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Two Functions from a Single Photoresist: Tuning
Microstructure Degradability from Light-Stabilized Dynamic

Materials

Steven C. Gauci, Katharina Ehrmann,* Marvin Gernhardt, Bryan Tuten, Eva Blasco,
Hendrik Frisch, Vishakya Jayalatharachchi, James P. Blinco, Hannes A. Houck,*

and Christopher Barner-Kowollik*

A photoresist—based on a light-stabilized dynamic material driven by an
out-of-equilibrium photo-Diels—Alder reaction of triazolinediones with naph-
thalenes—whose ability to intrinsically degrade postprinting can be tuned by a
simple adjustment of laser intensity during 3D laser lithography is introduced.
The resist’s ability to form stable networks under green light irradiation that
degrade in the dark is transformed into a tunable degradable 3D printing mate-
rial platform. In-depth characterization of the printed microstructures via atomic
force microscopy before and during degradation reveals the high dependency of
the final structures’ properties on the writing parameters. Upon identifying the
ideal writing parameters and their effect on the network structure, it is possible
to selectively toggle between stable and fully degradable structures. This simpli-
fies the direct laser writing manufacturing process of multifunctional materials
significantly, which typically requires the use of separate resists and consecutive
writing efforts to achieve degradable and nondegradable material sections.

analog of the 2D pixel—thus generating
complex 3D architectures with sub-100 nm
scale resolution.?3] Consequently, these
highly resolved structures have been used
for applications ranging from cell biology,™l
microfluidicsP to photonics.[]

Despite the progress in the realm of
3D printing, most fabricated structures
are unalterable since they are irreversibly
cross-linked with the concomitant loss of
the resin’s photoreactivity and typically
consist of only one material.”°l However,
to push the frontiers in DLW, there is an
increasingly critical need to incorporate
multiple properties into printed structures,
preferentially achieved in a single printing
process. Thus, multimaterial printing with

1. Introduction

Direct laser writing (DLW), also known as 3D laser lithography, is
a well-established additive manufacturing technique that allows
for the fabrication of near-arbitrary shaped micro- and nano-
meter-sized objects.!l DLW exploits a two-photon polymeriza-
tion process whereby a pulsed femtosecond laser beam is tightly
focused into a photoresist, generating a very small voxel—the 3D

programmed adaptability has emerged as

an attractive avenue to generate advanced
materials with locally tuned chemical compositions and respon-
siveness.! Gray-tone lithography has become popular for this
purpose.''2l While standard photoresists ideally exhibit binary
(“black or white”) behavior, i.e., they cure or they do not cure at
the chosen printing conditions, gray-tone lithography exploits
the nonideal behavior of specific resists, which print in varying
qualities (“gray tones”) depending on the printing conditions.
Various resist properties can be changed with the printing
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conditions, most commonly laser intensity. For example, height
(voxel size) and cross-linking density are changed to influence
object dimensions, mechanical, and optical properties among
others.[13-18]

Multimaterial structures are inspired by natural systems,
where hierarchical architectures significantly influence their
mechanical properties. The ability to transfer these proper-
ties to DLW can, for example, lead to adaptive and self-healing
microstructures.'2l A major step toward fabricating adaptive
materials is the ability to erase 3D structures with precision
control when desired.??2l Post-DLW erasing is a highly ena-
bling feature used for the removal of redundant support mate-
rials to print more complex microstructures such as overhangs,
the degradation of cellular scaffolds to foster tissue regenera-
tion, and the cleavage of valves to control the direction of flow.
Such erasable parts are typically removed mechanically post-
development, or by conventional etching methods, which are
usually not selective.’)l A more elegant approach is to design
cleavable photoresists with degradable linkages, which can be
triggered selectively by noninvasive stimuli such as light,?4?% or
even those that are self-destructivel??’] thus actively bypassing
an erasing mechanism.

Our group has recently reported the development of a photo-
resist for DLW that is capable of fabricating microstructures
that are self-erasable by exposure to “darkness”.*’] Specifically,
we exploited light-stabilized dynamic materials?® (LSDM)
for a two-step fabrication process to embed light-stabilized
and darkness-triggered erasable segments into permanently
crosslinked 3D structures obtained from a conventional resist.
Herein, we critically advance resist technology by postulating
that by altering the writing parameters (e.g., laser intensity)
during fabrication, the degradation properties of the direct-
laser-written LSDM-based microstructures can be carefully
tuned and effectively switched off completely (Figure 1a). We
thus report the first instance where a microstructure consisting
of both erasable and nonerasable parts can be printed from a
single photoresist (Figure 1b). The unprecedented ability to
toggle between permanent and fully erasable features signifi-
cantly simplifies the fabrication of adaptive and multiproperty
materials, which would otherwise require separate photoresists.

Laser intensity controlled DLW photoresist

I\IV\A A|b

a) DEGRADABILTY. . )

Selective degradation

é Tuned degradation properties

Figure 1. Overview of the present study. a) By altering the laser intensity
during the printing process, the degradation properties of the resulting
microstructures can be carefully tuned and effectively switched off com-
pletely to b) introduce the unprecedented ability to print microstructures
via DLW consisting of both degradable and nondegradable segments
from a single photoresist.
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2. Results and Discussion
2.1. Printing parameter window

We previously established that the LSDM photoresist con-
sisting of a naphthalene-containing polymer (P) and 1,6-hexa-
methylene bistriazolinedione (BisTAD) (refer to Section S3 in
the Supporting Information) can be used to prepare erasable
microstars by DLW with delayed degradation when continu-
ously exposed to a green light-emitting diode (LED).[*”) Rather
than external regulation of the de-crosslinking, this inspired
us to implement time-differentiated structural degradation
already during the printing process by altering the writing para-
meters. Thus, we initiated our study by printing our LSDM-
based photoresist at various laser powers to investigate the
dependence of degradation on the writing parameters (refer to
Section S4 in the Supporting Information). To this end, an array
of cone-shaped microstructures was printed in triplicates with a
scan speed of 10 um s7! and at laser powers varying between
6.5 and 8.6 mW. This range covers the maximal variability of
writing conditions, which produced sufficiently crosslinked
networks for stable structures at low power (6.5 mW) yet did
not cause microexplosions due to heat evolution in the resist
at high power (8.6 mW).?") The model used to fabricate arrays
of cone-shaped microstructures has a base and top diameter of
10 and 6 pum, respectively, and a height of 2 pm (Figure S14a,b,
Supporting Information).

To investigate the effect of laser power on the dimensions
of the cone-shaped microstructures post-printing, atomic
force microscopy (AFM) was utilized to analyze cone height,
diameter of the base, and the diameter at full-width at half
maximum (FWHM) (Figure 2). The cone-shaped model was
selected to expedite the tracing of each cone with the AFM can-
tilever (Figure 2a). As depicted in Figure 2, the dimensions of
the printed microstructures vary with respect to laser intensity.
In all cases, as the laser intensity increases from 6.5 to 8.6 mW,
the dimensions of the structures increase, since higher laser
intensities increase the curable voxel region during printing.1%
Specifically, the height of each structure increases from 1.2 to
1.5 um (Figure 2b), while the diameter of the cone base and at
FWHM increases from 9.4 to 10.1 and 6.8 to 7.5 um, respectively
(Figure 2c). With this critical information, the dimensions
of the intended structures can be carefully adjusted before
printing to enable a seamless integration of degradable and
nondegradable segments, which are printed with different laser
intensities.

2.2. Degradation behavior

Subsequently, the cone-shaped structures were submerged in
tetrahydrofuran (THF) and veiled into darkness at ambient
temperature for up to 19 days. THF was utilized to induce
swelling and facilitate mobility, which promoted degradation
of the material on suitable time scales for our study. The deg-
radation progress was monitored by optical microscopy and
by tracing the cone at each degradation stage with an AFM
cantilever (Figure 3a, top and bottom, and Figure S15 (Sup-
porting Information)). While all structures show significant
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Figure 2. Effect of laser intensity on the dimensions of the microstructures postprinting. a) lllustration of the AFM cantilever tracing the dimensions of
a printed cone-shaped microstructure, b) the maximum height of the cone-shaped microstructures, and c) base and FWHM diameter of the resulting

microstructures. Each data point represents the average of three specimens and the error bars indicate the standard deviation of the data.

degradation over time, the time scale for this progress varies
strongly with the laser intensity employed for writing. For
structures written at 6.5 mW, degradation was complete within
five days while equally long exposure to darkness of structures
written at higher laser powers only resulted in 5-20% degrada-
tion due to their higher crosslinking density, increasing struc-
tural stability." Within the observed time frame of 19 days,
degradation for laser intensities of 8.6-7 mW plateaus after
12 days and ranges from a 45-80% reduction in cone height.
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Interestingly, the degradation progress is nonlinear but repro-
ducibly exhibits rather pronounced degradation plateaus, sug-
gesting a diffusion-controlled degradation mechanism from the
outside toward the inner parts of the structure and therefore
surface-induced degradation behavior. While the underlying
degradation mechanism via a cycloreversion process might
suggest bulk degradation behavior, observed surface erosion
indicates solvent-induced swelling and thus mobility at the sur-
face of the structures to be an important requirement. Thus
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Figure 3. Monitoring of degradation behavior of cone-shaped microstructures immersed in THF in darkness at ambient temperature. a) AFM height
data for microstructures fabricated using variable laser intensities as a function of time. b) AFM height data for microstructures with varying SVRs
fabricated using 7 mW at several degradation steps. Each data point represents the average of three specimens and the error bars indicate the standard
deviation of the data.
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the de-crosslinking reaction at the surface occurs faster com-
pared to the bulk. In fact, the microstructures remain largely
stable in darkness and in the absence of solvent after 90 days
(Figure S16, Supporting Information).

To further investigate the observed plateauing effect during
degradation, cone-shaped structures of varying surface-to-
volume ratios (SVRs) were printed with a medium laser inten-
sity of 7 mW. While true bulk degradation behavior should be
largely uninfluenced by this variation, the rate of surface degra-
dation would increase with increasing surface area compared
to the volume of the structure. Thus, the SVR of the structures
was tuned from their original value of 2.4 up to a ratio of 4.9,
which corresponds to an increase of SVR from 25% to 104%,
respectively. These values were calculated from the measured
dimensions of each cone with varying SVRs after AFM analysis
(Figure S17 and Table S2, Supporting Information). Degrada-
tion in THF and darkness at ambient temperature over seven
days indeed varied largely for these SVR-altered specimens
(Figure 3b, top and bottom, also refer to Figure S18 in the Sup-
porting Information). Furthermore, the plateaus that had been
observed previously are also evident in this study and become
less pronounced with increasing surface area. It seems that
initial swelling of all structures is sufficiently efficient to cause
instant degradation on the surface with structures of lower SVR
exhibiting lower degradation. The plateau between two and five
days, characterizing the delay of degradation until swelling is
sufficient, is constant at the two lowest SVRs, while retarded
degradation is visible for higher SVRs during this period. Once
swelling of the freshly exposed layer is sufficient, degradation
is equally fast for all structures printed at the same laser inten-
sity regardless of SVR, which is indicated by the similar relative
decrease of all structures between days five and seven. Such an
observation is consistent with the assumption that a bulk ero-
sion mechanism indeed occurs, which however, is partly over-
ruled by the effect that swelling of the structures has on the
extent of the de-crosslinking. Thus, a phenomenological layer-
by-layer degradation of the DLW structures can be observed,
which has significant implications on the use of the degradable
resist in in situ degradation applications. While bulk erosion
would continuously deteriorate the mechanical properties of
the resist during the degradation process due to chain scissions
throughout the network, surface eroding structures mainly
decrease in size but maintain their structural integrity until late
stages of the degradation process.’!l Therefore, the supporting
nature of the degradable resist can be exploited until late stages
of the degradation process, which can be highly desirable in
applications where controlled mechanical stability is key.

The role of swelling for degradation speed and mecha-
nism was also confirmed by degradation studies conducted
in other solvents than THF, i.e., toluene and dimethylforma-
mide (DMF). For this, cone arrays were printed in triplicates
with laser intensities of 8.6, 70, and 6.5 mW. Subsequently,
the printed structures were immersed in solvent and the deg-
radation progress was monitored via AFM over seven days. In
contrast to THF, degradation in toluene occurs significantly
slower for cones of all laser intensities (Figure S19, Supporting
Information). Meanwhile, cones submerged in DMF do not
show signs of degradation over seven days (Figure S20, Sup-
porting Information). Instead, slight differences in swelling
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behavior of cones printed at different laser powers indicate a
difference in cross-linking density for these specimens. Specifi-
cally, the cones printed with the lowest laser intensity (6.5 and
70 mW) swell more in comparison to those printed with the
highest intensity (8.6 mW) over seven days. Such an observa-
tion is also consistent with the fact that only cones printed at
the lowest laser intensities exhibit an onset of degradation at
day seven, while the cones printed at the highest laser power
remain stable. Therefore, this solvent study suggests that deg-
radation of the DLW structures is both dependent on swelling
and crosslinking density.

To further investigate if crosslinking density is the primary
factor that dictates the observed difference in de-crosslinking
kinetics, the chemical nature of the crosslinks arising from
different laser intensities was probed in more detail. Since the
dynamic covalent behavior of LSDMs is greatly influenced by
regioisomer formation,?®! we hypothesized that changing the
laser intensity could alter the ratio of both regioisomer prod-
ucts and thereby affect the overall de-crosslinking kinetics of
the resulting materials (Figure S13, Supporting Information).
To test this hypothesis, small molecule experiments were per-
formed with monofunctional model compounds. Specifically, a
solution of 4-n-butyl-triazolinedione and methyl 2-naphthoate
in deuterated acetone was subjected to A = 380 nm laser irra-
diation (i.e., 4 = ¥2 x 780 nm) with different laser intensities,
e.g., 50, 150, and 350 pJ (refer to Sections S2.9 and S3.4 in
the Supporting Information). Following 30 min irradiation,
the regioisomer ratios were determined via 'H-NMR analysis
(Figure S13, Supporting Information). However, no differentia-
tion in the individual regioisomer fractions could be observed,
with 4,:4p (40:60) remaining constant with respect to the laser
intensity. Thus, the observed difference in material stability
seems unlikely to be caused by changes in the chemical regioi-
somer composition of the cross-links. Nonetheless, the model
experiments indicated a significant increase in conversion with
increasing laser intensity (e.g., 5-32% going from 50 to 350
uJ), which also suggests an increase in crosslinking density
when structures are printed at higher laser powers. Critically,
the resulting "H-NMR spectra did not indicate any occurrence
of secondary modes of reactivity, such as naphthalene photo-
dimers. In addition, control DLW experiments of blank solu-
tions containing either P or BisTAD did not lead to curing of
the photoresist.

While this single-photon absorption investigation mimics
the two-photon absorption as closely as possible by halving
the irradiation wavelength, these irradiation conditions may
not reflect the two-photon printing process entirely. Since it
is intrinsic to two-photon printing that only extremely small
irradiation volumes are cured, it is difficult to conduct bulk
studies with this curing mechanism. Furthermore, solution-
based irradiations only approximate the curing environment in
a photoresist. Therefore, we further investigated the chemical
composition of the actual structures fabricated via the two-
photon absorption process. Specifically, single-layered squares
(15 x 15 X 1 pm?) were direct-laser-written from the LSDM-
based resist at the highest (8.6 mW) and lowest (6.5 mW) laser
intensities and analyzed by time-of-flight secondary ion mass
spectrometry (TOF-SIMS) (refer to Section S4.3 and Figure S24
in the Supporting Information). A careful principal component
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analysis of the observed fragments obtained from the highest
laser intensity written structures did not indicate chemically
different compositions compared to the structures fabricated at
the lowest laser intensity (Table S3 and Figures S25-S27, Sup-
porting Information). These results unambiguously confirm
that the laser intensity only affects the crosslinking density and
does not lead to chemically different materials.

2.3. Multimaterial printing

Having thoroughly investigated the degradation properties
of the printed microstructures, the LSDM-based photoresist
was employed to embed both erasable and nonerasable seg-
ments within the same 3D multimaterial structure. Thus far,
imparting degradable properties to a single 3D structure has
only been achieved by sequentially assembling the structure
using separate photoresists. When fabricating complex 3D
architectures, however, this strategy becomes extremely chal-
lenging for two main reasons. First, it is often difficult and thus
time-consuming to locate the printed structure following the
photoresist exchange. Second, building suspended geometries
in between an existing framework—or directly over a support
block—requires precision accuracy, which increases the com-

a)

Selective Removal

www.advmat.de

plexity of the writing process significantly. By using our LSDM-
based photoresist, however, we circumvent these challenges
by simply switching the laser intensity from 8.6 to 6.5 mW
during the fabrication process, thereby enabling the fabrica-
tion of multifunctional 3D structures from a single photo-
resist where segments can be selectively removed (Figure 4a).
Three experiments were conducted to demonstrate this unprec-
edented two-in-one printing functionality by comparing the
printed structures before and after degradation via scanning
electron microscopy (SEM) imaging. In the first example, we
encoded a message within the original structure, which became
visible upon degradation in THF at ambient temperature
for five days (889 — 007, Figure 4b). Critically, the height of
the degradable parts was increased to 120% compared to the
height of the nondegradable part (100%, as per Figure 2b) to
allow for a seamless transition between the degradable and
nondegradable segments. It is important to note that without
this adjustment, there is a significant difference in height
between both segments (Figure S21, Supporting Informa-
tion). In addition, optical microscopic imaging was employed
to visualize the degradation process of the encoded message
after three days in THF (Figure S22, Supporting Informa-
tion). In the second example, we showed partial degradability
of a 3D structure to demonstrate the LSDM-based resist’s

B 8.6 mW

N 6.5 mW

Figure 4. 3D DLW demonstration with the LSDM-based photoresist. a) Visual representation of a multifunctional structure fabricated from a single
photoresist, where switching the laser intensity from 8.6 to 6.5 mW during fabrication allows segments to be selectively removed post-printing.
b—d) SEM images post-printing (left), and after being immersed in THF in the dark at ambient temperature (right) (scale bars, 10 um).
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utility in advanced structures where supporting structures are
necessary to print the geometry. Initially, a series of bridges
were fabricated from the LSDM-based resist to investigate the
maximum distance where features could be printed unsup-
portedly (Figure S23, Supporting Information). Whereas dis-
tances up to 20 pum were fabricated without requiring support,
strong bending was visible during the printing process when
the distance was increased to 30 um, resulting in the bridge
to fracture and separate into two parts. Thus, a support block
was incorporated into the bridge model to prevent bending and
to facilitate the connection between both sides of the bridge
(Figure 4c). Again, the height of the degradable segment was
increased by 120% to compensate for height differences arising
from different laser writing intensities, hence allowing for the
underside of the bridge to print directly onto the support block.
Subsequently, the structure was immersed in THF for five
days to remove the support block and obtain the unsupported
bridge, which could not be fabricated without the LSDM-based
support. For the final example, we fabricated a scaffold-type
structure where a specific segment within the 3D architecture
was selectively erased (Figure 4d). We chose this design to
highlight our resist’s ability to fabricate full-3D architectures,
which could serve as a template to monitor how cells respond
to a changing 3D environment.232 In contrast to the earlier
examples, degradation of the specific bridge within the scaf-
fold was achieved after only three days in THF. Since this eras-
able segment is suspended between the two pillars, only slight
degradation is required before the bridge can detach and dif-
fuse away from the remaining scaffold before being completely
de-crosslinked.

3. Conclusion

In summary, we have introduced the first example where 3D
structures consisting of both degradable and nondegradable
segments can be printed via DLW from a single photoresist.
Specifically, we utilized AFM to thoroughly investigate the
high dependency of laser intensity during the printing process
on the degradation properties of the LSDM-based structures.
We demonstrate that by altering the laser intensity during the
printing process, we are able to fabricate multifunctional 3D
microstructures exclusively from our LSDM-based resist, which
significantly simplifies the manufacturing process. In combi-
nation with the surface erosion-like behavior, printing at two
different laser intensities demonstrates the ability to use one
photoresist for spatially resolved degradation of a structure,
which largely maintains its structural integrity throughout its
full lifetime. Detailed degradation studies with varying sur-
face—volume ratios and solvents as well as chemical analysis of
model molecules and of the printed resist via principal com-
ponent analysis of TOF-SIMS data led to the conclusion that
increasing crosslinking density at higher laser intensity is
responsible for the highly tunable degradation behavior. The
ability to toggle between degradable and nondegradable seg-
ments from a single photoresist constitutes a critical advance-
ment in DLW, where complex 3D architectures can be printed
using a simple one-step fabrication strategy.
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Supporting Information is available from the Wiley Online Library or
from the author.
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