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Introduction

Exploration of post-print modification of 3D
photo-printed materials for microfabrication by
means of RAFT polymerization

Frank Marco den Hoed,?® Tjon F. Chen,? Virgilio Mattoli, (' ° Luca Ceseracciu® and
Patrizio Raffa (2 *?

A rather underappreciated aspect in the field of lithographic microfabrication is the post-print
modification of 3D printed structures, which could be relevant to introduce or modify properties of
both the bulk and the surface of materials. This study focusses on a strategy revolving around controlled
polymerization, specifically reversible addition—fragmentation chain-transfer (RAFT) polymerization, to
create a "living” resin material. We explored three different strategies which all focus on optimizing a
different virtue of introducing a RAFT agent in microfabrication by two-photon lithography (TPP). The
first method introduces a trithiocarbonate in a densely cross-linked material and changes the
hydrophobicity of the surface in the chain extension process. To activate the chain extension, a zinc-
based catalyst in the chain extension solution was irradiated by green light. The second approach
instead altered the properties of the bulk of the structure. A different RAFT agent, a xanthate, was
applied to increase the reaction rate and the cross-linking density was reduced. The property changes
as a result of the chain extension were monitored by the change in the FT-IR spectrum and a lowering
of the Young's Modulus of TPP printed microstructures. Finally, a tetra-functional self-polymerizing
xanthate was synthesized, which allows for initiator-free polymerization and subsequent chain
extension. These results show the successful modification of both bulk and surface properties of
microstructures using RAFT control. Since all of the chain extensions are all light induced, this study
opens avenues for localized property modification with focused light.

sensitive to (untethered) triggering by heat, light, electronic,
magnetics, or other changes in their environment have been
reported since the introduction of 3D printing on micro-

Over the last half a century microfabrication has evolved from a
niche to a fundamental part of technological progress. Micro-
scale functional structures can be found in consumer, auto-
motive and medical devices. New fabrication technologies have
been driving this surge and the emergence of additive manu-
facturing, in particular lithographic techniques like 2-photon
lithography, have provided product developers with unprece-
dented design freedom." Alongside the advances in fabrication
approaches came new functionalities which can turn a micro-
structure in a microdevice. Sensing, actuating, control and
intelligence are features that are inevitably constricted by
the materials applied to build the microstructure.” Materials

“Smart and Sustainable Polymeric Products, Engineering and Technology institute
Groningen (ENTEG), University of Groningen, Nijenborgh 4, Groningen, 4747 AG,
The Netherlands. E-mail: p.raffa@rug.nl; Tel: +31503634465

b Center for Materials Interfaces, Istituto Italiano di Tecnologia, Via R. Piaggio 34,
56025, Pontedera, Italy

¢ Materials Characterization Facility, Istituto Italiano di Tecnologia, Via Morego,
30, 16163, Genova, Italy

© 2026 The Author(s). Published by the Royal Society of Chemistry

scale.®” Furthermore, smart manufacturing approaches such
as subtractive manufacturing and even the formation of biohy-
brids have been explored.®’ Despite the rapid expansion of
available TPP printable materials, a simple and versatile tech-
nique to post-functionalize printed structures is an aspect of
the field that has received less attention.

Additive manufacturing lithographic techniques with nega-
tive photoresists are generally employed because they provide
geometric freedom, are easy to handle and are chemically
resistant after the lithographically induced solidification reac-
tion is completed and the covalent bonds are settled. In many
applications this resistance is a virtue, as it prevents the
structures from wear and undesired interactions with the
environment. However, for post-cure modifications specific
treatments are necessary,'® of which only few have been applied
on microstructures. On TPP samples, the most widely used
treatment is oxygen plasma, which results in clean and charged
surfaces and can be used as a precursory step for chemical
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attachment. For instance, our group applied oxygen plasma to
apply a super-hydrophobic layer on a TPP bioinspired gecko
structure." Other examples of surface modification of
TPP microstrucutres involve FIB treatment,'”> masked gold-
spattering,'”> or UV irradiation. The principle of post-
modification can be applied not only to modify the surface
properties of a material, but also to change properties in the
bulk of a structure. The most notable example for this is
subtractive manufacturing, in which part of the fabricated
material is removed in a later stage for structural reasons.’
However, it is debatable whether this is post-modification of
the material, since this usually does not entail changes in the
intrinsic properties of the polymer used. Another approach is
the use of Diels-Alder reaction which instead can reversibly
break covalent bonds. It has been applied in TPP, but the main
application is found in self-healing materials rather than
changing mechanical or surficial properties.'*

Except for the masked modification of surfaces (which is
only 2-dimensional), none of the approaches in both surface
and bulk modification can be anchored to a specific area. This
is a significant shortcoming that requires a different approach.
Localized control over the degree of modification could gen-
erate a special gradient in properties. In addition, it offers a way
to locally softening the material, thus allowing an ad hoc
modulation of mechanical properties, useful for example to
create joints and hinges in preformed microstructures.'
Furthermore, the nature of many fabrication processes curtail
the variety of applicable materials. To overcome the previously
described chemical resistivity of printed resist, we propose the
use of reversible deactivation radical polymerization (RDRP).

RDRP refers to polymerization reaction where no termina-
tion happens. A so-called ‘dormant’ polymer chain can there-
fore be extended at a later stage, even in a different
environment, allowing for the incorporation of a different
monomer. ATRP (atom-transfer radical polymerization),'® NMP
(nitroxide-mediated radical polymerization)'” and RAFT (reversi-
ble addition—fragmentation chain-transfer polymerization)'® were
all discovered around three decades ago and have undergone
significant leaps in understanding of the process and widened the
choice of suitable materials. Fig. 1 presents a visual description of
RAFT process. For as long as new radicals are generated in the
reaction mixture, the reaction can continue. Consequently, the
reaction can continue in a new environment enabling the possi-
bility for precise design of block copolymers. New radicals are
either generated by a separate radical initiator, catalyst or direct
activation of the chain transfer agent. The latter is called photo-
iniferter process which is prompted by scission of the C-S bond
(or S-S in the case of dithioesters).'> Depending on the specific
type of transfer agent heat, light or a combination can bring about
the cleavage allowing for monomer addition. It is a rather elegant
method because a PI is no longer a requirement for chain transfer
initiation resulting in a more constant radical concentration over
time. Nevertheless, within the boundaries of the DLW process it
may be difficult to realize high reaction speeds.

To allow for post-print modification of 3D printed micro-
and nanostructures, a logical step is to introduce RDRP in TPP.
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Fig. 1 Schematic of general RAFT reaction process (top). First an intiator
introduces radicals to activate a polymerization reaction. These active
chains are absorbed by the RAFT agent, which forms a reversible equili-
brium shuttling the free radicals between the growing polymer chains and
the agent. Since this process can be stopped and reactivated, it is possible
to make a chain with one monomer R1 and continue in a later stage with
another monomer R2. A schematic of a 2-step RAFT synthesis with
methacrylates to form a block-copolymer is shown in the bottom scheme.
The controlled process allows for precise design of chain length and low
polydispersity.

However, traditional controlled polymerization is performed in
an inert environment because oxygen would inhibit the
growing chain permanently. Furthermore, a popular initiation
agent is AIBN (azobisisobutyronitrile) which is activated by
constant heating of the reaction mixture, curbing the potential
of localized modifications. Recent development of photo-
activated initiation and oxygen tolerant systems can fortunately
provide the crucial tools for implementation of an RDRP
process into microscale 3D printing.>*>* These have mainly
been developed for RAFT, which is based on the reversible
breaking of a covalent bond in di- or trithio-species.>® Recently,
the group of Boyer have shown 3D structures on a macro-scale
and showed the possibility to post-functionalize them changing
the material surface to become more hydrophobic.’*® The
first instance of reactivation polymerization on the microscale
was explored by Wu et al. who introduced a RAFT chain to a
resist used in digital light processing.>® They incidentally
exploited one of the benefits of introducing controlled poly-
merization by using NIPAM as a chain extension monomer.
This thermosensitive material is not straightforward to imple-
ment in lithographic microfabrication without post-print mod-
ification. All of the mentioned examples crucially apply green
light to activate the chain extension reaction. Finally, Jia et al.
first employed controlled polymerization on a TPP fabricated
structure with impressive ‘growth’ of a microstructure.*® They,
on the other hand, used an NMP reaction and needed heat to
activate the chain extension instead of photoactivation. The
downside of this approach is that local chain extension is
unfeasible as it requires prolonged warming. Furthermore,
the reaction only proceeds with styrene as a monomer, limiting

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the property modification possibilities of the chain extension.
It is desirable to widen the scope of monomers applicable for
chain extension, because it allows for better tuning of proper-
ties in post-print modifications.

This research project focusses on finding approaches for
surface and bulk post-print modification in TPP photoresists
using RAFT. By employing different monomers, the aim is to
tune the surface properties controllably from hydrophilic to
hydrophobic. Furthermore, the resist composition was varied
to tune the cross-linking density of the printed structures. With
a low cross-linking density of the original structure, it is
possible for new monomers to enter the bulk of the material
and react with the reactivated RAFT agents.*! Therefore, this
research seeks to modify the stiffness, or Young’s Modulus,
of a microstructure by controlled polymerization.

The current state-of-the-art TPP research has mostly
neglected RDRP polymerization. This research offers instead
the introduction of new monomers and shows the possibility to
distinguish between chain extension at the surface or at the
bulk. This could open up new ideas for TPP materials and
expands the potential for microstructure applications.

In this work, we explored potential advantages discussed in
the introduction of post-modification using RAFT polymeriza-
tion by looking at three different approaches, schematically
shown in Fig. 2. For each approach a photopolymerizable
mixture (commonly named resist) is prepared that contains
materials suitable for RAFT controlled polymerization. These
resists are designed for 2-photon lithography, but can also be
polymerized by UV irradiation at a larger scale. All of the resists
are therefore first scrutinized on the macroscale before scaling
the process down aiming for similar effects. The macroscale
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Fig. 2 Overview of the three approaches applied in this study. They differ
in the RAFT agent that was applied, whether a photoinitiator was
employed, the density of the cross-linking as a result of the chosen
monomer and in the aim: bulk or surface modification. The first approach
focusses on surface modification, the second on bulk modification and the
final on the application of a photoiniferter proces removing the need for a
photoinitiator.

Chain extension

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

samples are shaped like discs of 0.1 cm thick and a diameter of
approximately 0.5 cm, while the microstructures prepared by
TPP are shaped like pillars of varying size.

The first approach in Fig. 2 entails surface modification
which is investigated by a resist containing functionalized
(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CDTPA),
a standard RAFT agent for acrylates.*® The functionalization
consists of an insertion of a single pentaerythritol triacry-
late (PETA) molecule. This PETA-CDTPA is mixed with
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as a
photoinitiator and more Pentaerythritol triacrylate as a cross-
linker. The many acrylate functional groups of PETA should
result in a dense cross-linking, minimizing the penetration into
the bulk as well as prevention of swelling. Therefore, this
mixture is most suitable for surface modification, which we
aimed to exploit in a chain extension reaction using either butyl
methacrylate (BuMA) or hydroxy methacrylate (HEMA). Attach-
ment of the hydrophobic BUuMA should result in an increase of
the contact angle of water while HEMA, containing a hydroxy
group, the opposite can be expected.

In the second approach we sought instead to modify the
bulk of the structure for which it is important that materials
can easily penetrate the polymer matrix. The cross-linking
density should thus be decreased and we therefore replaced
PETA for PEGDMA, a dimer with an ethylene oxide spacer
between the functional groups. Further, the RAFT agent EPEX
((S)-2-(Ethyl propionate)-(O-ethyl xanthate)) replaced CDTPA
requiring more TPO photoinitiator in exchange for a potentially
higher chain extension rate. In the chain extension step we
investigated three different monomers with only one acrylate.
Introducing mono-functional monomers in the bulk should
further decrease the cross-linking density and introduce poten-
tially softer materials both contributing to a lower toughness of
the material.

The third approach aimed to amplify the bulk swelling by
using the reversible RAFT linkages as cross-linkers. Further-
more, this approach would not require any photoinitiator as the
RAFT agent was used as a photoiniferter creating the radicals by
itself.

Approach 1: surface modification

Resist preparation. Acrylate functionalized pentaerythritols
such as PETA are a popular type of cross-linkers for photo-
resists for 3D microfabrication, which can take part in poly-
merization reactions through their 3 or 4 acrylate functional
groups. Initiated using a photoinitiator, this is an effective
method to produce densely cross-linked structures by photo-
lithography. Once polymerized, the dense network is unyield-
ing and exhibits limited swelling in solvents. In a chain
extension reaction setting, the dense network prevents exten-
sive penetration of molecules to the bulk of the sample. There-
fore, any method with a high degree of cross-linking can only
be aimed at surface property modification of the material.
Fig. 2 presents the composition of the resist which contains a
photoinitiator and a RAFT agent beside the cross-linker. This PI
is required because the short exposure time of the femtosecond
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Fig. 3 Schematic representation of the RAFT process and its initiation
methods. Radicals can either be introduced by photoinifersion (green) as
the light energy breaks up the RAFT agent, or by a separate photoinitiator
absorbing the light and thereby creating radicals. When there is an excess
of photoinitiator, the RAFT agent is effectively a radical absorber and
regular free radical polymerization occurs.

laser in the DLW process combined with the low light absorp-
tion around 400 nm result in insufficient activation to form a
polymeric network.”® When the fast free-radical polymerization
is driving the initial reaction, CDTPA may not be able to
connect to the polymeric network. This would make it vulner-
able to removal during the washing of the cured materials. The
mechanisms of initiator based initiation and photoinifersion to
activate the RAFT process are schematically depicted in Fig. 3.

Therefore, we performed a preparatory step, before adding
the photoinitiator, comprising a reaction by a photoiniferter
reaction. The C-S bond in virgin CDTPA is relatively weak and
becomes slightly more stable after the insertion of a single
monomer.** This enables the possibility to connect all of the
CDTPA to at least one monomer without extensive cross-linking
which would make the resist very viscous. Fig. 4A schematically
shows the reaction process and details can be found in the
experimental part.

NMR spectroscopy (Fig. 4C) allowed monitoring of the
conversion (Fig. 4B) as the methyl group of the RAFT agent
moves from 1.9 ppm to split peaks around 1.4 ppm; the
splitting of the peak is probably due to the proton movement
becoming restricted.** The final conversion was over 90% while
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Fig. 4 (A) Scheme of precursor reaction introducing the acrylate group of
a PETA monomer into the RAFT agent (B) conversion graph of CDTPA over
time which is based on the integration of the Xanthate carboxyl group in
the 'H NMR spectrum. (C) Comparison of the NMR spectrum at the start of
the reaction (top) to the end (bottom). The proton peaks from the methyl
group ‘c’ move from 1.9 to a split peak around 1.4 once an acrylate group
has been introduced.
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the change in signal from the acrylates did not display measur-
able change and the peaks did not broaden, which suggests
that indeed only one (or very few) monomers reacted with each
RAFT agent. In the SI, Fig. S1 shows the log scale version of the
conversion, suggesting first order kinetics, but the acrylate
integration was very large compared to the internal reference
making the integration not sufficiently consistent to measure
the relatively small change in acrylate concentration. For this
reason, we repeated the reaction with a lower RAFT : PETA ratio
(1:5.3 instead of 1:12.5) enabling better monitoring of the
kinetics (Fig. S2). It confirms that the reaction proceeds via first
order kinetics and also shows a reduction in reaction speed
when the unreacted CDTPA starts to become scarcer. As the
secondary monomer introduction should be slower, it is an
indication of the success of single monomer introduction.
However, the relatively high conversion of acrylates suggest
that several acrylates have reacted with a single RAFT agent.
After this synthesis the modified RAFT agent was used for the
surface modification reactions described in the following para-
graphs. The product from the precursor reaction (ratio 1:12.5)
was mixed with the photoinitiator to finalize the resist as
displayed in Fig. 2.

Curing and surface modification on macro scale. To assess
the suitability of the RAFT-resist, disc shape samples, schema-
tically shown in Table 1, were prepared between two glass slides
separated by a 0.1 mm spacer. 405 nm light activated the
photoinitiator in the resist to initiate the polymerization reac-
tion. These samples had smooth surfaces suitable for FT-IR and
contact angle analysis. An example of sample is shown in
Fig. 5e.

In the second step of the process the disc-samples were
subjected to a chain extension process which aims to add a
monomer with different surface properties than the original
resist sample. The focus in our study lied on the contact angle
of water on the disc which indicates the hydrophobicity of the
sample surface. Butyl methacrylate (BuMA) and hydroxy ethyl-
methyacrylate (HEMA) are simple and effective monomers to
tune the surface to become either more hydrophobic or hydro-
philic, respectively. The methacrylate groups make them sui-
table for a RAFT polymerization with CDTPA.

For the chain extension reaction, the disc prepared in the
first step was immersed in a solution of the second monomer

Table1 Overview of the macro and micro samples and the various chain
extension processes. For surface extension a triple functional cross-linker
was applied in the first step for dense cross-linking. The surface was
modified with either BUMA to increase hydrophobicity or HEMA the
opposite effect. Blue light was used for the iniferter, while the ZnTPP
catalyst was activated with green light
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Fig. 5 (a) Contact angle change over time using a chain extension with
BuMA. Blank samples are disc structures with only polymerized PETA,
while the RAFT samples contain CDTPA. A further differentiation between
the samples is the presence of a catalyst in the chain extension mixture. (b)
Contact angle measurements over time of the same reaction with HEMA
as a monomer for the chain extension. (c) FT-IR measurements before and
after chain extension procedure with HEMA and BuMA. No significant
change was found. (d) Contact angle change with HEMA as a monomer in
regular (norm) conditions (40 °C, 500 mg mL™* monomer), cooled reac-
tion temperature of 17 °C and at a lowered concentration of 50 mg mL™*
monomer. (e) example of a cured disc with a water droplet to measure the
contact angle and an image of disc and example of contact angle
measurement.

(i.e. BuMA or HEMA), pre-dissolved in a solvent and irradiated
with blue light (450 nm). This should trigger a photoiniferter
activation of the CDTPA in the polymerized resist and activate
the chain extension even in absence of a catalyst. In contrast
with the photoiniferter reaction, we also performed the reaction
in presence of the zinc-based photoactivated catalyst ZnTPP to
see if an external source of radical is still necessary. Adding the
catalyst should make the reaction not only faster, but also less
sensitive to oxygen because the ZnTPP can consume it out of
the solution. A potential disadvantage of this procedure is the
possible unwanted polymerization of the second monomer in
solution, rather than on the disc surface.

The effect of the chain extension reaction over time on the
hydrophobicity of the samples was followed by contact angle
measurements (Fig. 5). All samples are compared to a blank
where the chain extension procedure was performed on a
sample without a RAFT agent incorporated. This comparison
is essential, as even in absence of RAFT agent-terminated
chains, acrylates could still react via free radical mechanism,
due to removal of inhibitors and the rise in temperature caused
by the lamp. In these reference experiments we did not observe
significant changes in the contact angles of the blank, as
expected (Fig. 5a and b). Similarly, the reaction without catalyst
did show an increase in contact angle indicating that the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photoiniferter reaction is not fast enough or is inhibited by
oxygen. Only when the ZnTPP catalyst is present in the mixture,
the hydrophobicity increases indicating attachment of BuMA to
the surface of the disc sample (BuMA is more hydrophobic than
the original surface because the PETA contains alcohol groups)
The constant slope of the contact angle over time (Fig. 5a, green
line) furthermore suggests that the reaction is continuous, thus
that the RAFT agent does not suffer oxygen inhibition.

Despite the enhanced surface hydrophobicity in the BuMA
chain extension reaction, the corresponding FT-IR measure-
ment in Fig. 5c does not show significant change in chemical
composition compared to the starting spectrum. A possible
explanation is that the measurement was performed with
attenuated total reflectance (ATR) which is the most widely
used tool for FT-IR sampling. Instead of measuring the absor-
bance through the entire sample ATR, uses a diamond with a
high refractive index and brings the sample into close contact.
The IR light is irradiated at the interface under an angle
making it reflect and creating an evanescent wave which
stretches into the sample. Depending on the sample material,
some of the light is absorbed while the rest is reflected. This
means that ATR FT-IR measures the spectrum at a small depth,
typically between 0.5 and 5 pm from the internal reflection
element.?® If the chain extension occurs only at the surface and
not in the subsurface bulk, the reaction might not have a
significant impact on the FT-IR spectrum. This explanation fits
with the dense cross-linking of PETA which prevents penetra-
tion of dissolved materials into the bulk and fits the purpose of
designing a surface chain extension resist. It is therefore
plausible that the chain extension reaction only takes place at
the surface. Thus, within the reaction timeframe and light
power, this produces a very thin (<0.5 pm) surface layer.

In contrast with BuMA, hydroxy ethyl methacrylate (HEMA)
has a strong affinity for water because of its higher polarity and
the presence of hydroxyl side group. If attached, this should
render the surface of the RAFT samples more hydrophilic.
Fig. 5b does show a downward trend in contact angle both
for iniferter and catalyst aided reactions decreasing of approxi-
mately 9° (final value 49° + 4). However, the variation between
the measurements is quite significant resulting in an overlap of
the error bars with the blank control samples. Specifically the
blank with catalyst chain extension shows a similar decrease in
contact angle.

Furthermore, we found that the fluid had become thicker in
this experiment indicating an increase in viscosity and prob-
ably some reaction happening in the solution. To reduce this
effect, the reaction was repeated in cooled conditions (17 °C
compared to 40 °C) and at a lower concentration (50 mg mL ™"
compared to 500 mg mL™"). Both these measures individually
were able to counter viscosity increase. Moreover, the lowering
in concentration even improved the efficacy of the reaction
slightly as it reached a contact angle of 46° £+ 3 and 41° £+ 1
respectively (Fig. 5d), which is approximately the expected value
for a polyHEMA surface.’® The higher efficacy might be
explained by the relative increase of DMSO concentration,
which could change the RAFT reaction kinetics.>” Similar to
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the BuMA chain extension, the reactions performed with HEMA
do not show a significant change in the FT-IR spectrum after
the chain extension (Fig. 5¢c).

Microprinting with PETA-CDTPA resist and subsequent
chain extension. After showing that surface modification of a
RAFT-functionalized photoresist is achievable, we transferred
this concept to a TPP method. In the surface modification
approach, we have attempted not stray far from a standard set-
up (780 nm femtosecond laser) and a mixture similar to a
common resist such as IP-L and IP-dip (these contain mostly
PETA or PETA-like cross-linkers). However, because of the
significant inhibitory behaviour of the RAFT resist, a rather
high concentration of initiator was required to reliably print
solid structures. Miniaturization of the RAFT modified struc-
tures has several advantages for the process. Firstly, a surface
reaction has a relatively high impact in the sense that a
micrometric change is already significant. Even though, as
established previously, the reaction is mostly surface driven,
it can still result in a change of thickness in the material. A
second advantage of miniaturization is the possibility to use
concentrated light source, allowing for a high power per area
which should ramp up the chain extension reaction speed. The
combination of these two conveniences allows us to utilize
profilometry as a measure to test the efficacy of RAFT chain
extension on microscale.

The clearest effect of the chain extension with the CDTPA
resist discs was achieved with BuMA as a monomer for the
chain extension and ZnTPP in the mixture to catalyse the
reaction. To replicate this effect on the microscale, an array
of cubes was printed with a height of approximately 5 pm
(Fig. 6d). The exact height of each cube could be established
with profilometry. Now, the conditions for chain extension
could be duplicated from the experiment with discs by emer-
sion of the samples in a mixture of monomer (BuMA), catalyst
and solvent. We covered part of the microcube array in order to
exclude the possibility of a heat driven side-reaction. The
results from the profilometer are shown in Fig. 6b and c
(average change in Fig. 6e). The image shows that some of
the cubes have an increased height as monomer has reacted
with the microstructure material, but none of the cubes has a
change in width. Further, the covered cubes show no difference
in size change over the chain extension time. This indicates
that the reaction is driven from the surface and side-reactions
in the solution play no role in the growth of the structure. Light
is thus the distinct activator of the process.

It is however noteworthy that the blank sample not contain-
ing any RAFT agent shows an increased height according to the
profilometer. This is unexpected after the results from Fig. 5
not showing any change in contact angle and FT-IR spectrum.
An explanation could be the difference in polymerization
process of the macroscale sample compared the microstruc-
tures. While the acrylate conversion of the PETA molecule after
several seconds of UV-exposure is close to 100% for the disc’s, it
has been shown that this can be as low as 20% of the acrylates
for TPP fabricated samples.*®* *° Consequently, reacting chains
in the mixture can easily connect to free acrylates on the
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Fig. 6 (a) Schematic description of the process to fabricate microstruc-
tures with integrated RAFT agents and subsequent chain extension at the
surface. (b) Profilometric profile of printed squares containing PETA-
CDTPA before chain extension in grey. Catalysed chain extension with
BuMA increased the height of the structures displayed in yellow, but only in
the area not covered by the mask. (c) Blank control experiment of chain
extension on printed structures without a RAFT agent (grey) show signifi-
cantly less growth (yellow). (d) Microscope image from samples in the
profilometer. (e) Average size of RAFT and blank structures (grey) and
average height increase (yellow).

microstructure surface. A second consequence is that the
matrix is less densely cross-linked, allowing for some penetra-
tion of the monomer which increases this effect. On the other
hand, the RAFT reaction is significantly more extensive and the
subsequent growth much more pronounced, with some of the
cubes even doubling in size. The RAFT agent distinctively
cannot get saturated and thus continue to include BuMA
monomers and thereby growing the structure to become much
taller than the blank. This shows the effectiveness of this
approach with the application of the focused laser.

Approach 2: bulk modification

We have shown that with the prior CDTPA-containing resist it
was possible to modify surface properties of the material in a
post-printing setting. The bulk of the original structure how-
ever, does not undergo modification in these conditions. Yet, it
could be desirable to induce change of properties in the inner
volume of a microstructure either locally or in the formation as
a whole. For instance, local alteration by introduction of
monomers or moderation of cross-linking density are useful
tools to create structural gradients. The previously discussed
resist seems unsuitable for this aim as the reaction only
proceeded at the surface. The trifunctional PETA monomer
the resulting polymetric matrix has a relatively densely con-
nected network which hinders penetration of the monomer and
catalyst in the bulk. Consequently, for chain extension in the
bulk a different composition of the resist is required starting
with a cross-linker that allows for larger pores in the polymeric
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network. For this reason, we chose PEGDMA as a resist mono-
mer, which is a molecule that has two acrylates connected by a
short chain of ethylene glycol. It is a popular material to
fabricate microstructure hydrogels and is known to swell in a
variety of different solvents. Fig. 8 shows an overview of the
macro and micro scale samples and how they were chain
extensions.

As an alternative to the trithiol agent CDTPA, we introduced
a EPEX (Fig. 8), which is a xanthate type RAFT agent. Xanthates
generally have a large absorption in high wavelength UV, in
contrast with the green light and deep-UV absorption of
trithiols. In addition, the C-S bond is comparatively weaker
increasing the effectiveness of photolysis. Furthermore,
xanthates are more stable, leading to less addition of acrylic
radicals and thus faster polymerization. The intermediate
xanthate radical inversely is less stable, driving fast fragmenta-
tion and therefore more propagating species.*’ These improve-
ments in reaction speed are likely to lead to an increased chain
length distribution (PDI), but this is not an issue for the
property modification applications. It follows from the higher
polymerization speed combined with the large UV-absorption
that a photoiniferter type of reaction becomes more prominent.
Depending on the application, the need for catalytic support
can be redundant. However, for the initial polymerization we
always included TPO as a photoinitiator because the light
exposure time is extremely short (Table 2).

Curing and surface modification on macro scale. Similar to
the first approach, the efficacy of the process was evaluated on
the macroscale by contact angle and FT-IR. The chain extension
process, however, is slightly different: no catalyst was required
because of the faster xanthate reaction and greater porosity in
combination with more powerful irradiation by UV light. There-
fore, the chain extension conversion proceeded over a time
interval of 20 minutes. The light exposure on the sample
immersed in monomer had a pronounced impact on the FT-
IR and contact angle. Fig. 7 shows a change in the FT-IR
spectrum at around 3000 cm ™' indicating that the monomer
BuMA is included in the material. Similarly, the attachment of
HEMA is visible in the spectrum and also shows a hydroxide
peak between 3700 and 3100 cm ™', This change is a contrast
with the first approach where the contact angle changed, but

Table 2 Overview of the macro and micro scale samples and chain
extension for bulk modification. PEGDMA provides cross-linking for a solid
structure with open spaces for new molecules to penetrate and react. On
macro-scale several monofunctional monomers were applied for catalyst-
free chain extension with UV-light. The same resist was applied to print
micro-structures, but for chain extension only one mixture was applied
which contained a photoluminescent monomer pyrene beside BuMA.
Chain extension was attempted both with and without a catalyst
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Fig. 7 (a) FT-IR spectrum comparison of cured PEGDMA disk (black), after
chain extension with HEMA on blank (pastel orange) and on EPEX contain-
ing sample (dark orange) (b) comparison of chain extension with BUMA on
blank (pastel purple) and EPEX containing sample (dark purple) (c) com-
parison of chain extension with NIPAM on blank (pastel blue) and EPEX
containing sample (dark blue) (d) contact angle of blank and EPEX contain-
ing sample before chain extension (green), after chain extension with
HEMA (orange) and with BUMA (purple).

the FT-IR spectrum was not impacted. This can be attributed to
the cross-linker replacement from PETA to PEGDMA, which
allows lower cross-linking density and therefore monomer
penetration in the bulk of the structure. In this way, the
properties of the bulk of the material are affected, and the
change in chemical composition can be evidenced by FT-IR. To
show the material versatility of the approach, the process was
repeated with another monomer, namely NIPAM. The spectrum
of this monomer is more distinct from the start and confirms
the chain extension reaction happening more in the bulk. Fig. 7
also includes a blank sample for each monomer, depicted as a
graph with lighter colour in the diagrams. According to the
peaks around 3000 cm™ ', the blanks have undergone slight
change as well, albeit much less pronounced than the RAFT
sample. A possible reason for the blanks to react is the use of
UV light, which might activate residual photoinitiator in the
bulk of the sample.

The contact angle of the sample is consistent with the FT-IR
results since the introduction of BuMA leads to a larger contact
angle indicating increased hydrophobicity. The blank sample
undergoes a slightly smaller but similar change. Even in the
absence of a RAFT CTA it seems that some of the monomer still
incorporates, presumably because there are still unreacted
double bonds after curing.*™* The hydrophilic monomer
HEMA had a less significant effect on the contact angle, but
the RAFT sample still shows the biggest change. Compared to
the previous approach with the CDTPA RAFT agent, not only
the contact angle, but also the FT-IR spectrum changed over the
course of the chain extension. This indicates that the reaction
occurs not just at the absolute surface but also in the polymer
bulk. It would be expected that introduction of monomers in
the entire sample would lead to a change in size. It should be
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noted however, that we did not measure a clear change in this
regard, meaning that the reaction is probably still happening
close to the surface. However, when translating this to the
micro-scale the surface to volume ratio sharply increases.
Profound infiltration of monomers in the entire structure is
therefore decisively less complicated for the TPP printed
structures.

Microprinting with EPEX PEGDMA resist and subsequent
chain extension. Chain extension using mono-functional
monomers on a solid polymeric structure decreases the cross-
linking density and should therefore make the material softer.
The properties of a particular monomer can also contribute to
the material stiffness. By these mechanisms, controlled poly-
merization can affect the mechanical properties of the poly-
metric matrix, in this specific case the Young’s Modulus. We
were able to print the resist with PEGDMA as a cross-linker and
EPEX as RAFT agent with 2-photon lithography. To verify the
change in bulk properties, we measured the Young’s Modulus
after printing and post-synthetic modification (Fig. 8b). The
fabricated structures had a cylindrical shape with a height and
diameter of 60 pm, which made it suitable for nanocompres-
sion. In this method, the cylinder is subjected to a probe slowly
pushing down onto the sample. Fig. 8a shows a schematic
representation of the nanocompression process and a graph
depicting the results of the experiment. The UV-photoiniferter
method showed an increase in stiffness, which indicates
increased cross-linking density and thus the opposite of what
was expected. As previously mentioned, the direct laser writing
method does not result in full conversion of the acrylates. Post-
print exposure the UV-light can thus continue the cross-linking
process and thereby increase the Young’s Modulus. However,
during a prolonged reaction, the cross-linking acrylates deplete,
while new mono-functional monomers continuously replenish
which should reverse the initial increased cross-linking. How-
ever, we did not observe this inversion for the photoiniferter
process. The inclusion of a catalyst seems to provide a better
environment for the RAFT agent to modify the bulk properties
as the stiffness decreases when the chain extension is driven by
ZnTPP. The decrease in Young’s modulus signifies that the
average cross-linking in the structure has declined. It is
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Fig. 8 (a) Set-up of the nanocompression with a standard shape and size
of the sample (60 pm diameter and height) (b) comparison of Young's
Modulus of several samples printed with 2-photon polymerization. The
toughness at the start is coloured in yellow, after chain extension with UV
in purple and after ZnTPP catalysed extension in green. The blank samples
have white stripes. A mixture of BUMA with 5 wt% 1-pyrene methylmetha-
crylate and DMSO was used for chain extension.
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important to note that this change is not necessarily uniform
throughout the entire material and still could be mostly
surface-driven. An explanation for the lack of polymerization
in the photoiniferter process is that it was not performed in an
inert environment. The xanthate process is relatively tolerant to
oxygen, but not completely, thus allowing it to inhibit the RAFT
agent. In contrast, ZnTPP actively removes oxygen from a
solution, making it much less sensitive.

The monomer mixture for chain extension contained beside
BuMA also 5 wt% of pyrene methacrylate, a fluorescent mole-
cule, introduced to better visualize the process. Fig. 9 shows
microscope images from the printed micro-pillars after chain
extension. After turning off the microscope light source, the
cylinders are irradiated with a UV-lamp which induces fluores-
cence of the pyrene. The UV-chain extension samples remain
dark, while the catalyst aided reaction lights up in blue as a
consequence of the fluorescence. This is consistent with the
changes in Young’s Modulus, and suggests that the procedure
with ZnTPP is more successful.

Approach 3: photoiniferter fabrication

Resist preparation. The previous approaches for the inclu-
sion of a RAFT agent in a printable resist both require the
addition of a traditional photoinitiator because these RAFT
agents are not able to induce sufficient cross-linking using the
femtosecond laser. The CDTPA RAFT does not even absorb in
the UV region and while the xanthate does, it appeared to
inhibit more radicals than it created, as more initiator was
required to print a microstructure. Xanthates however, have
been used as photoinferters to print 3D structures on a larger
scale, but limited RAFT agent concentration and the short
exposure time of the femtosecond laser are apparently inade-
quate to reach decent cross-linking. For this reason, we have
synthesized a RAFT agent that is already incorporated in a
tetrafunctional structure and has acrylates as end groups
(Table 3 under ‘RAFT agent’ and Fig. 10a). This RAFT agent,

Blank

UV photoiniferter ZNTPP catalyst

Before
Chain-ext

After
Chain-ext
UV-light

Fig. 9 Microscope images of printed pillars before chain extension (top
row) and after chain extension (Bottom row). The white size indicator bar
represents 100 um. UV light was used to intiate the photoiniferter chain
extension and on the blank, while green light was irradiated on the ZnTPP
containing mixture. The experiments were performed with BuMA with
5 wt% 1-pyrene methylacrylate in DMSO. Only after the catalysed reaction,
the sample shows fluorescence indicating attachment of the pyrene
moiety.
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Table 3 Overview of the macro and micro scale samples and chain
extension for bulk modification. The four-armed xanthate contains an
acrylate end-group allowing for self-polymerization with UV triggered
photoinifersion. Chain extension was performed with either BUMA or
NIPAM without catalyst

RAFT agent Cross-linker Extension monomer | Light source extension catalyst

Self-polymerization | § o o 0. R None
" o witeer et
prr=y A e reaction traten

Self-polymerization - -

still a liquid, can react with itself under UV irradiation rather
quickly.

After preparing macro-scale disc shaped samples, the tetra-
functional RAFT could be subjected again to UV while
immersed in a monomer. For both BuMA and NIPAM the
reaction proceeds continuously over a couple of hours accord-
ing to the FT-IR (Fig. 10c). Especially for NIPAM the gradual
increase of integrated monomer is impressive as the graphs are
normalized to the carbonyl group at 1750 cm ™. It shows that
the chain extension effect with this approach is rather powerful.
Despite the FT-IR suggesting that the bulk of the material is
“filled” with the chain extended monomer, there is no signifi-
cant growth of the disc and the well-known LCST behaviour of
NIPAM in water could not be observed. It should be noted that
this particular thermosensitive effect generally requires NIPAM
chains of at least 30 units for a coil-to-globule transition, so in
our system probably shorter chains are formed.** The lack of
LCST and size change indicates that the chain extension is
mainly happening at the surface and the material simply does
not allow for fast penetration and reaction of monomers in
the bulk.
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Fig. 10 (a) Schematic reaction overview, details are provided in the

experimental part. (b) chain extension with BUMA induces a change of

the FT-IR spectrum over time, here each graph is hormalized to the C—=0O

peak at 1750 cm™2. (c) chain extension with NIPAM induces a very clear

change in the FT-IR spectrum and continues to change strongly over time.

The graphs are normalized to the C=0 peak at 1750 cm™,
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The original intention of this tetrafunctional RAFT agent
was to produce a photoinitiator-free resist. Despite our best
attempts at exploring all parameters of the 780 2-photon
lithography set-up like laser power and scan speed, attempts
to print this material were unsuccessful. Therefore we can
exclude that the concentration of RAFT agent was the limiting
factor for photoiniferter reactions in TPP. Alternative solutions
could be to drastically increase the laser power to a level beyond
the commercial systems or use a different wavelength as did
Wu et al. successfully,>® but this would force to shift away from
commercially available TPP systems. Finally, a different RAFT
agent could be selected with less rate-retardation, thus more
propagation.

Conclusions

This study has explored the possibility to apply RAFT controlled
polymerization as a strategy for post-print modification of
polymeric materials. When we conceived the idea for this
research, nothing similar had been performed on micro-scale
3D printed structures. However, some interest in this concept
has emerged very recently in the shape of RAFT for digital light
processing and NMP for 2-photon polymerization.>**° Yet, we
have taken another approach by focussing on property mod-
ification in both bulk and surface of structures, exploring
several pathways. The method is transferable to other litho-
graphic microfabrication technologies and has the potential to
be applied for a wide range of monomers.

The first approach presented successful surface modifica-
tion on macro scale as well as TPP printed structures by altering
the hydrophobicity of the surface. Contact angle and ATR-FTIR
measurements suggest that the reaction was restricted to the
surface, as it would logically result from the densely cross-
linked material. A zinc-based catalyst was effective in initiating
chain extension by green light.

The second method focussed on modifying the bulk proper-
ties of the printed structure, by reducing the cross-linking
density and by using a xanthate based RAFT agent, instead of
a trithiol compound, making the chain extension faster.
Changes in the ATR FT-IR spectrum, lowering of the Young’s
Modulus and introduction of fluorescent monomers which all
support successful bulk modification. There are however lim-
itations to the current system. The experiments with NIPAM as
a chain extension monomer do not display LCST behaviour and
the change in Young’s Modulus is rather small. It indicates a
limited chain length of the added monomer particularly in the
bulk and requires optimization in follow-up studies.

The third system explored in this study involved the
synthesis of a tetra-functional self-polymerizing xanthate. The
material could be applied for UV-triggered photoinifersion
resulting in fast polymerization of a dense network, and avoids
the use of external photocatalysts. Furthermore, using again
UV-photoinifersion, chain extension with various monomers
was possible. However, despite the maximized RAFT agent
concentration, initiator-free polymerization with TPP was not
achievable.
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In conclusion, we have shown the effectiveness of RAFT
agents as a means to post-print modify materials. We sup-
ported our conclusions with blank control samples, an aspect
often overlooked in previous reports in this field. Interestingly,
blank experiments also showed some modification, but convin-
cingly less than the RAFT samples, suggesting that photo-
printed materials can still contain a significant amount of
reactive double bonds. This study can thus be a foundation
for property modification of TPP printed microstructures. In
addition, our restriction to light-induced chain extensions
provides a future pathway to localized modification using
focussed light.

Experimental

Materials

CDTPA (Boron Molecular, 95%), TPO (Sigma, 97%), PETA
(Fischerscientific), potassium O-ethyldithiocarbonate (Sigma,
>97%), ethyl 2-bromoproprionate (Sigma, 98%), triethylamine
(Sigma, >99.5%), butyl methacrylate (Sigma, 99%), 1-pyrene
methylmethacrylate (Sigma, 99%), hydroxy-ethylmethacrylate
(TCI, >95%), 2-bromopropanoyl bromide (Sigma, 97%), pen-
taerythritol (Sigma, 98%), NIPAM (Sigma, >99%), potassium
hydroxide (Sigma, >85%), carbon disulfate (Sigma, >99%),
ethanol, DMSO, DCM, THF, DMF.

PETA insertion in CDTPA RAFT agent

The reaction mixture was prepared by adding CDTPA, PETA
(1:12.5 ratio; 300 mg and 3750 mg, respectively), and solvent
(e.g., DMSO, THF, or DCM; 12 mL) to a 20 mL vial. Additionally,
DMF was added as an internal reference (CDTPA:DMF - 1:3;
163 mg). The vial was equipped with a stirring egg and septum,
followed by bubbling with argon gas for 30 minutes whilst
stirring. Following this, the reaction mixture was placed in a
cooling setup set at 17 °C (5 °C in case of DCM). Progress of the
reaction was monitored through FT-IR and 1H-NMR spectro-
scopy. The photoiniferter reaction was initiated by blue light
irradiation (450 nm wavelength, 13.8 mW m™?), which was
continued until no signals of CDTPA is found in the NMR
spectrum of the reaction mixture and was terminated by
removing the light source. Upon reaction completion, the
contents were washed with saturated saline solution and
extracted with ethyl acetate. The ethyl acetate was evaporated,
and the contents were further purified through silica column
chromatography with ethyl acetate and petroleum ether as the
eluent. Finally, this product was analysed with "H-NMR spectro-

scopy (Fig. S1).

Synthesis of ((S)-2-(Ethyl propionate)-(O-ethyl xanthate)) (EPEX)

The schematic overview of the reaction is presented in Fig. S3.
10.14 g (63.3 mmol) of potassium O-ethyldithiocarbonate was
added dropwise at 0 °C in inert atmosphere to a mixture of
10.2 g ethyl 2-bromoproprionate (56.3 mmol) previously dis-
solved in 100 mL of ethanol. The mixture was stirred overnight
in the dark. In the morning 100 mL of MilliQ water were added
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and final solution was extracted using a mixture, ethyl acetate:
pentane 1:2 (3 x 100 mL). The organic phase was dried under
vacuum using a rotavap and the product was collected as
transparent yellowish oil (around 10 g). Successful synthesis
was confirmed with "H-NMR 400 Hz spectroscopy (Fig. S4).

Synthesis of star-shaped RAFT-monomer

Step 1: 2-[(2-bromo-2-methylpropanoyl)oxy]ethyl 2-methyl-
prop-2-enoate. Under inert atmosphere 30 mL dry dichloro-
methane (DCM), 6.8 mL (48.9 mmol) triethylamine (TEA) and
5.4 mL (44.4 mmol) hydroxy-ethylmethacrylate (HEMA) were
mixed and cooled down to 0 °C. Slowly, 4.9 mL (40 mmol)
2-bromopropanoyl bromide was added dropwise and kept cool
for 2 hours. Then, the reaction was allowed to continue in the
dark for 24 hours at room temperature. The product solution
was diluted with additional DCM and washed with 1. 1.2 M HCI
2. Saturated NaHCO3 3. Saturated NaCl. Finally, the organic
phase was dried over magnesium sulphate before evaporation
of the solvent. The product was stored at —16 °C in the dark
before using it without further purification. The intermediate
product was analysed using 'H-NMR 400 Hz spectroscopy
(Fig. S5).

Step 2: tetra-(2-({2-[(ethoxycarbonothioyl)sulfanyl]-2-methyl-
propanoyl}oxy)ethyl 2-methylprop-2-enoate). 1.02 g (7.5 mmol)
of pentaerythritol was dissolved in 30 mL of DMSO at 60 °C.
Once dissolved the solution was added to a three-necked round
bottom flask mounted with a dropping funnel and allowed to
cool down to room temperature and flushed with nitrogen.
Subsequently 2.52 g (45 mmol) of potassium hydroxide dis-
solved in 4 mL water was added drop-wise and stirred for
2 hours. The mixture was then cooled down to 0 °C before
adding 9.0 mL (150 mmol) of carbon disulfide over a period of
30 minutes using the dropping funnel. After all the CS, was
added, the dropping funnel was rinsed with a small amount of
DMSO and stirred for 2 hours. Next, 10.25 g (32 mmol) of the
product from step 1 was added to the dropping funnel and
slowly dropped over a period of 1 hour. The mixture was
allowed to continue stirring overnight but kept in the dark. In
the morning, the final product was extracted 3 times with ether
and subsequently washed with water. After drying the organic
phase with magnesium sulphate the solvent was evaporated
and the product purified over a silica column (eluent: hexane:
ethyl acetate 8:2). The product was analysed using "H-NMR
and (Fig. S6) "*C-NMR spectroscopy 400 Hz (Fig. S7). All spectra
were recorded at room temperature using an Agilent 400-m
spectrometer MHz spectrometer. All 2D-NMR spectra were
obtained using 4 scans and 256 increments.

Resist preparation

Surface modification. The product previously described as
PETA insertion in CDTPA was used after the reaction was
completed without further modification or purification and is
therefore in a 1:12.5 ratio (CDTPA: PETA). Into this mixture the
photoinitiator was introduced by adding dissolved TPO in a
small amount of DCM followed by degassing in a vacuum
chamber. For this process 4 wt% of TPO was used. Blank

© 2026 The Author(s). Published by the Royal Society of Chemistry
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control samples had the same ratio of monomer and initiator
but lacked the RAFT agent.

Bulk modification. The RAFT agent EPEX was mixed with
PEGDMA to a concentration of 8 wt% after which diluted TPO
was added until the mixture contained 10 wt% (the RAFT agent
inhibits some of the produced radicals). The mixture was
degassed to remove the DCM. Control samples had the same
TPO concentration for even comparison.

Initiator free polymerization. The tetra-functional RAFT
agent was used without any photoinitiator nor additional
monomer.

Disc-structure manufacturing

Generally the macro samples with any of the resists were
prepared by applying approximately 150-300 mg of the mixture
onto a glass mold. It was subsequently exposed to UV light
(405 nm wavelength) for 30 seconds. The sample was left to be
soaked/stored in ethanol overnight. After drying, the contact
angle of water on the flat surface of the disc was measured as
well as the FT-IR spectrum (Fourier transform infrared spectra
were acquired on a Shimadzu-IRTracer 100 equipped with ATR
(attenuated total reflectance) apparatus, a total of 32 scans
at a resolution of 4 cm™" in the range 4000-600 cm™ " were
recorded).

2-photon lithography

To print microstructures, a droplet of the same mixture was
placed on a glass slide and placed in the printer, which was a
Photonic Professional GT-2 from Nanoscribe. This device
allows for localized polymerization of the resin using a femto-
second pulsed near-infrared laser. For samples with surface
modification (approach 1) flat structures of approximately 5 pm
in height were printed with a length and with of 100 pm. The
bulk modification structures were cylindrical with a height and
diameter of 60 um. After the 2-photon lithographic printing
process, non-reacted material was removed by immersion in
propanol and dried afterwards.

Chain extension

The chain extension of the disc shaped macrostructures was
performed in an 8 mL reaction vial. Beside the structure, a
mixture of 250 mg monomer, purified over aluminum oxide,
and 0.5 mL DMSO was added to the vessel. In the catalysed
instances of the reaction, ZnTPP was furthermore present in a
0.2 mg mL ™" concentration. The mixture was allowed to soak
for 24 hours and was then flushed with argon. The vessel was
then placed in the reaction box in which it was irradiated with
blue light (without catalyst) or red light (with catalyst) with
13.8 mW m~? of power. Intermittently the contact angle was
monitored during which the disc was cleaned and the reaction
mixture was refreshed. At the end of the chain extension, the
FT-IR was taken using the ATR FT-IR.

Chain extension on the micro-sized samples was performed
by immersing the glass slide substrate in a reaction mixture
with the same ratios. To speed up the reaction speed of the
chain extension a 520 nm laser diode module with 35 mW of

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

power on a spot with a £150 um diameter was used (Global
Laser, RS127-1555, Acculase-PWM-520-35-S). The samples were
irradiated for 6 minutes while immersed in the ZnTPP contain-
ing mixture. For the UV chain extension a 365 nm spot-lamp
was used.

To measure the chain extension in the microstructures two
strategies were applied. Firstly, the profile was examined before
and after the reaction using a P-6 stylus profilometer (KLA
Tencor, USA). The other was to measure the Young’s Modulus
using Nanocompression (Anton Paar nanoindenter equipped
with a 100 pm-diameter tip, as schematically depicted in
Fig. 10A). The latter requires relatively large structures of
around 60 pm in height and diameter. Tests were performed
with a loading and unloading rate of 20 mN min~", to the
maximum load of 10 mN, corresponding to strain of 3-6%,
depending on the sample. Young’s Modulus was calculated
from the linear region of the loading curve.
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