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Abstract: A highly efficient strategy for the simultaneous dual
surface encoding of 2D and 3D microscaffolds is reported. The
combination of an oligo(ethylene glycol)-based network with
two novel and readily synthesized monomers with photo-
reactive side chains yields two new photoresists, which can be
used for the fabrication of microstructures (by two-photon
polymerization) that exhibit a dual-photoreactive surface. By
combining both functional photoresists into one scaffold,
a dual functionalization pattern can be obtained by a single
irradiation step in the presence of adequate reaction partners
based on a self-sorting mechanism. The versatility of the
approach is shown by the dual patterning of halogenated and
fluorescent markers as well as proteins. Furthermore, we
introduce a new ToF–SIMS mode (“delayed extraction”) for
the characterization of the obtained microstructures that
combines high mass resolution with improved lateral resolu-
tion.

Recently, well-defined two- and three-dimensional (2D and
3D) micro- or nanostructures have received increasing
attention for applications in numerous fields, such as nano-
photonics,[1] microelectronics,[2] and cell biology.[3] Therefore,
diverse techniques to achieve nano- or micropatterning in two
or three dimensions have been developed and improved over
the last decade (e.g., laser-induced chemical vapor deposi-
tion,[4] microcontact printing,[5] electron- or focused ion-beam
lithography,[6] soft lithography,[7] and photolithography),[8]

with direct laser writing (DLW)[9] being one of the most
versatile techniques. DLW, which is based on the two-photon
polymerization of multifunctional (meth)acrylates, has

proven to be a powerful method for the fabrication of
sophisticated devices, such as photonic crystals,[10] optical
waveguides,[11] lab-on-a-chip systems,[12] or cell-guiding scaf-
folds.[13] Thus, substantial work has been carried out for
improving writing resolution[14] as well as writing speed.[15]

However, only little efforts were directed towards increasing
the chemical diversity or the surface functionalization of the
written scaffolds. One method for the post-modification of
surfaces or 3D structures entails the coating with substances
bearing reactive moieties that can be addressed by an efficient
ligation method. Our group has established various two-step
surface-functionalization methods that are based on the use
of silane or polydopamine anchoring groups in combination
with effective light-triggered transformations, enabling the
formation of well-defined surface patterns with spatiotempo-
ral control.[16] Furthermore, some success was achieved by
employing the light-triggered Diels–Alder reaction of ortho-
quinodimethanes onto DLW scaffolds, generating spatially
controlled protein patterns in a very precise fashion.[17]

However, this method is time-consuming owing to several
post-modification steps, and the activation of the photoreac-
tion requires a custom-built laser setup, as opposed to the
commercial Nanoscribe setup that we employ here (see the
Supporting Information).

An alternative technique for the post-modification of
DLW-based scaffolds is to change the components involved in
the scaffold formation itself to render it chemically address-
able after fabrication.[18] In one approach, the scaffold was
established by employing a multifunctional thiol and a vinyl
ether linker for thiol–ene polymerization. As a result, the
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written networks exhibit residual thiol moieties at the surface
and can be readily functionalized with maleimide deriva-
tives.[18a] Unfortunately, this method lacks spatial control and
also requires a custom-built laser setup. To overcome the
aforementioned drawbacks, we have now developed novel
photoresists that fulfill the following requirements: 1) The
network should be based on (meth)acrylate monomers to
enable its application in commercial DLW setups, 2) these
monomers should contain reactive groups that can survive the
writing process, and 3) these reactive groups should be
addressable through orthogonal pathways to allow for spatial
resolution. Indeed, by combining at least two reactive photo-
resists in the same microstructure and adequately selecting
the reactive moieties, we achieved the multiple and simulta-
neous orthogonal functionalization of 3D microstructures for

the first time. The current study thus goes beyond 2D
patterning approaches based on orthogonal mechanisms.[19]

To simplify the system, two new reactive monomers were
mixed with a so-called basic resist consisting of commercially
available components: a trifunctional acrylate as the network-
forming component (trimethylolpropane ethoxylate triacry-
late, TPE-TA) and a photoinitiator (Irgacure 369; Scheme 1).
These mixtures were converted into microstructures display-
ing reactive groups, thereby making the previously employed
post-DLW coating steps obsolete. As reactive moieties, we
turned towards photoreactive groups. Two well-known motifs
were chosen: phenacyl sulfide[20] and photoenol.[21] After
photolysis, the former yields thioaldehydes, which can react
with nucleophiles, such as amines, hydroxylamines, thiols, and
nitrile oxides,[22] or in a cycloaddition with an appropriate

Scheme 1. Overview of the sample preparation process and the chemistry of the functional resists. A) Structure made with the basic resist
consisting of pure TPE-TA monomer, which was polymerized in a first DLW process (not shown). B,C) Second DLW process with the first
functional resist (here the photoenol resist, leading to a photoenol-containing network) building up another part of the microstructure. D, E) Third
DLW process with the second functional resist (here the phenacyl sulfide resist) building up a third part of the microstructure (here consisting of
a phenacyl sulfide containing network). F) Post-modification of the resulting microstructure consisting of three networks. A droplet of a solution
containing functionalized maleimide and thiol-, amine-, or diene-functionalized molecules is added to the structure, and the sample is globally
irradiated with UV light to induce the surface functionalization. The Irgacure 369 photoinitiator, present in the writing steps, was omitted for
simplification.
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diene.[23] Under UV irradiation, photoenols are in equilibrium
with a diene species, which are also amenable to Diels–Alder
cycloaddition. These two motifs were selected as they fulfill
important requirements: 1) compatibility with the commer-
cially available DLW setup (i.e., they remain intact during the
writing process), 2) high reactivity in subsequent phototrig-
gered reactions, and 3) a certain degree of chemical ortho-
gonality[24] (i.e., they render simultaneous dual post-modifi-
cation possible).

The new monomers are depicted in Scheme 1. By mixing
phenacyl sulfide methacrylate (1) with the basic resist, the so-
called phenacyl sulfide (PS) resist was obtained. In analogy,
the photoenol (PE) resist consists of the photoenol meth-
acrylate (2) and the basic resist. The basic resist was also
employed to generate structures for control purposes. For the
current study, we selected checkerboard- and boxing-ring-
type structures to demonstrate our strategy in 2D and 3D,
respectively. The overall sample preparation process for
boxing rings is shown in Scheme 1.

Initially, the base of the structure is written onto a glass
cover slip with the basic resist in a DLW process. To ensure
the covalent attachment of the scaffold to the cover slip, the
latter is silanized with 3-(trimethoxysilyl)propyl methacry-
late. After developing (removal of non-polymerized starting
material), the basic structure is obtained (Scheme 1A). The
functional photoresists are employed in a similar manner in
two successive DLW processes to form additional arbitrary
parts of the structure, here the upper-row beams (Sche-
me 1B–E). The sequence order (photoenol resist first, then
phenacyl sulfide resist or vice versa) can be chosen arbitrarily.
Satisfactorily, despite the incorporation of a monofunctional
monomer, which reduces the crosslinking density, it was
clearly possible to produce small features with sufficient
mechanical stability. Scanning electron microscopy (SEM)
images of the obtained structures are depicted in Figure 1,
and confirm that well-defined microstructures with homoge-
neous surface topography can be obtained. We then pro-
ceeded to examine the photoreactivity of the microstructures.
A droplet of a reaction mixture containing the appropriate

reaction partners (for details on the photoreactions, see
Scheme 2) was added to the finished structures, and the cover
slips were placed underneath a simple broadband UV lamp
for 30 min (see Scheme 1F).

The resulting functionalized scaffolds were subsequently
subjected to time-of-flight secondary-ion mass spectrometry
(ToF–SIMS) measurements to assess the success of the
reaction as well as to obtain spatial information. To achieve
both high spatial resolution and sufficient mass resolution,
a novel ToF–SIMS imaging mode, the delayed extraction
mode, was employed. This mode allows for a mass resolution
of m/Dm between 4000–5000 and a lateral resolution of
150 nm (for detailed information on the new ToF–SIMS
mode, see the Supporting Information). For facile imaging,
halogenated reaction partners were chosen (see Scheme 2).
As the reaction partners for the thioaldehydes arising from
the UV-induced decomposition of the phenacyl sulfide,
a brominated amine (3 ; for nucleophilic addition) and

Figure 1. SEM images of the generated DLW structures. a) Checker-
board consisting of two resists (TPE-TA and PS). b) Overview of a grid
of boxing-ring-like 3D scaffolds. c) Detailed image of one of the boxing
rings. d) Overview of a complete sample with checkerboards and
boxing-ring grids.

Scheme 2. Summary of the photochemistry applied for the post-modification of the 2D and 3D scaffolds. Left: The phenacyl sulfide moiety
reacting with either a thiol, a diene, or an amine in a UV-induced reaction. Right: The photoenol moiety reacting with maleimides upon
UV irradiation.
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a chlorinated diene (4 ; for hetero-Diels–Alder cycloaddition)
were selected to demonstrate its versatility with respect to
specific reaction pathways. Furthermore, a brominated mal-
eimide (6) was chosen as the dienophile reaction partner for
the diene species generated from the photoenol upon
irradiation. As mentioned above, employing a diene and
a dienophile as reaction partners for the phenacyl sulfide and
the photoenol, respectively, enables simultaneous dual pat-
terning (see below).

The ToF–SIMS results for light-induced surface reactions
in 2D (checkerboards) as well as in 3D (boxing rings) are
summarized in Figure 2. The sums of the characteristic
fragments are depicted in the colored overlay images (for
the individual ion maps, see the Supporting Information). We
first investigated structures containing only one type of
photoreactive resist (a–f) before combining the two novel
photoresists within the same structure (g,h).

The first two columns (Figure 2a–d) show the results for
structures based on the functional phenacyl sulfide resist in
combination with the basic, non-reactive resist using either
brominated amine 3 (Figure 2a, b) or chlorinated diene 4
(Figure 2c,d). Aside from the green patches, which corre-
spond to PEG (green channel, C2HO), well-defined orange
patches, which correspond to the localized grafting of
brominated or chlorinated molecules (red channel), are
clearly visible for both the 2D and 3D structures on a glass
support (blue channel, SiO2 and SiO3H).

The ion maps in the third column (Figure 2e, f) show the
results for the photoenol resist in combination with the basic,
non-reactive resist. In this case, brominated maleimide 6 was
employed as the reaction partner, and UV irradiation yielded
a bromine pattern in 2D (Br yellow, PEG red) as well as in 3D
(Br bright green). In all cases, no halogen signals could be
detected in areas originally devoid of photoreactive moieties
(see the individual ion maps in Figures S9 and S10).

Eventually, microstructures that combine the features of
both the phenacyl sulfide and photoenol photoresists were
employed for dual patterning by two simultaneous Diels–
Alder cycloadditions (Figure 2g,h). In a one-pot reaction
with chlorinated diene 3 and brominated maleimide 6, a dual
pattern of chlorine (red) and bromine (green) was obtained.
Aside from the successful implementation of our strategy, the
capability of the novel delayed-extraction ToF–SIMS mode
for the imaging of fine chemical patterns in three dimensions
is noteworthy. It is also interesting to note that the signals of
specific marker fragments (e.g., bromine) decay very quickly
upon primary ion beam exposure during the SIMS analysis of
a given position of the scaffolds, leading to the conclusion that
post-functionalization of the scaffolds occurs only at the
surface (in a nanometer-thick layer) and not within the
network formed during DLW.

To further investigate the potential of our system, we
turned to dye and protein immobilization and assessed the
outcome by confocal fluorescence microscopy. For this

Figure 2. ToF–SIMS ion maps obtained after phototriggered functionalization of DLW structures with halogenated markers. The top row depicts
checkerboard structures consisting of two distinct resists, and the bottom row shows 3D boxing-ring-like structures. All structures consist of the
basic resist and one or two functional resists. a,b) Phenacyl sulfide resist and basic resist irradiated in the presence of brominated amine 3.
c, d) Phenacyl sulfide resist and basic resist irradiated in the presence of chlorinated diene 4. e, f) Photoenol resist and basic resist irradiated in
the presence of brominated maleimide 6 (image in (e) recorded in bunch mode, see the Supporting Information). g,h) Phenacyl sulfide resist and
photoenol resist irradiated in the presence of both 4 and 6.
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purpose, a rhodamine maleimide derivative (Mal–Rhod, 7)
was chosen as a reaction partner for the photoenol resist
based patches. A thiolated PEG–biotin derivative (biotin–
PEG–SH, 5) was employed for functionalization of the
phenacyl sulfide resist based areas through formation of
a disulfide linkage (see Scheme 2). Biotinylated areas can
subsequently be stained with a fluorescent streptavidin
conjugate (SAv-647; see the Supporting Information). The
resulting fluorescence images are depicted in Figure 3. Similar

to the ToF–SIMS images, clear fluorescence patterns were
observed for the planar checkerboard structures (Figure 3 a)
as well as for the upper photoreactive beams of the 3D
boxing-ring-like scaffolds (Figure 3b), indicating the success
of the simultaneous dual light-induced patterning process. To
obtain an even more convincing view of the three-dimen-
sional character of the functionalization, a 3D reconstruction
of the confocal image stacks of the dual-functionalized boxing
rings is shown in Figure 3c. In a control experiment (see the
Supporting Information), all steps were performed as for the
sample shown in Figure 3, only leaving out the irradiation
step. The results are shown in Figure S16. Only fluorescence
arising from the SAv-647 present on the glass surface is
detected, which additionally demonstrates the protein-repel-
lent character of the novel photoresists, a beneficial property
for applications in the field of protein patterning.

In summary, we have demonstrated the DLW fabrication
of sophisticated 2D and 3D microscaffolds that consist of

patches with distinct photoreactivity. This process is based on
the use of two novel photoresists with photoreactive groups
whose reactivity is orthogonal to the two-photon-induced
polymerization process. These photoresists consist of com-
mercially available components, simply mixed with one of two
novel, readily synthesized methacrylate-based monomers,
and lead to mechanically stable, protein-repellent micro-
meter-sized structures. Importantly, the distinct patches of
these structures can be simultaneously functionalized with
various functional molecules, such as halogenated markers
and fluorescent dyes, as well as proteins in an orthogonal
process under UV light irradiation. Our newly established,
facile, and powerful method bears great promise for various
applications, such as targeted cell attachment onto 3D
microscaffolds.
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