: Two-photon
laser printing was performed with a commercially available set-up (Pho-
tonic Professional GT2, Nanoscribe GmbH & Co. KG) in an oil immer-
sion configuration and a femtosecond laser wavelength of 780 nm. All
structures were printed using a 25X oil objective (NA = 0.8) from Zeiss
for focusing the laser inside of the ink. Before printing, GWL files were
generated with the Describe software (Nanoscribe) from previously de-
signed STL files of desired geometries by setting slicing and hatching to
300 nm for all printed geometries, respectively. Before printing, a PDMS
mold was prepared and placed on the methacrylate-functionalized cover-
slips (22 mm X 22 mm) to avoid evaporation of solvent during the printing
process. Next, collagen ink (5-30 uL) was applied to the PDMS mold be-
fore the filled mold was covered with a round glass slide from the other
side. The sandwich cell was inserted into the Nanoscribe GT2 and printed
with scanning speeds ranging from 20 to 60 mm~'s~" and laser powers
in the range of 21-42 mW depending on the structure and experiment.
After micro printing, the round coverslip and residual collagen ink were
removed, and the structures were washed 5 times with 2100 pL of acetic
acid (0.02 m) and 5 times with 100 uL of water always ensuring the struc-
tures never dried. Last, the PDMS mold was closed with a round glass
slide again to avoid solvent evaporation. It is important to note that the
structures need to be kept in aqueous media throughout the whole pro-
cedure and analysis to avoid irreversible collapse of the collagen network
upon drying.

Optical and Confocal Fluorescence Microscopy: Optical (fluorescence)
microscopy images were recorded with a Zeiss Axio Imager M2 using
a 5x long distance Zeiss objective (NA = 0.13) or an LD Plan-Neofluar
20%/0.4 Korr Ph M27 objective (NA = 0.4) and an Axiocam 705 micro-
scope camera. Fluorescence images were recorded with a Zeiss Axio
Imager Z1 using an excitation wavelength of 555 nm. Fluorescent z-stacks
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of collagen microstructures were recorded with a Nikon AR confocal
microscope equipped with GaAsP-detectors using a 20x Nikon objective
(NA = 0.8). A 559 nm diode laser was used for excitation, and the
emission at 595 nm was collected. The structure was imaged in slices of
0.8 um step width with a pinhole diameter of 1 au. Data was computed
and analyzed using Image). Cell viability assays were imaged using a
Zeiss AxioObserver Z1 epifluorescence microscope, equipped with a
heated incubation chamber and A-Plan 5x objective (NA = 0.12) and LD
A-Plan 20x objective (NA = 0.35). Confocal fluorescence images of im-
munocytochemical staining were acquired with a Zeiss LSM800 confocal
microscope equipped with a 40x oil immersion objective (NA = 1.4).

Embedding Protocol for Electron Microscopy: Scanning and transmis-
sion electron microscopy images were acquired after embedding two-
photon 3D laser-printed collagen structures in epoxide resin. For this pur-
pose, 50 um X 50 um X 50 pm cubes were first printed on ITO-coated
glass coverslips and developed using the previously described develop-
ment procedure with acetic acid (0.02 m) and HPLC water.

To avoid the collapse of collagen, a multi-step embedding protocol was
followed for successful fixation, heavy-atom staining, dehydration, and
critical point or embedding in an epoxide resin.

First, the structures were fixed by immersing them in 2.5% aqueous
glutaraldehyde solution for 30 min. After washing the structures 3 times
for 5 min with distilled water, the structures were immersed in a 3% aque-
ous tannic acid solution for 2 h at 4 °C. Removing the tannic acid solution
and washing the printed structures 3 times for 5 min with distilled water
was followed by staining and additional fixation with an aqueous solution
of 2% OsO, and 1.6% K;3[Fe(CN)g] for 1 h at 4 °C. Washing the stained
and fixed structures was performed twice for 5 min with distilled water
before adding additional stain by immersing them in aqueous 2% uranyl
acetate solution containing 25% ethanol at 4 °C overnight. On the next
day, the stained and fixated structures were washed with a 25% ethanol-
water mixture twice for 5 min before being fully dehydrated in consecu-
tive steps. This dehydration was performed by increasing the ethanol con-
tent from 25, 50, 70, and 90 to 100% in 10 min steps. Next, the ethanol
was replaced stepwise by 50 and 100% acetone following the same time
steps.

For critical point drying, acetone was replaced in 25 iterations at 17 °C
by carbon dioxane using a Leica CPD300. For the embedding procedure,
the solvent was replaced stepwise by mixtures of 30 and 70% epoxide resin
in acetone, for 2 h each, followed by 100% epoxide for 1 h before being
embedded in flat silicon molds. The molds were transferred into a heating
oven and kept at 65 °C for 2 days. Removal of the glass substrate from the
embedded sample was facilitated by placing the substrate in liquid nitro-
gen. Printing on ITO-coated glass coverslips allowed easier separation of
glass and embedding resin. It should be noted that 3D structures shrank
to &70% of the original volume after fixation and embedding (see Figure
S14, Supporting Information).

Sectioning and Imaging using Electron Microscopy: Resin blocks were
trimmed and sectioned using a Powertome PC ultramicrotome (RMC
Boeckeler, Tucson, USA) equipped with diamond knives (Diatome, Biel,
Switzerland) for trimming (Trim20) and cutting (Ultra 35). For SEM imag-
ing (Ultra 55, Carl ZEISS Microscopy, Oberkochen, Germany) 70 nm sec-
tions were collected on pieces of Si wafer and post-stained with 3% aque-
ous uranyl acetate followed by 3% aqueous lead citrate (Science Services,
Miinchen, Germany). Hierarchical imaging at 1.5 keV landing energy us-
ing SE and ESB detectors was performed with the Atlas 5 software package
(Carl ZEISS Microscopy). For TEM imaging 60 nm sections were collected
on 200 mesh Quantifoil 2.2 Au grids (Quantifoil, Jena, Germany) and post-
stained with 3% uranyl acetate for 1 min.

For TEM images of the printed material, 70 um sections of the em-
bedded and stained material were placed on a QF grid and observed in a
Krios (Thermofisher) electron microscope at 300 kV, equipped with an au-
toloader. Images were taken under cryo and low dose conditions at a pixel
size of 2.8 A with a Gatan K3 camera operated in counting mode. At an un-
derfocus ~2 um movies were collected with a total dose of ~20 e/A2 using
EPU software (Thermo Fischer) and corrected for beam-induced motion
(Motioncorr2 in Relion).
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Cell Viability Assay: Rat embryonic fibroblast cells were seeded onto
collagen scaffolds, fabricated by two-photon 3D laser printing, and cul-
tivated in DMEM supplemented with 10% FCS from Pan-Biotech (Aiden-
bach, Germany) in a humidified incubator at 37 °C and 5% CO, overnight.
Cell viability was verified using the LIVE/DEAD Viability/Cytotoxicity Kit
from Invitrogen (Waltham, MA, USA), which applies calcein-AM and ethid-
ium homodimer-1 (EthD1) to label live and dead cells, respectively. In
addition, cell nuclei were stained with Hoechst 33342 from Invitrogen
(Waltham, MA, USA). Labeling solutions were allowed to incubate for
30 min at 37 °C. Cells were imaged in PBS containing calcium and magne-
sium from Pan-Biotech (Aidenbach, Germany) using epifluorescence mi-
croscopy and a 5x or 20X objective lens. The excitation wavelengths were
401, 493, and 577 nm, respectively.

Live and dead cells were characterized using Fiji. First, a mask was cre-
ated from the cell nuclei based on the Hoechst labeling. For live cells, a
threshold was applied to the calcein-AM labeling to binarize the image.
The binarized image was analyzed using the “analyze particles” plugin,
restricting the particle size to 15-infinite um. Detected particles, which did
not correspond to a nucleus, were excluded from analysis. For dead cells, a
threshold was applied to the EthD1-staining to cut off the fluorescence of
the RhodBMA-labeled collagen. The previously created mask was applied
to analyze the nuclei for EthD1-labeling using the “analyze particles” plu-
gin, restricting the particle size to 5-infinite um. If multiple particles were
detected per nucleus, they were counted as one. Percentiles of live and
dead cells were calculated using Microsoft Excel.

Immunocytochemical Staining:  Immunostaining was performed to vi-
sualize the cell nuclei, focal adhesions, and actin cytoskeleton. Cells
were fixed 24 h after seeding in 5% paraformaldehyde and permeabi-
lized with PBS containing 0.1% Triton-X100. The samples were incubated
with 5 pg mL~" anti-Vinculin antibody (Invitrogen (Waltham, MA, USA))
in 1% (w/w) bovine serum albumin in PBS, followed by washing with
PBS with 0.1% Triton-X100 and incubation with secondary antibody don-
key anti-mouse Alexa Fluor 647 (Invitrogen (Waltham, MA, USA)), DAPI
(10 ug mL™") and Alexa Fluor 488 Phalloidin (1.5 U mL™"). Staining solu-
tions were allowed to incubate for 1 h at room temperature in a humidity
chamber.

Temperature-Responsive  Reversible Folding and Unfolding Behavior:
Heating of microprinted collagen was performed with a heating stage (LTS
420, Linkam Scientific Instruments) in the optical microscope. The trans-
mission illumination mode with differential interference contrast and re-
flection mode with circular differential interference contrast were used for
imaging. The investigated temperature programs started at 25 °C and
heated the printed collagen to 48 °C using a gradient of 1 °C min~'.
The heated microstructures were subsequently cooled using a gradient
of 1°C min~! back to room temperature. The swelling factor Sy was cal-
culated by estimating the volume from the top area of the printed cubic
lattice grids. The top layer area of five lattices was used as an average.

UV-CD spectra of the ColIMA were recorded with a Jasco J-1700-
CD spectrometer between 190 and 260 nm with a scanning speed of
100 nm min~". To detect the CD signal, ColIMA was diluted with 20 mm
acetic acid to a concentration of 5 pg mL~" or below for the measurement.
Heating of the ink was performed at a speed of 1°C min~! while measur-
ing the temperature of the holder. After cooling the cuvette and recording
a CD spectrum at 4 °C, the cuvette was stored for 2 days at 4 °C before
remeasuring the CD signal.

Stochastic Molecular Dynamics Simulations: We modeled a fraction
of the 3D-printed collagen microstructures as a mixture of semiflexible
crosslinked polymers. The mixture was constituted of 200 chains, each
one with a degree of polymerization of 50. Each chain was modeled as
a series of beads (one per monomer) connected by harmonic springs,
with a bonded interaction energy Vpong = Kpond (d-2r)2/2. Here, Kpong is
the elastic constant, d is the distance between consecutive beads, and 2r
is the equilibrium distance. Pairs of beads i and j sterically repelled from
each other, via consideration of the repulsive term of a Lennard-Jones po-
tential Vo, = 46‘(0‘/dij)‘12 Here, ¢ is the strength of the potential, ¢ re-
lates to the radius of each bead (i.e., each monomer) via r = ¢(2/%)/2,
and d;; corresponds to the separation between beads. The repulsive
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potential was considered for all beads within a cutoff distance (d.oq)
and it was excluded for neighbor bonded beads. The bending rigidity of the
chains was imposed by introducing an angular potential between all triads
of consecutive bonded beads of the form V,,,c = Ky[cos(6)-cos(6,)]?/2,
where K, is the strength of the potential, 6 is the angle formed by the triad
of beads and 6 = 180°. Stochastic molecular dynamics were carried out to
monitor the dynamics of the mixtures using the GROMACS MD package
(version 2020.3) (“sd” integrator option).>®! For each bead, the friction
coefficient was assumed to be my, where m is the bead mass and 1/y is
the relaxation time. The friction coefficient is related to the diffusion co-
efficient, D, via D = kgT/my, where kg is the Boltzmann constant and T
the temperature. Langevin equations of motion were numerically solved
at discrete time steps At. Neighbors were treated according to the Verlet
buffer scheme.l%] The length was normalized by the separation between
beads (related to) o, time by the characteristic diffusion time of a bead
7 = (2r)2/D, mass by the mass of a bead, and energy by kgT (see list of
simulation parameters in Table S2, Supporting Information).

The chains were assumed to adopt initial linear conformations and
were placed at random positions and orientations, without overlap, in a
cubic box of dimensions (399.6 5).3 The box dimensions were reduced
gradually in two consecutive steps, first, during 107 integration steps until
the system reached a volume of (48 5)3 and second, during 10° integra-
tion steps until the volume was (30 ). From this point on, the system was
simulated under equilibrium NPT conditions. The system was coupled to
a Berendsen barostat to maintain the pressure constant at 1 bar (cou-
pling time of 5 in GROMACS arbitrary units equivalent to ~0.07937 7).161]
In addition, Langevin dynamics ensured the temperature stayed constant
at 300 K (see resulting kgT in Table S2, Supporting Information). In the
first stage, the system was allowed to further self-assemble for 6-108 inte-
gration steps (simulation length ~0.952-106 7). N = 3 simulation replicas
were conducted. Four configurations with different volumes were extracted
from each replica for further simulations (times indicated with the white
circles in Figure 4). In the second stage, crosslinks between chains were
added. For the four selected configurations, pairs of monomers that be-
longed to different chains, but which were in close proximity (at a distance
smaller than 2r) were connected by a harmonic spring with a crosslinking
probability Py =5, 15, or 25%. The elastic constant of the spring was
set to Kyong and the equilibrium reference distance to 2r. Subsequently,
the dynamics of the resulting crosslinked mixture were simulated during
2.10% integration steps (simulation length ~0.317-10° 7). This stage was
denoted as the “stiff’ stage in Figure 4. In the third stage, the bending
rigidity of the chains was removed by setting the angular interaction po-
tential V,nge = 0. The crosslinked (now flexible) mixture was simulated
during 2-10% integration steps (simulation length ~0.317-10° 7). Note that
crosslinks between chains were maintained during this stage. This stage
was denoted as the “flexible” stage in Figure 4. The persistence length of
a single chain in isolation was predicted to be ~50r, in the “stiff” stage,
and 2r, in the “flexible” stage (i.e., a ~25-fold decrease upon release of
the angular constraints). For comparison, simulations without crosslinks
(Pc. = 0) were also carried out. In this case, the last 2:10% integration
steps of the self-assembly process, for which the system already equili-
brated (see Figure 4A), were considered as the “stiff” stage. For the “flex-
ible” stage, additional simulations were conducted removing the angular
restraints, starting from the final configuration upon self-assembly.

The volume of the system was monitored throughout the different
stages. It was normalized by the theoretical closed packing volume,
Vep = (32/7)-Vimon'N21.35V, 01N, for N = 10 000 monomers, each
one with a volume V,,,,,, = 471 /3. The swelling factor was computed as
SV = <Meyible™>/<Vsi>, With <Vpegiple™> and <Vgg> being the average
volumes during the “flexible” and the “stiff” stages, respectively (<> de-
notes time average over the last 10® steps of each stage combining the
n = 3 replicas).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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1. Characterization of collagen-based ink
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Figure S1: UV-CD spectrum of ColMA (2 pug/mL) in 0.02 M acetic acid aqueous solution at 25 °C.
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Figure S2: Reference UV-CD spectrum of 0.02 M acetic acid aqueous solution at 25 °C.
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Figure S3: IR spectrum of the collagen methacrylamide ink showing two main absorption bands. The band at
3300 cm™ corresponds to the O-H vibrational band of water. The band at 1600 cm™ is in the region C=0 vibration
of the polypeptide backbone.
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Figure S4: UV-vis spectrum of the collagen ink in a quartz cuvette with d = 2 mm showing strong absorption of
the photoinitiator LAP below 400 nm. The two absorption bands between 500 nm and 600 nm correspond to
rhodamine B methacrylate. Importantly, no additional absorption in the printing region at 780 nm was observed.
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Figure S5: Measured dynamic viscosity at 25 °C for varying shear rates from 100 s to 1500 s using rotational

rheology.
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Figure S6: Measured refractive indices at 20 °C between 380 nm and 780 nm.
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Figure S7: Cryo-EM imaging of collagen ink showing the collagen fibrils of around 13 nm diameter. Fibrils are
visible due to the (phase) contrast of the protein versus water.
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Figure S8: Histogram of n = 30 measured fibril diameters in the cryo-EM image. The average of measured
diameters was calculated to 12.3 nm % 2.5 nm.
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2. 3D microprinting of collagen and material characterization
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Figure S9: Printability window of collagen ink for various combinations of laser powers and scanning speeds for
printing cubic lattices of 100 pm % 100 um x 70 um dimension. Green and red color coding correspond to printing
with stable and overexposure parameters, respectively. Scale bar: 100 um.
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Figure $10: Stability of the printed collagen microstructures in various pH conditions (from left to right 2.56, 7.00,
10.82). To enhance the visibility of the crosslinked collagen methacrylamide, the hydrogels were printed inside

of a frame of a commercial material (IP-S, Nanoscribe GmbH).
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Figure S11: Side view on volumetric 3D reconstruction (left), vertical cross section (center) through the center of
the printed buckyball structure (75 um x 75 um x 70 um, 42 mW laser power, 20 mm/s scanning speed) after
confocal fluorescence microscopy, and model of cross-section (right).

10 pm

Figure S12: Resolution tests with parallel printed lines of 30 pm length with 1.5 um spacing in-between. The
printing parameters were 40 mW and 3 mm/s.

Figure S13: SEM images of critical point dried 3D printed collagen microstructures. The printed bars (A) with
original dimensions of 200 um x 10 um x 10 um collapsed under these preparation conditions to about 30% in
width (B) and show an irregular fibrillar network (C).
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Figure S14: SEM image of cross section of epoxide embedded printed collagen. Shrinkage of the initially printed
blocks (50 um x 50 pm x 50 um) to around 70% in each dimension occurred during staining and fixation with
tannic acid and OsOas. Red square indicates the region used for analysis of fibril diameters.

Figure S15: Zoom in SEM image of cross section of epoxide embedded printed collagen showing collagen fibrils
of around 13 nm diameter. Note that SEM imaging at the low primary energy (1.5 keV) used here produces signal
only from a thin surface layer of the section leading to seeming breaks or discontinuities in the collagen network.
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Figure S16: Histogram of n = 30 measured fibril diameters in the SEM cross section image. The average of
measured diameters was calculated to 13.2 nm + 2.4 nm.

Figure S17: TEM image of cross section of epoxide embedded printed collagen showing collagen fibrils of around
13 nm diameter. Since in TEM a projection image is recorded a homogeneous fibrous network without
discontinuities is visualized. Contrast in this image is created by the metals used to stain the embedded sample.
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Figure S18: Histogram of n = 30 measured fibril diameters in the TEM cross section image. The average of
measured diameters was calculated to 12.6 nm £ 2.3 nm.

Table S1: Fibril diameters obtained from different electron microscopy techniques for N = 30 averaged fibrils.

Cryo-TEM (ink) SEM (printed) TEM (printed)
treatment vitrified stained + embedded stained + embedded
sample thinned liquid film ultrathin section ultrathin section
electron energy 300 keV 1.5 keV 300 keV
fibril diameter 123 nm+2.5nm 13.2nm+2.4 nm 12.6 nm=2.3 nm
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Figure S19: Optical microscopy image (acquired with CDIC contrast) of printed check board structure of collagen
blocks for biocompatibility tests. Scale bar: 100 um.

Phase contrast Hoechst Calcein AM EthD1/ RhodBMA

: &
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ol

Figure S20: Cell viability assay REF cells on 2PPL printed collagen blocks. Cell nuclei are labelled with Hoechst
(blue), live cells with Calcein AM (green) and dead cells labelled with EthD-1 (red). The RhodBMA-labelled
collagen appears in the same color as the dead-stain (red). Within three independent experiments, the majority
of cells did not appear positive for EthD1 labelling. Scale bar: 100 um.
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Figure S21: Results from statistical analysis of live/dead assay verifying >99% of cells to be alive. A fraction of
15% for dead cells can be traced back to the autofluorescence of the RhodBMA-labeled collagen. The total
number of detected cell nuclei was N = 473.
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Figure S22: Confocal images of immunocytochemical staining of REF cells cultured on 3D laser printed collagen
blocks. Cells adhered to the printed scaffold (red) and exhibit an undisturbed actin organization (green). Focal
adhesions, as visualized by Vinculin-staining (magenta), formed on the RhodBMA-labelled collagen blocks (red).
Cells adhered to the top of the scaffolds as shown by the XZ-projection. The projection plane is indicated in white
in the merge image. Scale bars: 20 um.

3. Temperature response of collagen in solution and in 3D printed structures
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Figure S23: UV-CD spectra of 2 pug/mL ColMA in acetic acid solution (0.02 M) upon heating and cooling. Cooling
of ColMA solution for 2 days shows full recovery of collagen folding bands at 200 nm and 220 nm which first

disappeared upon heating.
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Figure S24: UV-CD spectra of 5 pg/mL ColMA in 0.02 M acetic acid solution at different temperatures.
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Figure S25: Contour plot of UV-CD spectra of 5 pg/mL ColMA in 0.02 M acetic acid solution at different
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Figure S26: Response and recovery of printed collagen cubic lattices (100 pm x 100 um x 70 um) in printed frames
of a non-responsive, passive material (IP-S, Nanoscribe GmbH) upon heating and cooling the sample by 1 °C/min.
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Figure S27: Recovery of collagen microstructures with 40 mW laser power and varying scanning speed (filled
squares — recovery after cooling back to room temperature; empty circles — shape recovery after 1 h at room
temperature). Printing parameters with higher exposure dose during printing, i.e. lower scanning speed, improve
recovery rate. Full recovery of all microstructures was obtained after keeping them at room temperature for 1h.
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Figure S28: Response and recovery of 3D printed collagen microstructures with 40 mW laser power and varying
scanning speed between 20 mm/s and 100 mm/s (from left to right). Full recovery of printed microstructures
with higher scanning speed was obtained after keeping the sample at room temperature for 1h.
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Table S2: Parameters employed in the stochastic molecular dynamics simulations.

Parameter type Parameter GROMACS arbitrary units Normalized units
Bonded interaction Kbond 100 250 ksT/0?

r 2.80616 o(2/9)/2
Repulsive non-bonded € 0.25 0.1 keT
Lennard-Jones interaction o 25 lo

deutoff 10 40

Verlet buffer tolerance 2-10* ~2.5-103 ke T/t
Angular interaction Ke 5000 2000 ksT

Bo 180° 180°
Langevin dynamics m 20000 1m

1y 1000 ~15.8740 T

ksT 2.5 1 keT

D 0.125 ~1.2599 ¢?/t

At 0.1 ~1.5874-103

Characteristic diffusion
time

Closed package volume

No. integration steps

T

132

105-6-108 steps
~62.996

156250

1t

10000 ¢*
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Minimal-Invasive 3D Laser Printing of Microimplants in

Organismo

Cassian Afting, Philipp Mainik, Clara Vazquez-Martel, Tobias Abele, Verena Kaul,
Girish Kale, Kerstin Gopfrich, Steffen Lemke, Eva Blasco,* and Joachim Wittbrodt*

Multi-photon 3D laser printing has gathered much attention in recent years as
a means of manufacturing biocompatible scaffolds that can modify and guide
cellular behavior in vitro. However, in vivo tissue engineering efforts have
been limited so far to the implantation of beforehand 3D printed
biocompatible scaffolds and in vivo bioprinting of tissue constructs from
bioinks containing cells, biomolecules, and printable hydrogel formulations.
Thus, a comprehensive 3D laser printing platform for in vivo and in situ
manufacturing of microimplants raised from synthetic polymer-based inks is
currently missing. Here, a platform for minimal-invasive manufacturing of
microimplants directly in the organism is presented by one-photon
photopolymerization and multi-photon 3D laser printing. Employing a
commercially available elastomeric ink giving rise to biocompatible synthetic
polymer-based microimplants, first applicational examples of biological
responses to in situ printed microimplants are demonstrated in the teleost
fish Oryzias latipes and in embryos of the fruit fly Drosophila melanogaster.
This provides a framework for future studies addressing the suitability of inks
for in vivo 3D manufacturing. The platform bears great potential for the direct
engineering of the intricate microarchitectures in a variety of tissues in model

nanoscale.l'* This technology has evolved
originally from applications in mainly tech-
nical fields such as optics and photonics,
but has also found its way into the life sci-
ences thanks to the development of biocom-
patible materials. Today, this method is es-
tablished in the life sciences for the pre-
cise fabrication of biocompatible scaffolds
with subcellular resolution and applied in
single-cell, organoid, and cultured tissue
research.[*7] The biocompatible scaffolds
can be prepared either by physically encap-
sulating cells in a photocurable hydrogel
or by printing and successive development,
that is, removing excessive ink prior to cell
seeding.

Application of printed 3D biocompatible
scaffolds as implants possess great poten-
tial in experimental clinical and biological
fundamental research.[*'8-2] For example,
cell-free and biocompatible structures have
been printed and surgically transplanted

organisms and beyond.

1. Introduction

Multi-photon 3D laser printing has been gaining attention in re-
cent years for offering 3D fabrication of objects on the micro- and

into the subretinal space of pig eyes.[?! His-
tological and immunohistochemical anal-
ysis of these eyes then suggested an
infiltration of the transplanted scaffold by retinal pigmented
epithelium and photoreceptors within 30 days. However, major
limitations of such surgical micro-implantations remain: they
are technically challenging, the procedure is highly invasive,
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and damages to the surrounding tissues are almost always
inevitable.

A well-explored alternative for targeting in vivo tissue engi-
neering is the injection of cell-free or cell-laden hydrogels or ink-
based composites for direct polymerization within tissues. Al-
though a variety of physical and chemical in vivo crosslinking
strategies have been explored for injected liquids,!*'-*] these ap-
proaches are so far lacking control over the shape of the construct
in 3D.

To address this issue, light-based 3D printing methods have
very recently been explored for spatially controlled photopolymer-
ization. For example, Chen et al. have reported noninvasive light-
based in vivo 3D bioprinting of a gelatin-based ink with digitally
guided near-infrared photopolymerization via micromirrors.2!
Furthermore, in vivo multi-photon 3D laser printing was re-
cently presented by Urciuolo et al. for the fabrication of cell-
laden and microscaled hydrogel structures.®! Therein, the au-
thors injected a cell-laden photosensitive gelatin-based prepoly-
mer in skin, brain, or muscle tissue of anesthetized alive mice
and used a multi-photon confocal microscope for printing. Sim-
ilar to other bioprinting approaches, these efforts were aim-
ing at in vivo manufacturing of tissue constructs, replicating
the biochemical and mechanical properties of their surrounding
tissues.

In a second work, in vivo 3D laser printing was performed
outside of tissues, yet within living organisms. Conductive
polypyrrole-containing microstructures were printed in the lu-
men of the Caenorhabditis elegans gut after feeding the worm with
a hydrogel ink composition.®! So far, these reports illustrated the
potential of hydrogel-based ink systems in developed organisms.

Here, we present a platform for in vivo, in organismo manufac-
turing of microimplants by one-photon photocrosslinking and
multi-photon 3D laser printing with potential in shaping tissue
morphogenesis and eliciting biological response. For this, we
employ a commercially available elastomeric ink, which allows
us to manufacture biocompatible, synthetic polymer-based
microstructures of low immunogenicity in alive developing
organisms. With our approach, we have developed an in vivo
tissue engineering toolbox for studying the effects of minimal-
invasively delivered, 3D structured microimplants in (developing)
organisms.

2. Results

2.1. Biocompatible One-Photon Photopolymerization in Living,
Early Organisms

The first step towards in vivo manufacturing of microimplants
was to identify a suitable ink for in vivo one-photon photopoly-
merization. To this aim, we have identified several criteria that
the ink needs to fulfill: i) fast photopolymerization, ii) biocompat-
ibility (both before and after polymerization), iii) hydrophobicity
(to avoid diffusion of the reactive unpolymerized species in the
living system), iv) microinjection compatible viscosity of the ink,
and v) a suitable refractive index. A systematic analysis of inks
indicated that the commercially available photocurable ink IP-
PDMS (Nanoscribe GmbH, Germany) represented a very suit-
able ink for this purpose. The ink is optically transparent with
a refractive index of 1.45 (589 nm, 20 °C) and upon photopoly-

Adb. Sci. 2024, 11,2401110 2401110 (2 of 11)
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merization gives rise to an elastomeric, biocompatible material
with a Young’s modulus of 15 MPa and polydimethylsiloxane-like
properties.[?’]

As in vivo model organisms, we selected the teleost fish
Oryzias latipes (hereafter: medaka) and the fruit fly Drosophila
melanogaster (hereafter: Drosophila). Their short generation time,
their long history of genetic studies, their transparent eggs, and
the ease of observing and experimentally addressing early devel-
opmental processes in these organisms places them both among
the most important vertebrate and invertebrate models, respec-
tively. Since their development occurs outside the mother and at
sub-centimeter scales, all tissues are easily accessible via light ir-
radiation during early development, which makes them uniquely
suited to investigate the effects of tightly controlled in vivo poly-
merized materials on a wide range of different living tissues, or-
gans, and whole organisms.

To prepare these organisms for microinjection of ink and sub-
sequent one-photon photopolymerization and multi-photon 3D
laser printing, fertilized eggs were collected and then left to de-
velop until they reached the required age. Fertilized Drosophila
eggs were dechorionated immediately after deposition, mounted
on a glass slide, and covered with hydrocarbon oil. Fertilized
medaka eggs were incubated overnight until embryonic stage 19—
21,181 the egg-shell was then removed (dechorionation) and the
embryos were mounted in custom-made agarose molds. Follow-
ing the microinjection of the ink, either into the yolk of develop-
ing Drosophila embryos or the developing optic vesicle of medaka
embryos, embryos were exposed globally to a short 1 min UV
light pulse to photocrosslink and thus solidify the microinjected
ink in an one-photon photopolymerization process using the ex-
ternal light source of a conventional fluorescence microscope.
In case of 3D laser printing, embryos were mounted for inser-
tion into a Professional Photonic GT2 (Nanoscribe GmbH) and
thus made available for 3D printing of microstructures. Finally,
embryos were re-incubated for subsequent microscopic analysis
(Figures 1, 2a,c).

After microinjection into either the semi-aqueous environ-
ment of the yolk of early Drosophila embryos (1 h post fertil-
ization; 1 hpf) or the aqueous extracellular environment of the
developing retina of medaka embryos (1 day post fertilization;
1 dpf), the IP-PDMS droplets adopted a stable and spherical
shape. Even after microinjection into embryos, IP-PDMS pho-
topolymerized efficiently (Figure S1 (Supporting Information)
showing UV-cured spheres explanted from Drosophila embryos).
Importantly, there was no indication of acute toxicity of even un-
polymerized IP-PDMS on the embryos as apparent by their un-
affected development, the absence of immediate deformation,
shrinkage or dissolution of ink surrounding tissue regardless of
the microinjected IP-PDMS deposits being UV cured or left un-
cured.

For Drosophila embryos, timelapse transmission microscopy
revealed that the embryo development progressed normally
through all developmental stages followed in this study (cel-
lularization and gastrulation) both post-microinjection and -
photopolymerization. To control for UV toxicity during the poly-
merization process, non-injected controls were exposed to the
same UV light dose and likewise showed normal gross develop-
ment (Figure 2b). For medaka embryos, normal development was
confirmed by confocal microscopy of whole-mount nuclei stained

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 1. Biocompatible one-photon photopolymerization and multi-photon 3D laser printing workflow in living, early organisms. Schematic illustration
of the one-photon photopolymerization (1PP) and multi-photon 3D laser printing (2PP) workflow in early Drosophila melanogaster and Oryzias latipes

embryos.

heads at 6 dpf (5 days post-microinjection) with and without
its UV curing, respectively. Notably, uncured IP-PDMS droplets
consistently reduced in volume compared to UV-cured spheres,
suggesting a slow in vivo resorption of IP-PDMS ink over time
(Figure 2d).

2.2. In vivo One-Photon Photopolymerized IP-PDMS Permits
Targeted Re-Shaping of Tissue Morphogenesis

Following the establishment of microinjection and imaging con-
ditions, we next analyzed the displacement of uncured droplets
and UV-cured IP-PDMS spheres in Drosophila embryos during
the process of gastrulation. Specifically, we asked whether over-
all gastrulation dynamics within the confined egg space affected
uncured droplets and UV-cured spheres differently. For this, we
microinjected IP-PDMS at the anterior and posterior poles of the
embryos and tracked its total movement starting with the end of
cellularization in 10 min increments for 2 h in timelapse record-
ings acquired by transmission microscopy. We focused our anal-
ysis on embryos that had IP-PDMS spheres either in the anterior
or in the posterior third of the embryo at the starting point of anal-
ysis (Figure 3a). The total distance traveled of uncured droplets
and UV-cured spheres was significantly increased if microin-
jected at the posterior pole compared to the anterior pole, but did
not differ depending on their curation status (Figure 3b). By con-
trast, if spheres were tracked only until the onset of gastrulation
dynamics (i.e., from the last mitotic wave until the end of cellu-
larization), no difference in total distance traveled between pos-
teriorly and anteriorly microinjected deposits could be detected
(Figure S2, Supporting Information). Taken together, these re-
sults suggest that increased displacement of posterior spheres
during Drosophila gastrulation dynamics was driven mainly by

Adv. Sci. 2024, 11, 2401110 2401110 (3 of 11)

the process of germ band extension, which pushes the posterior
end of the embryo towards the anterior.?’]

While the overall in vivo movement dynamics of uncured
droplets and UV-cured IP-PDMS spheres in Drosophila embryos
did not differ, we could observe that UV-cured spheres had a
striking capacity to alter local tissue dynamics, which was not
seen with uncured droplets. This could be demonstrated exem-
plary for two different developmental processes, first for blasto-
derm formation and, second for a transient epithelial fold at the
head/trunk interface, the so-called cephalic furrow (CF). While
blastoderm formation was unaffected in the presence of uncured
droplets microinjected at the anterior pole of an embryo, the pro-
cess was altered in the presence of UV-cured spheres: following
nuclear translocation from the yolk to the embryo cortex, the den-
sity of cortical nuclei was visibly lower at the anterior pole com-
pared to non-affected regions in the middle or posterior of the
embryo. As a consequence, an additional round of nuclear divi-
sion was observed at the anterior pole, which resulted in a time-
shifted onset of cellularization at the anterior pole and in a de-
coupling of the otherwise tightly regulated timing of head and
trunk development. This interference with blastoderm formation
could only be observed for the anterior pole and was not found at
any other place of microinjection within the embryo (Figure 3c;
Movie S1, Supporting Information).

Similar as for blastoderm formation, the dynamics of CF for-
mation remained unaffected in the presence of uncured droplets.
Conversely, a UV cured sphere had the capacity to alter the shape
of the cephalic furrow upon contact. Consistent with the notion
that such capacity to change the shape of an epithelial fold was as-
sociated with direct sphere contact, we found that the UV cured
sphere traveled less than half the distance compared to the un-
cured droplet within 15 min upon contact with the CF (Figure
S3, Supporting Information).

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. In vivo one-photon photopolymerization of microinjected ink does not adversely impact embryonic development. a) Schematic illustration of
the mounting method used to microinject (microinj.) ink in Drosophila melanogaster embryos. b) Representative time-lapse transmission microscopy of
early Drosophila melanogaster embryos shortly after IP-PDMS microinjection (top), and during the cellularization stage (middle) at ~2.5 h post microin-
jection (hpi), and at ~3 hpi during germband extension stage (bottom). Microinjected IP-PDMS deposits were either left uncured (uncured droplet)
or cured by UV light exposure (UV-cured sphere). Non-injected controls (non-injection (UV)) were subjected to the same UV light regime. Because IP-
PDMS is highly viscous, microinjection needles with a tip diameter of approx. 5-10 um were used. During microinjection, slight leakages of yolk could
be observed (indicated by cyan arrowheads), which however sealed off quickly and did not affect subsequent embryonic development. c) Schematic
illustration of the mounting method used to microinject ink in Oryzias latipes embryos. d) Representative confocal microscopy of chemically fixed and
whole-mount nuclear stained (Nuclei; DAPI) medaka embryo heads at 6 days post fertilization (dpf) after microinjection of IP-PDMS into their optic
vesicles at 1 dpf. Dashed lines (magenta) indicate positions of microinjected deposits. Scale bars: 100 um.

2.3. Biocompatible Multi-Photon 3D Laser Printing in Living,
Early Organisms

In addition to the described one-photon photopolymerization
process, IP-PDMS can be shaped with higher precision and
to complex geometries using multi-photon 3D laser printing.

Adb. Sci. 2024, 11,2401110 2401110 (4 of 11)

Therefore, we adapted the workflow to 3D laser print inside of the
uncured IP-PDMS droplet in living, early organisms using a Pro-
fessional Photonic GT2 (Nanoscribe GmbH). For Drosophila em-
bryos, we did not need to modify the one-photon polymerization
pipeline to enable insertion into the substrate holder of the 3D
laser printer and subsequent 3D printing (Figure 4a), while for

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. In vivo one-photon photopolymerized IP-PDMS spheres allow local re-shaping of tissue morphogenesis. a) Schematic illustration of mi-
croinjection scheme for quantitative analysis of uncured and UV-cured IP-PDMS deposit dynamics in Drosophila melanogaster (Drosophila) embryos.
b) Quantification of total distance traveled of the uncured and UV-cured, microinjected IP-PDMS deposits at the anterior (ant.) and posterior (post.)
poles of the Drosophila embryos. Spheres were tracked in 10 min increments in timelapse transmission images from the end of cellularization 2 h on-
wards. Boxplots include data from 5 embryos each with boxes indicating 25-75% percentiles and whiskers 10-90% percentiles. Individual data points
are shown as dots. Student’s t-test with unequal variance; “*p-value: 0.002. c) Representative time-lapse transmission microscopy of early Drosophila
embryos microinjected at the extreme anterior pole with IP-PDMS during cellularization (cell.). Microinjected IP-PDMS droplets were either left uncured
(left panels) or cured by UV light exposure (right panels). Note that the uncured droplet was found to deform under the local pressure induced by the
tissue morphogenesis in the developing head region, which could only be observed at the anterior pole. The UV-cured sphere did not deform but was
ejected from the head region. Magenta dashed lines indicate the shape of the microinjected deposits, and cyan arrowheads indicate the cellularization
front. Scale bars: 100 um.

medaka embryos the mounting method had to be adapted. Here, ~ 2.4. In vivo Multi-Photon 3D Laser-Printed Microstructures
insertion into the substrate holder and subsequent 3D printing  Spontaneously Develop and Fully Integrate into Surrounding
was possible after immobilizing the embryo on the insertable  Tissues without Significant Immunogenicity
cover glass in a low-melting point agarose dome following its mi-
croinjection with IP-PDMS. Orientation with the embryos’ heads ~ After 3D laser printing, printed structures float in the unpolymer-
down towards the cover glass proved pivotal to not exceed the  ized ink within the embryos and are thus initially not directly con-
working distance of the 25x objective (Figure 4c; see Experimen-  tacting the cells of the adjacent tissue. In medaka embryos, struc-
tal Section for details). tures remained floating in the ink residue for days as embryonic
In this way we were able to print structures in vivo with sizes  development continued. Nevertheless, raising medaka embryos
down to the low microscale with even smaller feature sizes. Time-  after multi-photon 3D laser printing to the end of embryonic de-
lapse transmission microscopy of Drosophila embryos with 3D velopment at stage 41128/ (18 days post microinjection, Figure 5a)
laser printed stars (40 pm X 40 um X 13 pym) showed that gross  resulted in spontaneous and mostly complete removal of the un-
embryonic development is not perturbed by multi-photon 3D polymerized ink in a strain-specific manner, presumably by slow
laser printing. The printed structures were not visible atany time  resorption of the non-toxic IP-PDMS over time.
in transmission mode, presumably due to the embryo’s thickness Whole-mount nuclear stain and imaging by confocal mi-
and the yolk’s optical properties. However, the dissection of the  croscopy revealed an integration of the structures into the sur-
embryos confirmed the successful microprinting of the struc-  rounding tissue, most frequently into the retinal outer segments
tures (Figure 4b). Figure 4d shows transmission microscopy of  layer (OSL), seamlessly without any apparent signs of immuno-
exemplary medaka embryos of different stages with different 3D genic reactions, scarring, or developmental defects. Moreover,
printed microstructures in their developing retinas (from left to ~ multiple nuclei are consistently assembled around the structures,
right: hollow cylinder 50 um X 50 ym X 20 pm (20 ym inner di-  locally breaking the otherwise cell soma free organization of the
ameter), star 60 pm X 60 pm X 20 um). OSL. This was observed independently of the shape of the printed
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Figure 4. Microinjected ink deposits can be used for in vivo multi-photon 3D laser printing of microstructures. a) Schematic illustration of the mounting
method used to enable 3D laser printing in Drosophila melanogaster (Drosophila) embryos. b) Representative transmission microscopy of early Drosophila
embryos microinjected with IP-PDMS and subsequently subjected to 3D laser printing of a 40 pm X 40 um X 13 um star. The printed structure within
the yolk of developing Drosophila embryos were then manually extracted by dissection and stereomicroscopically imaged. c) Schematic illustration of
the mounting method used to enable 3D laser printing in Oryzias latipes (medaka) embryos. d) Representative transmission microscopy of stage 19-21
medaka embryos microinjected with IP-PDMS and subsequently subjected to multi-photon 3D laser printing of a 50 um x 50 um x 20 pum hollow cylinder
(20 pm inner diameter) and a 60 pm x 60 um X 20 um star. Dashed lines (magenta) indicate positions of microinjected deposits. Scale bars: 100 um.

structures and their position within the retinal layering since nu-
clei with morphologies different from surrounding cells were ob-
served to neighbor printed structures intermittently even in other
retinal layers like the retinal inner nuclear layer (INL; Figure S4a,
Supporting Information). Cells did not actively invade the hollow
cylinders with openings of 20 um in diameter and rather stayed
in closer connection to cells of the surrounding tissue (Figure 5b;
contralateral control eyes in Figure S4b, Supporting Informa-
tion). Scanning electron microscopy of printed structures enzy-
matically extracted from stage 41 embryonic medaka retinas re-
vealed a remarkable printing precision given the particular print-
ing environment, albeit showing a tendency towards round dis-
tortions if printed close to the edge of the ink bubble likely due
to optical diffraction (Figure 5¢,d rendered models of microstruc-
tures in Figure S5, Supporting Information).

To address the apparent absence of a significant immuno-
genic reaction to the microstructures, we employed a transgenic
reporter line labeling macrophages (cxcr3a:GFP), the known
key players in the immediate to long-term immune response
to implanted biomaterials,?*2] and compared the total number
of macrophages in the experimental and control retina. At 18

Adb. Sci. 2024, 11,2401110 2401110 (6 of 11)

days post ink microinjection and 3D laser printing, we consis-
tently found comparable macrophage numbers in both retinas
with no significant difference when comparing retinas with mi-
crostructures to contralateral control retinas without (Figure 5d).
This indicates that there was no immunogenic response trigger-
ing the infiltration of additional macrophages in the microin-
jected/printed retinas as a chronic inflammatory response. More-
over, we consistently observed a macrophage population of a few
cells at the sites of the microstructures inspecting the 3D printed
object during immunosurveillance without triggering an adverse
immunogenic reaction (Figure 5e). The cytosolic fluorescent sig-
nal of labeled macrophages was found to partially overlap with
the above-mentioned nuclei.

3. Discussion

In this work, we outline a platform for one-photon photopoly-
merization and also adapted it to enable multi-photon 3D laser
printing in early alive Drosophila and medaka embryos. We show
how one- and multi-photon polymerizable polydimethylsiloxane
can be microinjected, and UV-cured as well as 3D printed in their
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Figure 5. In vivo multi-photon 3D laser-printed microstructures develop spontaneously in the developing medaka retina, fully integrate into the tissue,
and show no significant immunogenicity. a) Schematic illustration of the experimental setup that led to the images shown. b) Representative confocal
microscopy of chemically fixed and whole-mount nuclear stained (Nuclei; DAPI) medaka embryo eyes (stage 41) after microinjection of IP-PDMS into
their optic vesicles and subsequent 3D laser printing at 1 dpf. Printed structures measure 60 um x 60 um x 20 pum for the star and 50 pm x 50 um X 20 um
for the hollow cylinder (20 um inner diameter; shown in two orientations). Scale bars: 100 pm. c) Scanning electron microscopy of microprinted structures
after enzymatic extraction from medaka embryo eyes obtained like shown in a. Scale bars: 10 um. d) Quantification of total macrophage count in the
whole retinas of n = 7 embryos with printed stars (60 pm x 60 um x 20 um). Cell counts were normalized to the cell counts of the contralateral
control retinas of the same embryo without printed stars to account for differential cxcr3a::GFP expression levels between individual embryos. Boxplot
boxes indicating 25-75% percentiles with whiskers indicating 10-90% percentiles. Individual data points are shown as dots. e) Representative confocal
microscopy of chemically fixed and whole-mount nuclear and anti-GFP stained (Nuclei: DAPI; Macrophages: cxcr3a::GFP) medaka embryo retina (stage
41) after microinjection of IP-PDMS into their optic vesicle and subsequent 3D laser printing at 1 dpf. Printed star measures 60 um X 60 um x 20 pum.

Cyan arrowheads indicate two individual macrophages in close proximity to the star. Scale bars: 100 pm.

extracellular tissue environments. Regarding requirements for in
vivo printable synthetic polymers, we found it to be crucial for the
ink to fulfil various criteria in terms of biocompatibility, printabil-
ity, viscosity, and refractive indices in aqueous environments.

In case of in vivo one-photon photopolymerization, we ob-
served that only after UV-induced photocrosslinking, the PDMS-
like material could locally re-shape tissue morphogenesis in
Drosophila embryos in ways that have not been possible by estab-
lished methodology. From the time-lapse transmission record-
ings, we inferred that UV-cured spheres, as opposed to uncured
droplets, interfere locally with the translocation of nuclei toward
the embryo’s cortex. This resulted in a reduced nuclear density at
the anterior pole, which triggered an additional round of nuclear
division and the subsequent time shift in cellularization at the
anterior pole.

Adv. Sci. 2024, 11, 2401110 2401110 (7 of 17)

The re-shaping of cephalic furrow formation might be the con-
sequence of an interaction of the basal cell side with the UV-
cured IP-PDMS sphere, which the fluid surface interface of un-
cured IP-PDMS might not permit. A non-natural point of adhe-
sive interaction of the yolk-facing cells in the emerging cephalic
furrow might then be an anchor point for the tissue to re-shape
around. PDMS is generally known to be biocompatible but unfa-
vorable for cell adhesion. Coating with extracellular matrix (ECM)
proteins via physisorption is regularly used to increase cell at-
tachment on PDMS surfaces.[3>*] Specifically for multi-photon
printed IP-PDMS, it has recently been shown to be able to sup-
port cell attachment of human mesenchymal stem cells after
fibronectin functionalization.l”) Given that our PDMS-like ma-
terial microstructures reside outside bona fide epithelia of the
Drosophila and medaka embryos, a natural coating with ECM
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or yolk resident proteins via physisorption after UV curation or
3D printing seems likely.**] On top of that, the PDMS-like ma-
terial structures are being exposed to the composition and spa-
tial distribution of ECM and yolk resident proteins that are spe-
cific to the embryo, its developmental stage, and the tissue in
question and therefore likely suitable for supporting attachment
of cells of that particular tissue. Therefore, yolk protein-coated
UV-cured spheres permitting both cell attachment after cellular-
ization as well as interfering with the local cytoskeletal arrange-
ment required for cortical nuclear translocation”*8! represents
the most likely explanation of the tissue morphogenesis pheno-
types shown in this study. Future studies will address how the
addition of ink components which can directly interact with sur-
rounding cells without the need for ECM physisorption can be
used to selectively program alternative biological responses.

Beyond the tissue engineering capacity of the presented tech-
nology, in vivo one-photon photopolymerization can also be uti-
lized for biophysical studies of local forces generated in organ-
ismo, within the Drosophila embryo over the course of its devel-
opment. In particular, timelapse transmission recordings of em-
bryonic development and the visualization of uncured ink droplet
deformations, combined with the ability to freeze — within sec-
onds and with full temporal user control — the 3D shape of a
droplet for subsequent ex vivo topological analysis, promises to
be a powerful addition to the in vivo mechanobiology toolkit.

In late stages of medaka embryos, we found the 3D microstruc-
tures to develop and subsequently integrate into the surround-
ing tissue in less than 3 weeks after ink microinjection and 3D
laser printing. Depending on the specific position of the 3D mi-
crostructures within the retinal layers, they were found juxta-
posed to the outer segments of the photoreceptors in the OSL
or the cell somata of the cells in the INL, permitting direct in-
teraction with the cells of the tissue. This opens up the tissue
microarchitecture to precise in vivo tissue engineering efforts
utilizing the physicochemical features of a given printable bio-
material. Here, among others, properties like stiffness could be
exploited as stiffness has been widely characterized to be a crit-
ical physical stem cell niche parameter and key determinant of
differentiation, 34! proliferation,!*!] and motility.[*?!

Moreover, we found IP-PDMS microstructures to have re-
markably low immunogenicity. At 18 days post ink microinjec-
tion and 3D laser printing, no macrophage infiltration of the
retina was observed, showing that the in situ manufactured mi-
crostructures did not trigger an immunogenic response. Few res-
ident macrophages were found to partially surround the printed
microstructures with their cell bodies and pseudopodia, reminis-
cent of a recognition of the structure during immunosurveillance
without them triggering an adverse immunogenic reaction to the
foreign body. Inflammatory responses to immunogenic events,
like an injury, generally are known to trigger massive infiltration
of macrophages into the organ in question and to the site of in-
jury even in early and late fish embryos.[***4] The lack of an in-
flammatory response reflects the high degree of biocompatibility
of the material as well as the minimal-invasive nature of the pre-
sented platform, since the tissue damage during surgical implan-
tation releases damage-associated molecular patterns (DAMPs)
and thus always results in an inflammatory response.*"*2) In vivo
biocompatibility studies following mainly subcutaneous, intra-
muscular, and intraperitoneal implantation protocols for PDMS-
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based prosthetic macroscopic implants showed a high degree of
biocompatibility with only mild acute and chronic inflammatory
responses in the past.[*]

In conclusion, this study presents the first account of in vivo
fabrication of 3D artificial microimplants inside the organ of a
developing organism, using both one-photon and multi-photon
polymerization. Importantly, this approach offers a framework
for the minimal-invasive installation of biocompatible and non-
degradable microimplants in vivo and thus provides opportunity
to study and apply the in vivo bioengineering potential of materi-
als and their shapes in 3D within tissue microarchitectures. Our
pipeline allows for studying long-term interactions of complex
in vivo tissue environments on micromaterials and their 3D in-
tegrity and vice versa. We identified an easily accessible, biocom-
patible, in vivo printable material of particularly low immuno-
genicity that is capable of mediating biological responses in ex-
tracellular in vivo environments. It is enticing to speculate how
the presented platform is a first step towards in vivo 3D manu-
facturing of microimplants to treat human diseases affecting tis-
sue or organ microarchitectures. This includes in vivo printing
of microfluidic devices which can be envisioned in medical ap-
plications for targeted and controlled release of loaded therapeu-
tics. The printed hydrophobic material could allow for loading
with aqueous solutions containing drugs. Future studies towards
clinical application require validation of the discovered approach
inside common mammalian model systems.

4. Experimental Section

Materials: IP-PDMS (IP-polydimethylsiloxane; Nanoscribe GmbH,
Germany) was used as the microinjectable, biocompatible ink in this study.
The ink was protected from UV light prior to and after microinjection and
mostly handled under yellow light conditions.

Fish Husbandry and Maintenance: Medaka fish (Oryzias latipes) stocks
were maintained according to the local animal welfare standards (Tier-
schutzgesetz §11, Abs. 1, Nr. 1, husbandry permit AZ35-9185.64/BH,
line generation permit number 35-9185.81/G-145/15 Wittbrodt). The fish
are being kept as closed stocks in constantly recirculating systems at
28 °C with a 14 h light/10 h dark cycle. The following medaka lines were
used in this study: Heino strain as an albinism exhibiting mutantl¢] and
cxcr3a:GFP.I47]

Fly Line and Embryo Handling: OregonR line was used as wildtype
Drosophila melanogaster. Embryos were collected on apple juice contain-
ing agar plates (1:4 mix) with yeast paste at room temperature and subse-
quently prepared for microinjection. Embryos were dechorionated using
bleach for 45 s and afterward washed thoroughly with tap water. Dechori-
onated embryos were transferred on a 22 X 22 mm cover glass, aligned
against a glass capillary, and dried at room temperature for 7.5 min for
slight volume reduction. Embryos were finally covered with a mixture of
hydrocarbon oil (700 and 27 at a 4:1 ratio; Sigma Aldrich) and subjected
to microinjection in less than 1h post fertilization. One-photon photopoly-
merization, multi-photon 3D laser printing, and further microscopic analy-
sis were performed typically within an hour of microinjection with embryos
left mounted onto the cover glass.

Fish Embryo Handling: Medaka embryos were collected at day 0
shortly after fertilization and incubated in embryo rearing medium (ERM;
17 mm NacCl, 40 mm KCl, 0.27 mm CaCl,, 0.66 mm MgSOy,, 17 mm HEPES)
at temperatures between 18 and 32 °C depending on the desired tim-
ing of the target stage. Stage 19-21128] (1 day post fertilization; dpf) em-
bryos were subjected to dechorionation using hatching enzyme, washed
and kept in 100 U ml~" penicillin-streptomycin (P/S) containing ERM.
Embryos were transferred into 1% agarose molds commonly used for
transplantations,[*8] oriented heads down for microinjection, and punc-
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tured at the vegetal pole. Microinjected embryos to be subjected to UV
curation of the microinjected ink were transferred into 100 pl of P/S con-
taining ERM. For multi-photon 3D laser printing, embryos were imbedded
in 1% low-melting point agarose (Carl Roth, Cat*: 6351.5) solved in ERM
onto a 22 X 22 mm cover glass and oriented with the heads towards the
glass, minimizing the distance to the printer’s objective. UV-curation and
3D laser printing were conducted within an hour of microinjection. Low-
melting point agarose domes were moisturized with ERM and inserted
into the Photonic Professional GT2 sample holder. After printing, embryos
were manually extracted from the agarose using tweezers. Finally, embryos
were re-incubated on glass ware in 100 U mI~! P/S containing ERM un-
til either 6 dpf or hatchling stage (s41.1281 19 dpf) with daily assessment
of their gross morphology by stereomicroscopy. In order to prevent un-
wanted UV-curation of unprinted IP-PDMS within the embryos, embryos
were raised in total darkness until stage s40.[28]

Microinjection of Embryos: For microinjection, borosilicate mi-
cropipettes (1 mm OD x 0.58 mm ID X 100 mm L; Warner Instruments,
Cat®: 30-0016) were pulled on a Flaming/Brown micropipette puller P-97
(Sutter instruments Co.) with the following settings: Heat 505, Pull 25,
Velocity 250, Time 10, 1 cycle to create pulled pipettes with a slender
taper. Pulled micropipettes were cut open manually to have a small,
beveled opening of ~#5-10 microns. Microinjections were performed with
either a CellTram 4m oil microinjector (Eppendorf AG) or homemade
oil microinjector and a standard manual micromanipulator under an
epifluorescence stereomicroscope (Olympus MVX10; MV PLAPO 1x
objective).

One-Photon Photocrosslinking:  For one-photon photocrosslinking of
the ink (UV curing) medaka embryos kept in 100 ul of P/S containing ERM
or Drosophila embryos mounted on the cover glass were exposed for 60 s
ata 1cm distance to unfiltered Leica EL6000 light (100% intensity; Lamp:
HXP-R120W/45C VIS, power input 120 W, Osram Licht AG, Munich, Ger-
many). Successful solidification was evaluated for every individual experi-
ment by dissection of the embryos, removal of the UV-cured sphere, and
manual crushing or drying of it.

Multi-Photon 3D Laser Printing:  Multi-photon 3D laser printing was
performed with the commercial 3D printing system Photonic Professional
GT2 (Nanoscribe GmbH) with a laser wavelength of 780 nm and a 25x
objective (NA = 0.8). STL files of desired 3D structures were transformed
into Nanoscribe GWL printing files using the Describe software. In this
software, slicing and hatching were set to 300 nm for all geometries, as
well as galvo and piezo modes were selected for xy and z movement of the
laser, respectively.

Before printing in the microinjected droplet, precise laser positioning
was required in xyz dimensions. For this purpose, a glass slide with pure IP-
PDMS was first prepared for printing in oil immersion mode with Immer-
sol 518 F from Carl Zeiss AG. Subsequently, simple crosshair structures
were printed to align the xy position of the laser to an external crosshair
in the camera. Afterward, the glass slide was removed from the substrate
holder and replaced by the glass slides with the embryos (medaka and
Drosophila).

The first initial xy positioning was followed by preparing the slides
for printing in oil immersion mode and inserting the equipped substrate
holder in the printer. The ink droplet in the embryo was positioned in the
center of the external camera crosshair for xy positioning. Now, moving of
the stage (in z axis) was used to position the droplet in the focus plane.
After final xyz positioning, 3D laser printing of desired 3D microstructures
was performed with a scan speed of 20 mm ~'s and laser power of 30 mW.
After printing, the oil on the bottom of the glass slides was removed with
HPLC-grade isopropanol.

Fly Embryo Live Imaging:  Following either one-photon photocrosslink-
ing or multi-photon 3D laser printing, cover glasses with Drosophila em-
bryos mounted on were adhered onto standard glass microscopy slides.
Live embryos were timelapse imaged at a framerate of 1 frame every 1 min
over the course of 7 h or 1 frame every 4 min over the course of 10 h for
additional z-stack acquisition, resulting in videos capturing their gross de-
velopment after intervention. 633 nm/552 nm laser-powered transmission
images were acquired on a Leica SP5 DMI6000CS/SP8 DMi8 inverted con-
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focal microscope using the 10x objective with 2-2.5x digital zoom. Microin-
jected deposits were tracked using manual ROl specification in Image).[*°]

Fluorescent Labeling and Fish Embryo Imaging: For whole-mount flu-
orescent staining, embryos were fixed overnight in 4% PFA at 4 °C and
washed with PTW (0.05% Tween20 dissolved in PBS). Either full heads,
eyes or retinas were manually dissected from the embryos using tweez-
ers. Dissected samples were bleached (either 0.3% (Heinostrain) or 3%
(cxcr3a:GFP) H,0,, 0.5% KOH; dissolved in PTW) for 15-30 min at
room temperature and washed 5 times with PTW. Sample permeabiliza-
tion was performed with acetone for 15 min at —20 °C. Samples were
blocked with 4% sheep serum, 1% BSA, and 1% DMSO in PTW for 1 h
at room temperature. Nuclear stain was carried out overnight at 4 °C with
DAPI (10 ug ml~1 in DMSO, Carl Roth, Cat*: 6335.1) dissolved in PTW.
Cxcr3a::GFP samples were incubated with primary antibodies against GFP
for 48 h at 4 °C (chicken anti-GFP (Thermo Fisher Scientific, Cat*: A10262;
1:300)). Samples were washed five times with PTW and subsequently
incubated with the respective secondary antibodies (1:500) for 24 h at
4 °C (donkey anti-chicken Alexa Fluor 488 (Jackson ImmunoResearch
Europe Ltd., Cat*: 703-545-155)). In preparation for imaging, embryos
were washed five times in PTW and finally transferred into optical clear-
ing solution!*%] (20% (wt/vol) urea (Sigma-Aldrich, Cat*: V900119), 30%
(wt/vol) D-sorbitol (Sigma-Aldrich, Cat*: V900390), 5% (wt/vol) glycerol
(Sigma-Aldrich, Cat*: V900122) dissolved in DMSO (Sigma Aldrich, Cat#:
V900090)). Imaging was performed on a Leica TCS Sp8 DMi8 inverted con-
focal microscope (20x and 63x oil immersion objective).

Macrophages were manually counted in whole retinas using the Cell
Counter plugin in Image).14°]

Scanning Electron Microscopy (SEM): 3D laser printed structures were
extracted from fixed medaka embryo samples via overnight incubation
at 60 °C in extraction buffer (100 nm Tris-HCl pH 8.5, 10 mm EDTA,
200 mm NaCl, 1% SDS, 1 mg ml~! Proteinase K (Sigma-Aldrich, Cat™:
3115852 001)), then washed with isopropanol, and transferred onto glass
coverslips. The glass coverslips containing the 3D structures were then
sputter coated with a 12 nm layer of Pt/Pd (80:20) and imaged using a field-
emission scanning electron microscope (Ultra 55, Carl Zeiss Microscopy)
operated at a primary electron energy of 3 keV with the chamber SE2 de-
tector and a tilting angle of 30°.

Statistical Analysis: Two-tailed Student’s t-test with unequal variance
was used for the calculation of significant differences. Differences between
two groups with p-values < 0.05 were considered statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supplemental Information

Fig. S1: UV cured spheres explanted from Drosophila embryos after timelapse
microscopy.

Scale bar: 100 pm.

Fig. S2: Total distance traveled of uncured droplets and UV cured spheres in Drosophila

embryos before cellularization.
a
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a Quantification of total distance traveled of the uncured and UV cured, microinjected IP-
PDMS deposits at the anterior (ant.) and posterior (post.) poles of the Drosophila embryos.
Spheres were tracked in 10 min increments in timelapse microscopy images from the last
mitotic wave until end of cellularization. Boxplots include data from 5 embryos each with boxes
indicating 25-75% percentiles and whiskers 10-90% percentiles. Individual data points shown
as dots.
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21  Fig. S3: In vivo one-photon photopolymerized IP-PDMS spheres allow local re-shaping
22  of the Drosophila cephalic furrow.

uncured droplet " UV cured sphere | b I uncured droplet " UV cured sphere I

” 0 min

10 min

20 min
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|
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23 L L
24  alb Representative timelapse transmission microscopy of early Drosophila embryos during
25  cephalic furrow formation microinjected with IP-PDMS with (a) and without (b) overlays.
26  Microinjected IP-PDMS deposits were either left uncured (left panels) or cured by UV light
27  exposure (right panels). Cyan scale bar insets indicate the total distance traveled of the
28  spheres within 15 min after the first contact with the emerging cephalic furrow. c/d Additional
29  example of timelapse transmission microscopy of early Drosophila embryos during cephalic
30 furrow formation microinjected with IP-PDMS with (c) and without (d) overlays. Magenta
31  dashed lines indicate the gross morphology of the cephalic furrow. Scale bars: 100 pm.
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Fig. S4: Multi-photon 3D laser printed star in bipolar cell layer and contralateral control

eyes of the stage 41 medaka embryos shown in Figure 5.
2 | [® |

transmission (20x) " nuclei (20x) |

transmission (63x) " nuclei (63x)

tilted star

” star Fig. 5 - contralateral eye

hollow cylinder Fig. 5 -
contralateral eye

a Representative confocal microscopy of chemically fixed and whole-mount nuclear stained
(Nuclei; DAPI) medaka embryo eyes at 19 days post fertilization (dpf) after microinjection of
IP-PDMS into their optic vesicles and subsequent 3D laser printing at 1dpf. The slightly tilted
star measures 60 um x 60 uym x 20 ym and is integrated into the retinal inner nuclear cell layer
(INL). b Contralateral, uninjected eyes of the medaka embryos shown in Figure 5b. Scale bars:
100 um.

Fig. S5: 3D rendered models of in vivo 3D printed microstructures shown in Fig. 4 and
5.

| hollow cylinder H star

50 UM _ compim..
———20 ym

20 um‘

3D rendered models

Movie S1: UV cured spheres at the extreme anterior pole trigger an additional round of
anterior nuclear division resulting in a time shift of cellularization onset.

Representative timelapse transmission microscopy of early Drosophila embryos microinjected
at the extreme anterior pole with IP-PDMS during cellularization. Microinjected IP-PDMS
deposit was cured by UV light exposure. Corresponding timelapse movie to Fig. 3c (right
panel). Scale bar: 100 um.
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IV. Summary & Discussion

This PhD thesis covered the material design of new synthetic and natural-based biomaterial
inks for 3D/4D MPLP as well as interdisciplinary in-depth material characterization using
established methods from disciplines such as engineering, (bio)physics, biology, and
medicine. The characterization of (printed) biomaterial inks included, for example,
printability studies, advanced imaging techniques, mechanical analysis, experimental and
theoretical evaluation of stimuli-responsive behavior, as well as biocompatibility and in vivo
studies. The performed investigations provided key information for evaluating the potential

of the designed biomaterials for advancing future bioapplications.

Deep Eutectic Inks for Multiphoton 3D Laser Printing

The first project aimed to overcome current limitations by improving the printability and
accessibility of synthetic biomaterial inks. For this purpose, the traditional ink design, i.e.
the use of synthetic prepolymers or multifunctional monomers to achieve printability, was
replaced by establishing supramolecular interactions in inks. This was achieved by

introducing a new class of deep eutectic inks (DEIs) for MPLP.

The ink design based on DEIs enabled the simple, yet versatile preparation of the DEIs by
exploring various monofunctional monomers. In detail, three polymerizable deep eutectics
have been introduced based on acrylic acid, 2-hydroxyethyl acrylate, and N,N-
dimethylacrylamide. These selected acrylic monomers were mixed at elevated temperatures
in varying molar ratios with zinc chloride as a Lewis acid. The eutectics were liquid at room
temperature and showed the expected thermal behavior upon analysis by DSC. After
characterizing the viscosity, spectroscopic properties, and the thermal behavior, the three
mixtures were formulated into inks for MPLP. This was achieved by adding a suitable and

adding minor amounts of static crosslinkers.

Compared to inks without supramolecular crosslinking, the presented DEIs allowed the use
of significantly lower exposure doses with a similar printing performance compared to
commercially available stiff materials. Moreover, the high sensitivity enabled dip-in mode

printing allowing MPLP in the millimeter scale.
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After MPLP, the printed structures were developed in a suitable solvent to remove uncured
ink which disrupted the supramolecular bonds. Removing the supramolecular crosslinking
led to previously inaccessible soft structures as analyzed in compression experiments.
Furthermore, the printed DEIs showed high elasticity as observed in the compression
experiments and in qualitative elongation of a printed spring structure. The presented DEIs
were also successfully mixed with acrylamide or NIPAAm to incorporate other
functionalities. For example, the acrylic acid and NIPAAm containing printed DEI showed
multi-responsive behavior upon stimuli such as temperature, calcium, and pH. Using this ink
for the preparation of the multimaterial structures gave access to stimuli-responsive

hydrogel structures with anisotropic actuation.

This work lays the foundation for increasing the printing speed and accessibility of soft 3D
biomaterial structures with application in cell scaffold fabrication, bioelectronics, and soft
robotics. For this purpose, the results of this project provided the basis for a patent filing
together with Heidelberg University. The simplicity and versatility of accessible monomers
for DEI preparation offers a highly attractive way for designing inks in the future. This
includes especially the preparation of inks starting from monomers and adding
multifunctional crosslinkers or pre-polymers only in cases where it serves an additional

architectural purpose or cannot be omitted.

Responsive 3D Printed Microstructures Based on Collagen Folding and Unfolding

The second project explored the use of a natural-based, room-temperature stable collagen

ink and its use for MPLP of responsive structures based on collagen folding and unfolding.

First, the room-temperature stable collagen ink was established by dissolving collagen
methacrylamide in the presence of acetic acid, fluorescent co-monomer, and photoinitiator.
Despite its very low (less than 0.5 wt%) polymerizable mass, the hydrogel ink showed a broad
printability window and allowed for MPLP of free-standing 3D structures which have not
been shown for natural collagen before. After development in water, the printed structures
were first analyzed for their structural quality using optical microscopy. Good structural

fidelity with micron-resolution was confirmed by confocal fluorescence microscopy.

In addition to analyzing the printed microstructures, the nanostructure of the printed
collagen was studied using scanning and transmission electron microscopy techniques. To

avoid collapse of the structures in the high vacuum, the printed collagen was embedded in
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IV. Summary & Discussion

an epoxy resin. Analysis of the nanostructures revealed a fibrillar and porous collagen
network with similar fibril diameters as measured for the dissolved collagen fibrils in the ink.
Next, the 3D printed collagen was studied for its biocompatibility using rat embryonic
fibroblasts. The printed structures were cell-adhesive, showed excellent cell viability, and

the cells exhibited healthy focal contacts.

After having developed the ink and characterized the structures, the printed collagen was
studied for its temperature-responsive behavior. For this purpose, the printed structures
observed by optical microscopy upon heating in a heating stage. The collagen
microstructures started to shrink around 60% in volume around 40-41 °C and recovered upon
cooling back to room temperature. This process was fully reversible in multiple cycles. To
investigate the origin of this effect, circular dichroism spectroscopy was performed to study
collagen unfolding in the ink upon heating. The melting temperature of the collagen fibrils
was found to be 40-41 °C, correlating with the temperature required for the microstructure
shrinkage. In addition to the experimental observation, the origin of the shrinkage was
further evaluated by theoretical simulations. For this purpose, the expected lowering in
persistence length due to collagen unfolding was used to simulate the change in volume of

the crosslinked structures in molecular dynamics simulations.

The presented collagen ink offers a natural-based biomaterial ink for advanced applications
such as cell scaffolds in tissue engineering. The room temperature stability over weeks, easy
preparation, and accessible fabrication of free-standing complex 3D structures are
important advantages of the reported ink and aim to facilitate the accessibility and handling
for interested users across different disciplines. Moreover, the responsive collagen folding
motif offers a previously unexplored mechanism for designing stimuli-responsive

biomaterials for MPLP.

Minimal-Invasive 3D Laser Printing of Microimplants in Organismo

In the third project, a new approach for introducing MPLP in living and developing organisms
was successfully achieved. To this aim, a process based on the ink microinjection, MPLP, and
structure as well as embryo development analysis was established for printing in fruit flies
and medaka fish. This process was found to include several important criteria which were
identified by testing various inks. In detail, the ink had to possess a suitable viscosity for

microinjection and be hydrophobic to form a stable ink droplet in the rather hydrophilic
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environment. Moreover, the ink had to be biocompatible in its liquid form as well as allowing
the fabrication of biocompatible biomaterial. Moreover, in this form, the ink had to be
printable in MPLP, and uncured ink had to dissipate over several days after printing. All these
criteria were evaluated, and different compositions were tested before a PDMS-based ink

was identified to fulfill all the requirements.

After successful microinjection, the embryo was oriented on the glass slide to stay below the
working distance of the objective in oil immersion mode printing. After alignment in the xy
plane, the laser was focused inside the liquid droplet using the stage movement in z direction.
By following this alignment procedure, microstructures of dimensions around 60 pm x 60 pm
x 20 um were successfully printed in organismo. The printed PDMS-based ink as well as the
printed structures were found to not show any adverse effects on the developing medaka
embryos within 18 days after MPLP. Moreover, uncured ink dissipated during the embryonic

development process.

In summary, the established protocol together with the systematic study of the ink
requirements offers an efficient way to fabricate in organismo and shows that MPLP can be

used to fabricate biomaterials in 3D — even in developing organisms.
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V. Final Reflection

Shaping biomaterials in 3D holds great potential for tissue engineering applications such as
cell scaffolds or implants. In this context, the rapidly evolving field of MPLP offers a promising
technique to prepare 3D structures with subcellular resolution from biomaterial inks. This
thesis covered several important aspects for broadening and advancing this field by
introducing new previously unattainable synthetic as well as natural-based biomaterials inks

for fast 3D fabrication.

The synthetic approach based on DEIs opens a plethora of possibilities for future ink design.
Enabling MPLP of monofunctional monomer inks with low exposure doses allows for
preparing soft biomaterials with subcellular resolution. These soft materials present, for
example, excellent candidates for preparing tunable synthetic cell scaffolds for tissue
engineering. Moreover, they could be combined with conductive electrodes for bioelectronic
applications as soft implants for biosensors or even stimulation of tissues. Furthermore, the
presented approach to using supramolecular bonds for the design of MPLP inks could be
expanded towards other functional material inks. Thereby, it would allow for increased
functionality without compromising printability. These functional materials could be used in
the development of soft robotics. The simplicity and the broad range of accessible
monofunctional monomers for PDESs offers an excellent foundation for using this concept
in the future. For this purpose, exploring PDESs based on more hydrophobic systems could
expand the range even further. %1% In addition to focusing on the polymerizable monomers,
tuning the PDES by choosing, for example, different metal halides could employ additional
properties for post-printing procedures. '*°! In these post-printing procedures, the residual
metal ions in printed DEIs could serve as templates for preparing catalytically active or

conductive materials.

The presented natural-based collagen biomaterial was printed with a commercial setup and
allows for the fabrication of printed cell scaffolds for advanced 3D cell culture experiments
and tissue engineering. A promising addition to this material could include the alignment of
the collagen fibrils prior to photocrosslinking. This could be achieved, for example, by
ultrasound. %% The alignment could be used to guide cell organization or spreading. [**” The

printed collagen could also be combined with other printable biomolecules to stimulate
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attached cells. This could be achieved for example by adding synthetic biomolecules or other
components of the extracellular matrix. Moreover, the porous printed collagen could also
serve as a template for performing biomineralization processes. For example, calcium
phosphate could be crystallized between the (aligned) collagen fibrils and provide a mimetic
bone structure. [**! In addition to using static collagen, temperature-responsive behavior
could be used to stimulate cells. For this purpose, the presented temperature response could
be studied for different sources of natural collagen depending on the targeted temperature
range for the response. “1 A more synthetic approach by designing collagen-mimetic
polypeptides could enable the study of differences in temperature-responsive self-assembly

in an even larger range.!*%%

The presented work on 3D printing of biomaterials in developing organisms showed the
minimal-invasive installation of biocompatible and non-degradable microimplants in vivo.
The presented workflow opens new opportunities to apply materials and their shapes in 3D
within tissues. In vivo MPLP could be used for medical applications such as microimplants
or targeted drug delivery by printed microfluidic devices. In addition to the development of
new applications, future research directions could involve the design of new materials with

additional shape-morphing or degradable behavior.

In conclusion, the rise of light-based 3D printing, particularly MPLP, in the last two decades
has offered promising new applications by microfabrication, where high precision is needed.
I believe that advancing new biomaterial inks holds great potential for bioapplications and

will offer prosperous new possibilities for science, industry and society.
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