
RESEARCH ARTICLE
www.afm-journal.de

Microstructuring of Thermoresponsive Biofunctional
Hydrogels by Multiphoton Photocrosslinking

Yevhenii M. Morozov,* Fiona Wiesner (née Diehl), Jonas J. Grün, Matthias Pertiller,
Stefan Fossati, Katharina Schmidt, Nestor Gisbert Quilis, Claudia Gusenbauer,
Barbara Zbiral, Jose Luis Toca-Herrera, Sven Klees, Clinton Richard Victor Thiagarajan,
Ulrich Jonas,* and Jakub Dostalek*

A pioneering method is reported for creating thermoresponsive biofunctional
hydrogel microstructures using maskless multiphoton lithography. Departing
from conventional multiphoton-triggered polymerization-based techniques,
this approach relies on simultaneous photocrosslinking and attachment of
already pre-synthesized polymer chains onto solid substrates. The method
allows improving control over polymer network characteristics and enables
facile integration of additional functionalities through postmodification with
biomolecules at specific sites. Exploring two distinct benzophenone- and
anthraquinone-based photocrosslinkers incorporated into specially designed
poly(N-isopropyl acrylamide)-based co- and terpolymers, the
photocrosslinking efficacy is scrutinized with the use of a custom
femtosecond near-infrared laser lithographer. Comprehensive characterization
via surface plasmon resonance imaging, atomic force microscopy, and optical
fluorescence microscopy reveals swelling behavior and demonstrates
postmodification feasibility. Notably, within a specific range of multiphoton
photocrosslinking parameters, the surface-attached microstructures exhibit a
quasiperiodic topography akin to wrinkle-pattern formation. Leveraging the
capabilities of established multiphoton lithographer systems that offer fast
pattern writing with high resolution, this approach holds great promise for the
versatile fabrication of multifunctional 3D micro- and nanostructures. Such
tailored responsive biofunctional materials with spatial control over
composition, swelling behavior, and postmodification are particularly
attractive in the areas of bioanalytical and biomedical technologies.
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1. Introduction

Polymers responsive to a variety of stim-
uli such as temperature,[1] pH,[2] mechan-
ical force,[3] chemical species,[4] and elec-
tric/magnetic field[5,6] have already become
essential building blocks serving in the de-
sign of advanced functional materials.[7–10]

Among these, poly(N-isopropyl acrylamide)
(pNIPAAm) is one of the most studied
responsive polymers. This polymer can
be toggled between a coil and globule
state in an aqueous solution by chang-
ing the temperature below or above the
cloud point temperature that occurs close
to the human body temperature,[1,11–13]

which is a result of its lower critical so-
lution temperature (LCST) characteristics.
This material is commonly used for the
preparation of networks that act as ther-
moresponsive hydrogels in the form of
free-standing or surface-attached elements.
Such pNIPAAm-based structures are typi-
cally prepared by UV-triggered photopoly-
merization in conjunction with casting in
miniature molds.[14] In another route, sim-
ilar photochemistry is exploited in stere-
olithography by scanning a UV beam,[15]

or in shadow mask lithography[16] for the
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fabrication of pNIPAAm-based objects at the micrometer scale.
More recently, polymerization triggered by multiphoton absorp-
tion has been demonstrated to provide a preparation tech-
nique for pNIPAAm-based microstructures with finer structural
details.[17] In combination with metallic nanoparticles, the irra-
diated volume (where photoinitiation and polymerization occur)
can be decreased to the nanoscale regime via the excitation of lo-
calized surface plasmon resonances in the near-infrared (NIR)
part of the spectrum.[18]

Besides multiphoton initiation and polymerization of typi-
cally liquid monomers, an alternative approach can be employed
for the fabrication of pNIPAAm structures by photocrosslink-
ing of pre-synthesized polymer chains, which are solid in their
dry state. This approach enables the preparation of structures
from the compact dry polymer layer, without the risk of leak-
ing the residual monomers when swollen, and benefits from
facile means to incorporate multiple functionalities during the
polymer pre-synthesis step. Additionally, the solid, uncrosslinked
polymer layer can act as supporting material during the writ-
ing of complex 3D structures, which is a complicated task for
the photopolymerization of liquid monomers that cannot sup-
port overhanging geometries (if not combined with, e.g., solid
particle fillers [19]). In previous works, pNIPAAm-based biofunc-
tional thin hydrogel films with polymer chains simultaneously
crosslinked and attached to a gold surface upon irradiation with
UV light were prepared with the use of self-assembled monolayer
linkers carrying photoactive moieties.[20] The structuring of these
layers was achieved by shadow mask lithography,[21] nanoim-
print lithography,[22] or UV-laser interference lithography.[23,24] In
these reports, pNIPAAm-based terpolymer with photocrosslink-
able benzophenone groups and additional moieties for conjugat-
ing biomolecules[25] are used in bioanalytical applications as a
tunable binding matrix for target analyte molecules.[26] Recently,
this approach was further extended through the synthesis of poly-
mers with even higher complexity and several incorporated func-
tionalities in, e.g., thermoresponsive and thermochromic pho-
tocrosslinkable polymer systems.[27] Besides UV-triggered pho-
tocrosslinking, a multiphoton absorption process was also em-
ployed for the preparation of surface-attached 3D hydrogel struc-
tures from non-responsive (N,N-dimethyl acrylamide-based) and
n-butylacrylate polymers.[28–30] In the context of biofunctional
structures, the usage of an NIR beam for crosslinking of the
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hydrogel geometry provides the additional advantage of avoiding
the risk of damaging delicate groups with UV light.

In the present work, we synthesized a new set of pNIPAAm-
based co- and terpolymers bearing photoactive benzophe-
none and anthraquinone units for simultaneous multiphoton
crosslinking and covalent attachment to a solid surface. To the
best of our knowledge, this has not yet been demonstrated for
this important thermoresponsive polymer and we investigate the
efficiency of such fabrication route depending on the structural
properties of prepared polymer scaffolds. An adaptable home-
built lithographer with a femtosecond NIR laser was employed
for structure writing after optimizing the photocrosslinking
conditions. A series of optical and atomic force microscopy
studies was implemented to reveal the structural and swelling
properties of the prepared responsive hydrogel microstructures,
as well as to evaluate the possibility of their post-modification
with biomolecules.

2. Results and Discussion

As Figure 1a illustrates, the investigated polymers were de-
posited on a solid substrate in the form of a thin dry film
for subsequent multiphoton writing of microstructures. Such
writing was performed by scanning a focused femtosecond
NIR laser beam at a wavelength of 785 nm to locally crosslink
and anchor the polymer chains at the irradiated zones to
the substrate. For this purpose, a series of pNIPAAm-based
polymers was synthesized with a set of different photoactive
groups, see Figure 1b. Benzophenone crosslinkers were incor-
porated into the pNIPAAm-based polymer chains by copoly-
merization of NIPAAm with N-(4-benzoylphenyl)acrylamide
(BPAm) or [(4-benzoylphenyl)methyl]dimethyl[3-(prop-2-
enamido)propyl]azanium bromide (BPQAAm). Anthraquinone
side groups were integrated by copolymerization of NIPAAm
with 2-acrylamido-3-hydroxyanthraquinone (AAHAQ) as well
as 2-methacrylamido-3-hydroxyanthraquinone (MAAHAQ)
monomers, respectively. Furthermore, a terpolymer of NI-
PAAm, BPQAAm, and methacrylic acid (MAA) was synthesized,
bearing acid side groups for potential post-modification of
the polymer networks enabling additional functionalities. The
UV–vis absorption spectra of the corresponding crosslinker
monomers in their most appropriate solvents and concen-
trations are presented in Figure 1c, illustrating their spectral
differences.

2.1. Polymer Synthesis

For the synthesis of photocrosslinkable polymers, two funda-
mental strategies are applicable. In the first strategy, polymer
molecules with reactive groups along the backbone can be con-
jugated in a post-polymerization modification with appropriate
photocrosslinker units that carry the complementary reactivity.
This conjugation approach has the advantage of modularity such
that the same polymer system can be conjugated with differ-
ent types of photocrosslinkers without affecting the degree of
polymerization. Yet, an incomplete coupling reaction always re-
sults in a somewhat undefined polymer architecture and remain-
ing reactive groups. In the second strategy, the main monomers
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Figure 1. a) Schematic of the preparation of polymer network microstructures; b) chemical structures of the polymers and c) respective UV–vis spectra of
the photoactive monomers (abbreviated as BPAm, BPQAAm, AAHAQ, and MAAHAQ according to the explanation in the main text) at the concentration
of 0.048 g l−1 (in EtOH), 0.048 g l−1 (in water), 0.040 g l−1 (in DMSO), and 0.027 g l−1 (in DMSO), respectively after baseline correction for each solvent.
The optimal absorption bands for two (2ℏ𝜔) and three (3ℏ𝜔) photon excitations are indicated in the spectra by arrows.

that determine the overall behavior of the polymer are copoly-
merized with comonomers that contain the photocrosslinkable
units. This copolymerization approach requires a separate poly-
merization reaction for each type of photocrosslinker with an
inherent slight variation of the resulting polymer structure (de-
gree of polymerization, molar mass dispersity, and comonomer
composition) between different samples. Nevertheless, very good
control over the reaction conditions can be achieved to allow

highly reproducible polymer architectures and the introduc-
tion of defined amounts of photocrosslinker units. Also, the
combination of different types of comonomers in the same poly-
mer backbone is achievable in this second approach. Thus, for
the present paper, we have focused on this copolymerization
strategy.

The literature-known BPAm crosslinker was synthesized
by a variation of the published procedures.[20,31,32] Briefly,
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4-aminobenzophenone was exposed to an excess of acryloyl
chloride, forming the BPAm monomer with a yield of 88%. The
synthesis of BPQAAm was performed in a two-step reaction.
In the first step, bromination by a Wohl-Ziegler-type reaction
was performed according to the literature.[33] In short, 4-
methylbenzophenone was brominated by N-bromosuccinimide
via radical initiation with azobisisobutyronitrile (AIBN), yield-
ing 84% of 4-bromomethyl benzophenone. In the second
step, substitution of 4-bromomethyl benzophenone with N-[3-
(dimethylamino)propyl]acrylamide in methyl tert-butyl ether
led to precipitation of the final product BPQAAm as qua-
ternary ammonium bromide in a yield of 90% (1H and 13C
NMR spectra of the BPQAAm are shown in Figures S1 and
S2, see SI). The anthraquinone-based crosslinker AAHAQ
was prepared according to the literature by modification of
2-amino-3-hydroxyanthraquinone with an excess of acryloyl
chloride in yields of up to 81%.[28] In an analogous reaction,
the synthesis of the corresponding methacrylate MAAHAQ was
attempted by treatment of 2-amino-3-hydroxyanthraquinone
with a large excess of methacryloyl chloride. Yet, the 1H NMR
analysis of the isolated product (see Figure S3, Supporting Infor-
mation) indicated incomplete conversion of the anthraquinone.
Instead, a ratio of the product and the educt of MAAHAQ to
2-amino-3-hydroxyanthraquinone of 1:0.6 was found even after
prolonged reaction times. Nevertheless, this product/educt
combination was utilized in a polymerization reaction by adjust-
ing the amount of the starting material mixture based on the
above-mentioned ratio with the necessary monomer equivalents.
This approach is legitimate, as the starting material without the
methacrylic group is not incorporated into the chain during the
polymerization reaction.

Copolymers containing the main monomer NIPAAm and one
of the four different crosslinker monomers (BPAm, BPQAAm,
AAHAQ, and MAAHAQ) were synthesized via free radical poly-
merization (see Scheme S1, Supporting Information). Specific
details about the copolymerization procedures and the copolymer
composition can be found in the Figures S4–S16 (Supporting In-
formation).

Overall, the copolymerization of NIPAAm with BPAm or
BPQAAm at crosslinker feeds of 1% and 5% resulted in rea-
sonable yields of 60%–80%. As expected from a free radical
mechanism, high apparent molar masses (75–150 kDa) and
broad molar distributions (Ð = 2.39-2.97) were attained, as deter-
mined by size-exclusion chromatography (SEC, see Figure S4,
Supporting Information). In contrast, the yields of 22%–51%
for the AAHAQ-containing copolymers were significantly lower,
the apparent molar masses only amounted to 23–30 kDa, and
the molar mass curves from SEC showed a surprisingly narrow
and symmetric shape reminiscent of a Poisson distribution (see
Figure S5, Supporting Information). It is very striking that nearly
all copolymers with AAHAQ prepared by free radical polymer-
ization exhibit narrow dispersities of Ð = 1.3–1.5. Values close
to Ð = 1 are typically found for living or controlled radical chain
growth mechanisms, such as radical addition-fragmentation
chain transfer (RAFT) polymerization.[34,35] Under the assump-
tion that only termination by combination prevails, the theoret-
ical lower limit of the molar mass distribution for free radical
polymerization is Ð = 1.5.[36] Thus, the here observed low dis-
persities for the AAHAQ-containing copolymers suggest a chain

transfer reaction mediated by the anthraquinone monomer. A
narrow dispersity of Ð = 1.8, which is unusual for free radical
polymerizations, was reported in the literature for copolymers
composed of AAHAQ and methyl methacrylate,[37] supporting
the assumption of the anthraquinone group being involved in
the chain growth mechanism. For the MAAHAQ-containing
copolymers, the yields of 30%–68% are somewhat higher
compared to copolymers with AAHAQ, while they still possess
similar apparent molar masses in the range of 27.8–36.9 kDa and
narrow dispersities of Ð = 1.3–1.6 (see Figure S6, Supporting
Information). As for the copolymerization with AAHAQ, the ex-
perimental results indicate an involvement of the MAHAAQ in
the chain growth mechanism. However, the postulated transfer
mechanism including the anthraquinone crosslinker monomers
appears to be complex and was not systematically investigated at
this point. This question will be a topic for future studies.

For potential post-modification, 5 mol% methacrylic acid
(MAA) was included in the NIPAAm-based terpolymer contain-
ing 1 mol% BPQAAm (see Scheme S2, Supporting Information).
The carboxylic acid functions of the MAA groups allow the sub-
sequent introduction of molecular fragments (such as biological
ligands like antibodies) into the polymer networks after pho-
tocrosslinking. The yield of 73% for the terpolymer was compara-
ble to that of the copolymer solely from NIPAAm and BPQAAm,
with a similar apparent molar mass of 97 kDa and a dispersity of
Ð = 1.89 (see Figure S7, Supporting Information). Furthermore,
terpolymers could be prepared from NIPAAm with feeds of 5
mol% MAA and 1 mol% of the two anthraquinone crosslinker
monomers, respectively (see Supporting Information).

UV–vis absorption spectra of the used photoactive monomers
are shown in Figure 1c and reveal that the spectral position
of their absorption peaks varies depending on the crosslinker
and the way it is conjugated with the polymer backbone. The
BPQAAm monomer exhibits an absorption spectrum with a
single peak centered at a wavelength of ≈260 nm, which is close
to the energy corresponding to the three-photon absorption
process (wavelength of 261 nm) with an NIR light beam at a
wavelength of 785 nm. All other crosslinkers show a red-shifted
absorption peak located at wavelengths 300–325 nm, which is
in the spectral range between a three-photon absorption process
(wavelength of 261 nm) and a two-photon absorption process
(wavelength of 392 nm). However, AAHAQ and MAAHAQ
monomers show an additional shoulder of the absorption peak
overlapping with the wavelength of 392 nm making them po-
tentially suitable for a two-photon absorption process. Similar
UV–vis absorption bands were observed for the synthesized
copolymers (see Figures S12–S15, Supporting Information).

2.2. Multiphoton Photochemical Crosslinking of the Polymer
Networks

In order to anchor the polymer chains to a gold layer deposited
on a BK7 glass substrate, the gold surface was first reacted with
3,3′-disulfanediylbis(N-(4-benzoylbenzyl)propanamide, in short
benzophenone disulfide (BPdiS) linker.[38] BPdiS allowed the for-
mation of a self-assembled monolayer (SAM) before the depo-
sition of investigated polymers that were spun on the surface
to yield a layer with a thickness of ≈100 nm (as determined by
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Figure 2. a) Bright-field optical microscopy images structures prepared from poly(NIPAAm95-co-BPQAAm5) with indicated combinations of PL and td
when exposed to dry air (bottom row) and humid air in order to form a hydrogel (upper row). b) AFM images of the same poly(NIPAAm95-co-BPQAAm5)
structures on the border of the bare gold substrate and the polymer layer prepared with i) PL of 15 mW and td of 1 s; ii) PL of 10 mW and td of 1 s; and
iii) between two polymer network regions made with PL of 15 mW, td of 1 s and PL of 15 mW, td of 3 s; the scale bar is 5 μm.

surface plasmon resonance after drying, see Figure S17, Sup-
porting Information). These substrates were then mounted to
a home-built multiphoton lithographer (for more detail see
Figure S18, Supporting Information and the Experimental sec-
tion) that was equipped with a laser emitting ≈100 fs pulses at a
repetition rate of 80 MHz. This laser beam was focused through
the air on the polymer layer by a 40× objective and the irradiated
spot diameter was estimated to be <5 μm (for the given NIR laser
beam divergence). The effective power PL of the beam focused on
the polymer sample was controlled between 5 and 15 mW and the
overall dose received by the sample at the focal spot was defined
by the dwelling time td set between 1 and 5 s. The focused beam
was raster scanned over the sample by using a motorized stage
with a movement step of 1 μm.

To test the ability of the polymer samples to form a hydrogel
layer via crosslinking by a multiphoton absorption process, a se-
ries of rectangular pads with the size of 75×50 μm2 were recorded
in the polymer layers for nine combinations of dwelling time td
and irradiation power PL for each polymer type. After the record-
ing, uncrosslinked polymer chains in non-irradiated areas were
dissolved by rinsing the substrate with ethanol, eventually leav-
ing only the irradiated pads with successfully crosslinked and at-
tached polymer chains.

First, the presence of the pads in contact with dry and hu-
mid air was optically examined by bright-field optical microscopy.
The prepared pads were not visible in the dry state, however,
water molecules diffused into the polymer network upon expo-
sure to humid air causing their swelling, and then the increased
optical contrast allowed for clear observation of their structure.
These structures were examined for all synthesized polymers (see

Figure S19, Supporting Information) and an example is provided
in Figure 2a for the poly(NIPAAm95-co-BPQAAm5). For irradia-
tion laser power set to PL = 5 mW, the threshold dwelling time
td that resulted in a stable poly(NIPAAm95-co-BPQAAm5) net-
work was found to lie above 1 s. For lower irradiation doses no
crosslinking took place and the polymer in the irradiated regions
did dissolve. When increasing the irradiation power to PL = 10
and 15 mW, the threshold dwelling time decreased below 1 s.
When decreasing the amount of photocrosslinker content in the
polymer chains from 5% to 1%, the threshold dwelling time also
increased, as can be seen in Figure S20 (Supporting Information)
for the poly(NIPAAm99-co-BPQAAm1). Afterward, the topogra-
phy of dry samples was examined with atomic force microscopy
(AFM), as presented in Figure 2b (AFM images with the corre-
sponding height cross-sections can be found in Figure S21, Sup-
porting Information). The image of the structure edge shows a
height of ≈50–60 nm, which is lower than the thickness of the
polymer layer before the recording and indicates that a fraction of
unbound polymer chains was extracted from the network struc-
tures upon rinsing.

Moreover, one can notice a smearing of the structure at
the edges, which can be attributed to the effect of swelling.
In addition, the stronger crosslinked pads (irradiated with PL
= 15 mW and td = 1 s) show a characteristic pore structure
resembling wrinkle-patterned hydrogels.[39–41] Besides being
of fundamental interest, wrinkle-pattern engineering of the
hydrogels offers promising design principles for future smart
systems.[42,43]

Interestingly, the polymer poly(NIPAAm95-co-BPQAAm5)
with benzophenone crosslinker BPQAAm (containing a
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quaternary ammonium fragment) was the only NIPAAm-based
polymer that allowed a reliable preparation of thin hydrogel
microstructures via the multiphoton absorption crosslinking
process. For the other polymer poly(NIPAAm95-co-BPAm5)
with the benzophenone acrylamide crosslinker BPAm (con-
jugated to the polymer backbone without the ammonium
group), we observed that the same illumination conditions did
not yield a hydrophilic network and the obtained structures
showed a more hydrophobic character that may be ascribed
to pyrolysis of the polymer (see Figure S19, Supporting Infor-
mation). This hypothesis is supported by AFM measurements
of the irradiated poly(NIPAAm95-co-BPAm5) film, which is
characterized by inhomogeneous and rather irregular struc-
tures (Figure S22, Supporting Information). The difference
between the poly(NIPAAm95-co-BPAm5) and poly(NIPAAm95-
co-BPQAAm5) microstructures is even more obvious when
comparing AFM peak force amplitude maps (Figure S23, Sup-
porting Information), where the poly(NIPAAm95-co-BPAm5)
microstructures are reminiscent of a material edge after the
laser ablation.[44] The experimentally accessible irradiation con-
ditions for the photocrosslinking of NIPAAm-based polymers
with anthraquinone groups ‒ poly(NIPAAm95-co-AAHAQ5) and
poly(NIPAAm95-co-MAAHAQ5) ‒ apparently did not lead to
network formation, as the layers were washed away for all tested
dwelling times td and irradiation power values PL (see Figure S19,
Supporting Information). On the other hand, a single-photon
crosslinking process with 5 mol% AAHAQ crosslinker content
in the pNIPAAm polymer at 254 nm irradiation wavelength,
starting with a dose of 8.6 J cm−2, induced crosslinking and
formation of a stable hydrogel after swelling with water (see
Figures S25, S26 and Tables S4, S5, Supporting Informa-
tion). When irradiating at a longer wavelength of 365 nm,
an irradiation dose above 10 J cm−2 was required to achieve
crosslinking. Also, when employing pNIPAAm polymers with
only 1 mol% AAHAQ crosslinker content, no network formation
was observed under the above irradiation conditions. Similar
as reported in the literature,[28,29] the multiphoton-absorption
crosslinking led to the formation of polymer networks when
using the same AAHAQ crosslinker but exchanging the main
monomer with N,N-dimethyl acrylamide (DMAA) to yield the
polymer poly(DMAA95-co-AAHAQ5) (see Scheme S3, Figure S20,
bottom row, and Figure S27, Supporting Information).

These findings are to be explained by the structural dif-
ferences of the polymer scaffolds upon variation of the main
monomer and the photocrosslinker chromophore, substantially
affecting the excitation mechanism of multiphoton-absorption
and the crosslinking reaction cascade. Considering first the main
monomers, DMAA is a tertiary amide that bears two methyl
groups directly bound to the nitrogen atom, while NIPAAm is a
secondary amide possessing one hydrogen atom directly attached
to the nitrogen (engaging in hydrogen bonding interactions) and
one labile hydrogen at the tertiary carbon of the iso-propyl group.
The latter hydrogen atom at the tertiary carbon is susceptible to
radical abstraction by homolytic cleavage, resulting in a carbon
radical that is stabilized by hyperconjugation with the tertiary
framework. While the NIPAAm-based polymer is indeed able
to undergo crosslinking in the single photon absorption process
for both the AAHAQ-based as well as for benzophenone-based
crosslinker comonomers,[20,32,45,46] the multiphoton crosslinking

Figure 3. Schematics of the three distinct shapes BNCO, BCH, and ANCO
for the respective crosslinker chromophores of BPAm, BPQAAm, as well as
AAHAQ and MAAHAQ, with the electronically coupled conjugated regions
highlighted in red. The black dotted line in BCH indicates the orbital mirror
symmetry plane.

was only successful with the BPQAAm unit. Thus, considering
only the effects of the main monomer is not sufficient to ex-
plain the observed phenomena. In an attempt to elucidate the
multiphoton mechanism, the characteristics of the crosslinker
chromophores also need to be scrutinized. In Figure 3, the dif-
ferent extensions of the electronic systems are visualized in the
four crosslinker monomers employed in the present study. In
these schematics, the three distinct shapes of the conjugated re-
gions are abbreviated as BNCO for BPAm, BCH for BPQAAm,
and ANCO for both AAHAQ and MAAHAQ. The variation in
multiphoton excitation upon irradiation is attributed to the dif-
ferent shapes of these electronic structures, specifically a differ-
ence in symmetry, with BCH having a mirror symmetry plane
cutting through the carbonyl bond (Figure 3, black dotted line)
to support odd-number multiphoton absorption processes (like
3ℏ𝜔). Such mirror plane is missing from BNCO and ANCO,
thus they would allow even-number multiphoton absorption pro-
cesses (like 2ℏ𝜔).

The chromophores BNCO and ANCO exhibit extended con-
jugated systems involving the amide groups, whereas the con-
jugation path of BCH only spans over the carbonyl group and
the two aromatic rings. The presence of the amide group appar-
ently hampers the multiphoton-induced crosslinking reaction.
For BCH a different reaction scenario upon multiphoton exci-
tation can be envisioned, which is displayed in Figure 4. The as-
sumed reaction cascade starts with a classical photoexcitation of
the carbonyl group in I, where the biradical II is formed at the
benzophenone ketone group, as stated in various references of
the literature.[46–49] The radical site on the oxygen atom of this
carbonyl biradical can abstract a hydrogen atom from a poly-
mer chain in its proximity, resulting in a hydroxyl group on the
carbonyl carbon radical and leaving a carbon-based radical site
on the participating neighboring polymer chain (III). Follow-
ing the common mechanism from literature for single-photon
crosslinking mentioned above, the carbon radical center of the
carbonyl group combines with the carbon-based radical of the ad-
jacent polymer chain, forming a crosslink (see Figure 4, “direct
crosslinking (1)” pathway, X).

An alternative reaction pathway for the multiphoton excitation
of BCH follows a mesomeric dislocation of the single electron
from the carbon-based radical in III via IV to the 4-position in the
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Figure 4. The hypothetical mechanism for the multiphoton absorption crosslinking process [fragmentation crosslinking (2a) and fragmentation
crosslinking (2b)] of BPQAAm compared with the direct crosslinking mechanism [direct crosslinking (1)]. Square brackets are only schematic indi-
cations for a generic polymer chain structure and are not intended to represent the exact repeat unit.
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Figure 5. a) Schematics of the SPRi setup employed for probing the pNIPAAm-based microstructures in the air; b) SPRi images and c) corresponding
angular reflectivity spectra in the air for the case of poly(NIPAAm95-co-BPQAAm5) structures made with a constant dwelling time of td = 3 s and varying
the laser power PL between 5, 10, or 15 mW. Solid curves in Figure 5c represent fits calculated with the Fresnel-based reflectivity model.

benzophenone unit (V), where the methylene bridge is attached
to a quaternary ammonium group. At this point, a homolytic
cleavage of the sigma bond between the methylene carbon and
the nitrogen atom from the quaternary ammonium group may
take place, resulting in the quinoid form VI b of benzophenone
and the fragment VI a with a radical cation on the nitrogen atom.
This hypothesis is supported by literature reports on the for-
mation of such nitrogen-based radical cations.[50] This N-radical
cation could undergo a crosslinking reaction with an adjacent
polymer chain (see Figure 4, “fragmentation crosslinking (2a)”
pathway, VII), and forming 4-methylbenzophenone VI b’ as the
byproduct of the reaction after tautomeric rearrangement of the
quinoid benzophenone form VI b.[51]

Yet, an additional reaction pathway may involve a hydrogen
shift from the methyl group of the ammonium moiety to the ni-
trogen radical cation VI a. The formed methylene radical VIII can
undergo crosslinking by combination with the polymer backbone
radical (see Figure 4, “fragmentation crosslinking (2b)” pathway,
IX), also leading to 4-methylbenzophenone (VI b’) as a side prod-
uct.

At this point, we do not have the means of detailed chemical
characterization of the crosslinking products of the thin hydro-
gel films to verify these reaction pathways, but on the basis of
existing literature, the drawn assumptions are highly plausible.
Nevertheless, the experimental results clearly indicate success-
ful multiphoton crosslinking for the BPQAAm-containing poly-

mers, and further investigation is needed to reveal the underlying
photocrosslinking mechanism.

In order to characterize the swelling properties of the pre-
pared hydrogel microstructures, the surface plasmon resonance
imaging (SPRi) technique was exploited (Figure 5a). A glass sub-
strate was coated with a 50 nm gold film, equipped with a SAM
of BPdiS, thin films of the pNIPAAm-based polymers were de-
posited. After drying, the layers were locally crosslinked and
surface-attached by irradiation with a focused laser. The thick-
ness of the prepared pNIPAAm-based polymers layers was ad-
justed to ≈50 nm (in the dry state as showed by the previous AFM
study, see Figure 2) in order to match it with the probing depth
of surface plasmon waves (typically reaching 100 nm for used
optical parameters). The surface of this substrate was probed by
an expanded monochromatic beam that was resonantly coupled
to surface plasmon waves traveling along the outer gold inter-
face (for more details about the home-built SPRi setup refer to
Figure S28, Supporting Information and the Experimental sec-
tion). For the resonant excitation of surface plasmon waves, the
attenuated total internal reflection method with Kretschmann ge-
ometry was used by optically matching the glass substrate to a
prism. The spatial distribution of the reflected light intensity was
measured by a CCD camera to interrogate changes in surface
plasmon resonance (SPR) occurring due to the variations in ther-
moresponsive hydrogel layers. It manifests itself as a decrease in
the reflected intensity that can be tuned by changing the angle
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Figure 6. a) Schematics of the SPRi employed for probing the pNIPAAm-based microstructures in water. Normalized angular reflectivity spectra in milliQ
water with respect to the water temperature for b) the bare gold layer, c) poly(NIPAAm95-co-BPQAAm5) crosslinked structures at PL of 5, 10, or 15 mW
and td = 3 s and d) poly(NIPAAm95-co-BPAm5) crosslinked structure at PL of 5 mW and td = 3 s; e) dependence between the hydrogel swelling ratio
and the SPR angle for the case of the poly(NIPAAm95-co-BPQAAm5) hydrogel.

of incidence (see Figure 5b). The minimum reflectivity occurs
at the resonance angle 𝜃SPR where surface plasmon waves are ex-
cited with the highest efficiency through the resonant optical cou-
pling. From a series of SPRi images acquired at varied angles of
incidence, angular reflectivity curves were established for the ex-
amined distinct areas carrying the crosslinked pNIPAAm-based
microstructures. In this experiment, the dwelling time was set
to td = 3 s and the laser power PL varied from 15, 10, to 5 mW
to write the polymer network structures, defining three spatially
separated pads. The obtained data presented in Figure 5c were ac-
quired for dry polymer pads and were fitted for each crosslinking
condition with a model based on the Fresnel multilayer reflectiv-
ity formalism to determine the layer thickness. Given a refrac-
tive index (RI) for pNIPAAm of 1.49 at 𝜆 = 785 nm,[52] the fitted
thickness for the dry polymer pads prepared with PL = 5, 10, and

15 mW amounted to 30.5, 41.2, and 42.5 nm, respectively. These
thickness values are in good agreement with the data obtained by
AFM measurements (compare Figure S21, Supporting Informa-
tion).

It should be noted that the acquired angular reflectivity spec-
tra show artifacts that are ascribed to interference effects between
the surface plasmon waves excited at the bare gold surface and
traveling through the pNIPAAm-based structures with those res-
onantly excited in the polymer-coated areas and due to reflecting
of these waves at interfaces. Therefore, for the investigation of
the temperature-dependent swelling when in contact with water
(Figure 6a), the reflectivity curves were measured for increasing
temperature T from 28 to 40 °C and normalized with the depen-
dence measured at T = 25 °C. Figure 6b presents such processed
reflectivity curves for the bare gold surface in contact with water
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that serves as a reference. One can see that increasing tempera-
ture leads to the occurrence of a feature with an inflection point
centered at the angle of incidence corresponding to 𝜃SPR = 52°.
This feature exhibits a lower signal at angles < 𝜃SPR and a higher
signal at angles > 𝜃SPR (which is indicated by blue bent arrows),
and it apparently corresponds to the effect of decreasing the SPR
angle 𝜃SPR due to increasing temperature. This agrees with the
optical properties of water refractive index which drops when in-
creasing temperature T.[53]

When analyzing the normalized curves measured on the
areas coated with hydrogel prepared from poly(NIPAAm95-co-
BPQAAm5), a similar feature with the inflection point can be
seen at 𝜃SPR that is shifted to higher angles (see Figure 6c).
The reason for this shift is the higher refractive index of
the hydrogel with respect to that of water. Importantly, the
temperature-induced changes in the vicinity of the inflection
point are opposite to that for bare gold, i.e., when increas-
ing the temperature, the signal increases at angles < 𝜃SPR
and decreases at > 𝜃SPR (which is indicated by black bent ar-
rows). This is a clear signature that the refractive index of
pNIPAAm-based networks increases with temperature T upon
its collapse. As can be seen in Figure 6c, this effect oc-
curs at temperatures > 31 °C where pNIPAAm has its LCST.
For comparison, we included data in Figure 6d measured for
poly(NIPAAm95-co-BPAm5), which does not show a signifi-
cant response to the temperature changes. This evidence sup-
ports the hypothesis that the polymer network was not formed
from the polymer with BPAm crosslinker and that no hydro-
gel structures were formed, e.g., due to pyrolysis of the poly-
mer.

After proving that the pNIPAAm-based hydrogel microstruc-
tures prepared by crosslinking with the multiphoton absorption
process retain thermoresponsive characteristics, their swelling
ratio was deduced from the SPRi analysis. By using a Fresnel-
based theory, we established a dependence of the swelling ratio
on the SPR angle 𝜃SPR for the prepared films assuming that the
surface mass density is preserved upon the swelling and collaps-
ing and that in the fully collapsed state, the thickness and refrac-
tive index of the hydrogel is the same as that determined for the
dry films. By comparing the measured 𝜃SPR = 53° of the weakly
crosslinked hydrogel (td = 3 s, PL = 5 mW) with that determined
for the dry film, it can be estimated that the swelling ratio ex-
ceeds a factor of 10 (Figure 6e). This quantity refers to the ratio
of thickness in the swollen and dry state and the obtained value is
higher than that of similar pNIPAAm-based hydrogel films pre-
viously prepared by one-photon absorption with the use of UV
photocrosslinking.[20,21]

2.3. Responsivity and Post-Modification of the Polymer Network
with Biomolecules

Besides the binary copolymer of NIPAAm and BPQAAm, a ter-
polymer with additional MAA units was investigated in order to
enable the post-modification of prepared polymer networks. For
that purpose, the polymer poly(NIPAAm94-co-MAA5-BPQAAm1)
was synthesized and used for surface-attached microstructures
prepared by multiphoton photocrosslinking. Similar terpolymers
were also synthesized with the two anthraquinone crosslink-

ers AAHAQ and MAAHAQ, but no crosslinking with mul-
tiphoton irradiation could be achieved in these cases, as ob-
served before with the corresponding copolymers. The swelling
and thermoresponsive properties of poly(NIPAAm94-co-MAA5-
BPQAAm1) were examined by AFM operated in contact mode in
a liquid medium (milliQ water) kept at a fixed temperature. These
measurements were carried out to determine the temperature-
dependent mechanical stability of the network as presented in
Figure 7. The data show that for the hydrogels prepared with td
= 3 s and 5 s and irradiation power PL of 10 mW, Young’s mod-
ulus increased from 19 to 26 kPa and from 26 to 30 kPa (respec-
tively) when increasing the temperature from 25 to 40 °C. This
documents a collapse of the prepared hydrogel microstructures
at temperatures above the pNIPAAm’s LCST, yielding a denser
and stiffer polymer network.

As this terpolymer bears carboxyl MAA groups, it can be
modified with biomolecules through established amine coupling
chemistry.[20,54,55] This possibility was demonstrated on a gold-
coated substrate with two hydrogel pads fabricated with the td =
3 s and PL = 15 mW. After recording the structure and developing
it by rinsing with ethanol to remove the non-crosslinked polymer
chains, the MAA groups were activated by active ester chemistry.
Then, IgG protein molecules labeled with Alexa Fluor 647 dye
were covalently coupled to the network via their amine groups.
The presence of the polymer pads is documented in the bright-
field microscopy image, Figure 8a. The position of these pads
aligns well with the bright areas observed with a confocal fluores-
cence microscope after the coupling of IgG molecules, Figure 8b.
These measurements were performed when the structures were
swollen in water, which allowed to increase distance between the
metal surface and fluorophores tagged to IgG molecules and thus
to reduce quenching. The inset shows an image of one of the pads
taken with increased magnification and it interestingly exhibits
apparent darker areas resembling the pores observed by AFM for
similar hydrogel films (see Figure S21, Supporting Information).
It is worth noting that the fluorescence signal originates from
anchored IgG molecules tagged with Alexa Fluor 647 . Our pre-
vious studies, where a similar pNIPAAm polymer network was
used as an affinity binding matrix, showed negligible autofluores-
cence of the bare structure for the same excitation and emission
wavelengths.[21,24]

3. Conclusion

This work demonstrates multiphoton absorption–based
crosslinking of polymer chains for the facile preparation of
thermoresponsive biofunctional NIPAAm-based hydrogel
microstructures. A set of NIPAAm-based copolymers and
terpolymers was synthesized with controlled amounts of an-
thraquinone or benzophenone photocrosslinkers conjugated by
different structural spacers to the polymer backbone. The study
revealed that the ability to crosslink the polymers not only de-
pends on the parameters of the NIR pulsed laser beam scanned
over the sample, but also on the choice of the photocrosslinking
unit, the spacer between the photocrosslinker and polymer
chains, and the nature of the polymer backbone. The results
show that for AAHAQ and MAAHAQ crosslinkers attached
to the pNIPAAm polymer backbone, the experimentally acces-
sible irradiation dose did not allow reaching the crosslinking
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Figure 7. Temperature-controlled AFM measurements of Young’s moduli for a poly(NIPAAm94-co-MAA5-BPQAAm1) hydrogel pad made with a laser
power PL of 10 mW and dwelling times td of 1, 3, and 5 s on a BK7 substrate. a) Bright-field microscopy image of the formed hydrogels and water
condensation patterns after exposure to humid air. Histograms of measured Young’s moduli at b) 25 °C and c) 40 °C. Blue and yellow rectangles mark
the regions where the modulus distributions were measured.

threshold (however, when changing the polymer backbone to
DMAA, successful network preparation was possible). The com-
bination of the BPAm crosslinker with the pNIPAAm polymer
backbone assumably showed the effect of pyrolysis and only the
BPQAAm crosslinker allowed to yield robust, spatial controllable
protocol for the preparation of the pNIPAAm-based polymer
networks. The hypothetical pathways for crosslinking mecha-

nism in the case of BPQAAm-based polymer were proposed
and discussed; however, a furthermore comprehensive study
is needed to confirm the hypothesis. For the identification of
the best-performing poly(NIPAAm-co-BPQAAm) polymer, the
dependence of the threshold on the photocrosslinker amount
was determined for different irradiation intensities and dwelling
times of the NIR laser beam. Interestingly, the formation of

Figure 8. a) 10× magnification bright-field microscopy image (in greyscale) of two crosslinked poly(NIPAAm94-co-MAA5-co-BPQAAm1) polymer pads in
the dry state before the post-modification and b) 10× magnification confocal fluorescence microscopy image of the corresponding area in the aqueous
state after the post-modification. The narrow crosslinked polymer strip was fabricated and used to ease the navigation/orientation over the sample
surface. The size of each pad is 75×50 μm2. The scale bar is 50 μm. Inset in Figure 8b presents an image of one of the hydrogel pads recorded with a
40× magnification.
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wrinkle-patterned topography of collapsed polymer networks
was only observed for a specific range of irradiation doses.
This characteristic can be beneficial in the context of current
interest in wrinkle-pattern engineering of hydrogels.[39–43] In
addition, it was shown that a terpolymer poly(NIPAAm-co-MAA-
co-BPQAAm) derived from the best-performing copolymer
allows the preparation of thermoresponsive hydrogel structures
postmodified with biomolecules. The copolymerization method
employed for the synthesis of the photocrosslinkable polymers
is a very general approach that can be applied to other types of
responsive polymer systems that are prepared by free radical
polymerization. As such, the hydrogel networks from multipho-
ton crosslinking of these polymers can be tailored to respond to
other types of stimuli like changes in pH and salt concentrations,
to give a few examples.

We believe that the reported approach of multiphoton struc-
turing of thermoresponsive biofunctional hydrogels presented in
this publication opens a door for numerous future applications
in areas such as externally actuated microstructures serving
in micromachines or actively tunable bio-interfaces advancing
the performance of bioanalytical technologies. With the use
of established multiphoton lithography tools, the reported ap-
proach can be adapted for the fabrication of multifunctional
3D nanostructures with higher precision than currently avail-
able. The proposed method may offer several advantages with
respect to regular approaches using UV-light crosslinking or
multiphoton polymerization techniques. For instance, it may
allow for the incorporation of cargos (such as a variety of drugs
and even viable cells) upon the structure photocrosslinking
with a lower risk of their damage. In the same manner, fragile
photothermal agents can be coupled with the hydrogel network
allowing its spatiotemporal remote control and precise therapy
in the biomedical field.[56] Besides, the ability to label with
fluorophores and incorporation of biomolecules may allow for
the observation and actuating of various microdevices such as re-
sponsive hydrogel valves, which can be useful in the lab-on-chip
devices[57,58] or be exploited in a new generation of responsive
hydrogel-based affinity binding matrices serving in bioanalytical
applications. [10]

4. Experimental Section
Chemicals and Working Methods: Benzophenone disulfide (BPdiS) was

synthesized as reported elsewhere.[38] For all reactions, the glassware
was dried, and the reactions were carried out under an argon atmo-
sphere. Reaction temperatures were either measured in the center of
the aluminum block or inside the used oil bath. All solvents were re-
moved with a rotary evaporator under reduced pressure at 40 °C. Prod-
ucts were either dried with lyophilization or with an oil pump at room
temperature if not stated otherwise. Water was demineralized by a Mil-
lipore filtration system (𝜎 = 18.2 MΩ cm−1) (MilliporeQ, USA). Tetrahy-
drofuran (99%, VWR, Germany) was dried with potassium and distilled
before usage. Dimethylformamide (99.8%, Roth, Germany) was dried
with potassium carbonate and distilled under vacuum. Magnesium sul-
fate (99%. Riedel-de Haën, Germany) was dried at 110 °C before us-
age. AIBN (98%, Fluka Analytic, Germany) was recrystallized twice from
methanol. Triethyl amine (99%, Chemsolute, Germany) was distilled be-
fore usage. Methacryloyl chloride (97%, containing up to 15% dimer,
Alfa Aesar, Germany) was distilled under vacuum before usage. 1,4-
Dioxane (99.5%, Roth, Germany) was dried with sodium and distilled

before usage. Acetone (99%), hydrochloric acid (37%), dichloromethane
(98%), isopropanol (98%), and methanol (98.5%) were all from VWR
Chemicals (Germany). N-[3-(dimethylamino)propyl]acrylamide was pur-
chased (98%) from TCI (Japan) and used as received. Methyl-tert.-butyl
ether (99.5%) was bought from Roth (Germany). Silica 60 (0.063 –
0.2 mm, Macherey-Nagel, Germany) was used for column chromatog-
raphy. Diethyl ether (99.5%), ethyl acetate (99.8%), methanol (99.8%),
n-hexane, and chloroform (99.8%) were purchased from Fisher Scien-
tific (UK). All deuterated solvents CDCl3 (99.8%), MeOD (99.8%), and
DMSO-d6 (99.8%) were from Deutero GmbH (Germany). Acetic acid
(99.5%) and ethanol (99%) were bought from Chemsolute (Germany).
Potassium carbonate (98%) was purchased from Bernd Kraft (Germany).
4-Aminobenzophenone (98%), 4-methylbenzophenone (98%), N-bromo
succinimide (99%), and acryloyl chloride (96%) were bought from Alfa
Aesar (Germany). 2-Amino-3-hydroxy anthraquinone (95%) was bought
from ABCR GmbH (Germany).

Monomer Synthesis: BPAm was synthesized based on analogous pro-
cedures in the literature.[20,31,32] BPQAAm was synthesized in a two-step
synthesis.

Step 1: Bromination of 4-methylbenzophenone was performed accord-
ing to the literature.[33] Briefly, 4-methylbenzophenone (1.00 g, 5.09 mmol)
and AIBN (1 mg, 6.00 μmol) were dissolved in dichloromethane (6 ml)
and N-bromo succinimide (1.06 g, 5.95 mmol) was added to obtain a dis-
persion. The reaction was purged with argon for 10 min and refluxed for
21 h at 60 °C afterward. The orange reaction solution was filtered, and the
residue was washed with dichloromethane. The solvent was evaporated,
and the solid was washed with n-hexane. The process was controlled by
thin layer chromatography (silica gel, n-hexane/ethyl acetate 10:1, Rf =
0.59). After evaporating the solvent, the product was washed with water
and dried overnight in a vacuum at 60 °C to obtain 1.17 g (4.25 mmol,
84%) of the product. 1H NMR (500 MHz, CDCl3, d/ppm): 4.55 (s, 2 H,
CH2-Br), 7.51-7.84 (m, 9 H, -CH = ).13C NMR (125 MHz, CDCl3, d/ppm):
32.3, 126.6, 128.3, 128.9, 130.0, 130.3, 130.5, 132.6, 137.4, 137.5, 142.1,
196.0.

Step 2: 4-(Bromomethyl)benzophenone (400 mg, 1.45 mmol)
was dissolved in methyl-tert.-butyl ether (19 ml) and N-[3-
(dimethylamino)propyl]acrylamide (272 mg, 1.75 mmol) dissolved
in methyl-tert.-butyl ether (2 ml) was added dropwise to the solution.
The mixture was stirred for 70 h at room temperature. The solvent was
decanted and washed with methyl-tert.-butyl ether (6×25 ml) and the
solvent was removed by decanting. The white solid was dried in a vacuum
overnight, and a yield of 563 mg (1.30 mmol, 90%) was obtained. 1H
NMR (500 MHz, CDCl3, d/ppm): 2.29 (m, 2 H, -CH2-CH2-CH2-), 3.26
(s, 6 H, N-(CH3)2), 3.49 (q, J = 5.56 Hz, 2 H, N-CH2-CH2), 3.97 (t, J =
8.11 Hz, 2 H, NH-CH2), 5.00 (s, 2 H, N(CH3)2-CH2-Car), 5.60 (dd, J =
10.01, 1.43 Hz, 1 H, -CH2 = CH-), 6.29 (dd, J = 17.17, 1.43 Hz, 1 H, -CH2
= CH-), 6.47 (dd, J = 16.93, 10.25 Hz, 1 H, -CH2-CH-), 7.51 (m, 2 H,
CH2-Car-CH), 7.61 – 7.66 (m, 1 H, -CH = CH2-), 7.79 (m, 4 H, CH-Car-C
= O), 7.86 (s, 2 H, -CH = CH-), 8.19 (t, J = 5.25 Hz, 1 H, NH). 13C NMR
(125 MHz, CDCl3, d/ppm): 23.1, 36.4, 50.0, 63.4, 67.3, 110.0, 126.5,
2×128.7, 130.2, 130.6, 131.2, 2×133.3, 136.8, 139.8, 166.8, 195.8.

AAHAQ was synthesized in reference to the literature.[28,59] In short,
AHAQ (250 mg, 1.05 mmol) was dispersed in dry 1,4-dioxane (14 ml).
Acryloyl chloride (114 mg, 103 μl, 1.25 mmol) dissolved in dry 1,4-dioxane
(2) was added dropwise to the dispersion at 0 °C. After complete addition,
the reaction was carried out at 110 °C. The reaction mixture turned from
black/red to yellow/green and the progress was controlled by thin-layer
chromatography (TLC) (silica gel, EtOAc/toluene 60:40, Rf = 0.63). The
solid material was filtered off and washed with 1,4-dioxane (5 ml), before
removing the excess of acryloyl chloride under vacuum overnight at 70 °C
to obtain a yellow powder as the product with yields up to 85%. 1H NMR
(500 MHz, DMSO-d6, d/ppm): 5.81 (dd, J = 11.92, 1.75 Hz, 1 H, -CH =
CH2), 6.34 (m, 1.91 Hz, 1 H, -CH = CH2), 6.85 (m, 1 H, -CH = CH2), 7.64
(m, 1 H, -CH = C-OH), 7.84 – 7.93 (m, 2 H, 2x CHar-C) 8.11 – 8.22 (m, 2
H, 2x ar. -CH = ), 9.01 – 9.08 (m, 1 H, CHar-C-NH), 9.80 (br. s, 1 H, -OH)
11.70 (br. s, 1 H, -NH-). 13C NMR (125 MHz, DMSO-d6, d/ppm): 111.7,
119.1, 125.8, 126.5, 126.6, 127.9, 129.9, 131.6, 132.2, 133.1, 133.3, 134.0,
134.3, 152.5, 164.0, 181.5, 181.8.
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For the synthesis of MAAHAQ, AAHAQ (250 mg, 1.05 mmol) was dis-
persed in dry 1,4-dioxane (14 ml). Methacryloyl chloride (219.5 mg, 204 μl,
2.10 mmol) dissolved in 1,4-dioxane (2 ml) was added dropwise to the dis-
persion. The conversion was controlled by TLC (silica gel, toluene/EtOAc
80:20, Rf = 0.37). The reaction suspension turned from black to yellow
and a solid precipitated. The solid yellow material was washed with 1,4-
dioxane (5 ml), before removing the excess of acryloyl chloride in a vacuum
overnight at 60 °C to obtain a red-colored product. 1H NMR (500 MHz,
DMSO-d6, d/ppm): 2.01 – 2.04 (m, 3 H, C-CH3), 5.61 (d, J = 0.95 Hz,
1 H, C-CH2), 7.64 (s, 1 H, -CH = C-OH), 7.86 – 7.91 (m, 2 H, 2x CHar-C),
8.16 (m, J = 10.97 Hz, 2 H, 2x ar. -CH = ), 9.02 (br. s, 1 H, CH-Car-NH),
10.64 (br. s, 1 H, CO-NH), 11.76 (br. s, 1 H, -OH). 13C NMR (125 MHz,
DMSO-d6, d/ppm): 18.3, 109.8, 111.7, 119.0, 125.8, 125.8, 126.5, 126.6,
130.1, 131.8, 133.2, 134.0, 134.3, 139.6, 152.7, 166.2, 181.4, 181.8.

Copolymer Synthesis: The masses of the various monomers used for
the syntheses of the different polymer samples and the polymer charac-
terization data are provided in Table S1 (Supporting Information). NIPAm
(99 or 95 mol%), the crosslinker monomer (BPAm, AAHAQ, MAAHAQ,
or BPQAAm, 1 or 5 mol%), and AIBN (0.5 ml%) were dissolved in dry 1,4-
dioxane (for BPAm), distilled dimethylformamide (for AAHAQ and MAA-
HAQ), or methanol (for BPQAAm). The mixture was degassed by three
freeze-pump-thaw cycles. The polymerization was started by placing the
reaction flask in a preheated aluminum block at 65 °C. After 20 h 20 min,
the reaction was quenched by cooling with liquid nitrogen and flush-
ing with air. The polymer was precipitated three times in ice-cold diethyl
ether (200 ml). The product was lyophilized from 1,4-dioxane. 1H NMR
(500 MHz, DMSO-d6, d/ppm) – Poly(NIPAm-co-BPAm) (see Figure S8,
Supporting Information): 0.85 – 1.15 (CH-(CH3)2), 1.16 – 1.75 (Back-
bone, CH2), 1.75 – 2.20 (backbone, CH), 3.70 – 3.98 (CH-(CH3)2), 6.88
– 7.48 (C-NH), 7.49 – 7.87 (CHar), 9.70 – 10.30 (C-NH). Poly(NIPAm-co-
BPQAAm) (see SI, Figure S9): 0.85 – 1.15 (CH-(CH3)2), 1.15 – 1.75 (back-
bone, CH2), 1.75 – 2.20 (backbone, CH), 2.99 – 3.13 (N-(CH3)2), 3.70 –
3.95 (CH-(CH3)2), 6.84 – 7.53 (C-NH) 7.54 – 7.90 (CHar). Poly(NIPAm-co-
AAHAQ) (see SI, Figure S10): 0.95 – 1.15 (CH-(CH3)2), 1.16 – 1.75 (back-
bone, CH2), 1.75 – 2.17 (backbone, CH), 3.70 – 3.97 (CH-(CH3)2), 6.58 –
7.76 (C-NH), 7.79 – 9.20 (CHar), 11.44 – 11.88 (C-OH). Poly(NIPAm-co-
MAAHAQ) (see SI, Figure S11): 0.65 – 0.82 (backbone, CH3), 0.83 – 1.15
(CH-(CH3)2), 1.16 – 1.75 (backbone, CH2), 1.75 – 2.20 (backbone, CH),
3.70 – 3.97 (CH-(CH3)2), 6.58 – 7.76 (C-NH), 7.79 – 9.10 (CHar), 11.44 –
11.74 (C-OH).

Terpolymer Synthesis: Detailed reaction conditions, yields, and the
used amounts are shown in Table S2 (Supporting Information). NIPAm
(94 or 90 mol%), MAA (5 mol%), the crosslinker monomer (BPAm, AA-
HAQ, or BPQAAm, 1 or 5 mol%) and AIBN (0.5 mol%) were dissolved in
3.5 ml of distilled dimethylformamide (for AAHAQ), dry 1,4-dioxane (for
BPAm), or methanol (for BPQAAm). The mixture was degassed by three
freeze-pump-thaw cycles. The polymerization was initiated by placing the
reaction flask in a preheated aluminum block at 65 °C. After 20 h 20 min,
the reaction was quenched by cooling with liquid nitrogen and flushing
with air. The polymer was precipitated three times in ice-cold diethyl ether
(200 ml). The product was freeze-dried from 1,4-dioxane.

1H NMR (500 MHz, DMSO-d6, d/ppm): – Poly(NIPAmm-co-MAAn-co-
AAHAQo): 0.74 – 1.15 (CH-(CH3)2, backbone-CH3), 1.16 – 1.75 (back-
bone, CH2), 1.75 – 2.20 (backbone, CH), 3.70 – 3.95 (CH-(CH3)2),
6.65 – 7.75 (C-NH) 7.76 – 9.15 (CHar), 11.37 – 12.20 (C-OH, COOH).
Poly(NIPAmm-co-MAAn-co-BPAmo): 0.75 – 1.15 (CH-(CH3)2, backbone-
CH3), 1.16 – 1.75 (backbone, CH2), 1.75 – 2.30 (backbone, CH), 3.70 –
3.95 (CH-(CH3)2), 6.85 – 7.50 (C-NH), 7.51 – 7.85 (CHar), 11.75 – 12.05 (-
COOH). Poly(NIPAmm-co-MAAn-co-BPQAAmo): 0.70 – 1.22 (CH-(CH3)2,
backbone-CH3), 1.2 – 1.75 (backbone, CH2), 1.75 – 2.20 (backbone, CH),
2.99 – 3.10 (N-(CH3)2), 3.70 – 3.95 (CH-(CH3)2), 6.85 – 7.54 (C-NH), 7.54
– 8.01 (CHar), 11.75 – 12.05 (-COOH).

Synthesis of Poly(DMAA95-co-AAHAQ5): The polymerization of AA-
HAQ and DMAA was carried out at 75 °C by free radical polymerization
in dimethylformamide (DMF) under an inert gas atmosphere. AAHAQ
(59.5 mg, 0.203 mmol) and DMAA (384.6 mg, 3.880 mmol) were dissolved
in DMF (7 ml). The reaction mixture was degassed by three freeze- and
thaw-cycles and initiated by AIBN (3.3 mg, 0.020 mmol). The polymeriza-

tion was stopped after 24 h by precipitating the reaction mixture in ice-cold
diethyl ether. The polymer was purified by dissolving in MeOH and pre-
cipitating in ice-cold diethyl ether (2x). The precipitate was separated by
centrifugation, dissolved in dioxane (30 ml), and freeze-dried. Yield: 53%,
237.0 mg (Mw = 18.3 kDa, Ð = 2.0). 1H NMR spectrum of poly(DMAA95-
co-AAHAQ5) is shown in Figure S24 (see Supporting Information).

Preparation of Sensor Chips: BK7 glass substrates were cut into 25 mm
× 25 mm pieces and cleaned with a 1% solution of Hellmanex III in an ul-
trasound bath. These substrates were either coated with a thin SU-8 or
by gold layers. SU-8 coating was prepared from a 100 μL drop of a 2%
SU-8 (SU-8 from Micro resist technology GmbH, Germany) dissolved in
propylene glycol methyl ether acetate (PGMEA) that was spun at 5000 rpm
for 60 s followed by drying in a vacuum oven at 50 °C for 2 h. Gold coat-
ings were prepared by vacuum thermal evaporation (UNIVEX 450, Helmut
Heller GmbH, Germany), and 2 nm of chromium and 50 nm of gold were
subsequently deposited in a vacuum better than 10−6 mbar. The gold-
coated substrates were immersed overnight in a 1 mM solution made
of the BPdiS linker 3,3′-disulfanediylbis(N-(4-benzoylbenzyl)propanamide
dissolved in dimethyl sulfoxide (DMSO, from Sigma–Aldrich, Austria) in
order to form a self-assembled monolayer (SAM). The synthesized pNI-
PAAm and DMAA polymers were dissolved in EtOH at a concentration
of 2% (w/w), 150 μL of this solution was spread over the surface of a
gold-coated substrate carrying photoactive linker SAM, and it was spun
at 2000 rpm for 60 s. After drying overnight in a vacuum oven at 50 °C, the
obtained polymer-coated substrates were stored under an Ar atmosphere
before the experiments for less than 2 days.

Multiphoton Absorption Lithography Setup: Multiphoton absorption
lithography setup was built as schematically shown in Figure S18 (Sup-
porting Information).[60] A compact Er fiber laser (FemtoFiber smart 780,
TOptica Photonics) emitting at 𝜆 = 785 ± 5 nm with a pulse width of
≈100 fs, a repetition rate of 80 MHz, and a maximum output power of
120 mW was used. The beam was focused on the specimen by a 40× re-
flective objective (LMM-40X-P01, Thorlabs) and scanned by using a 3D
scanning stage (MAX381/M, Thorlabs). The instrument was operated by
software developed in LabVIEW 2018 Virtual Instrument (VI) including the
in-house developed focus-correction algorithm. The developed VI allowed
the authors to move the substrates on the stage in a predefined pattern. It
is important to highlight that the effective time-averaged irradiation power,
PL, delivered to the sample surface was significantly lower than the nom-
inal value of the laser (decreased by a factor of 8). This reduction can be
attributed to the use of splitters (enabling a combination with a wide-field
optical microscope for navigating and focusing the beam at the sample)
and due to not using a beam expander for matching the entrance pupil
of the microscope objective lens to avoid spreading the pulses due to
dispersion.[61,62] Optical images of prepared crosslinked polymer pads in
contact with dry and humid air were taken with the help of a bright-field
microscope (Olympus BX41, Japan).

Surface Plasmon Resonance Imaging Setup: The schematic of the sur-
face plasmon resonance imaging (SPRi) setup is presented in Figure S28
(Supporting Information). In the setup, light from a superluminescent
laser diode with 𝜆ex = 785 nm (iBeam Smart 785S, from TOptica, Pho-
tonics AG, Gräfelfing, Germany) was collimated and polarized before be-
ing coupled to a high refractive index glass prism (LASFN9, np = 1.845).
A glass substrate with a 50 nm thin gold layer is optically matched to the
prism using a high refractive index oil (Cargille Laboratories, cat. No. 1812;
no = 1.700) and was mounted on a rotation stage. A flow-cell made of
transparent silica cover glass (Sico technology) with drilled inlet and out-
let ports and an attached polydimethylsiloxane gasket was clamped onto
the sensor chip. The respective flow chamber exhibited a volume of 25 μL.
The temperature of the sensor surface was controlled using a Peltier ele-
ment mounted to the flow-cell through which milliQ water flowed under
a constant flow rate (50 μL min−1) using Tygon LMT-55 tubings (Ismatec,
Germany) with an inner diameter of 0.25 mm. The intensity of the reflected
laser beam was measured by a CCD camera (piA1000-48ag, Basler AG,
Germany). The angle of incidence was varied stepwise between 45 and
60° and images were taken at each angular position. The average inten-
sity of the reflected light at the polymer pads (with a size of 50 × 75 μm2)
was determined by using the ImageJ program. The average intensity of
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similar-sized areas above and below the polymer pads was determined
as a reference. The intensity of the reference was then subtracted from
the intensity of each polymer pad for the given angle of incidence. For the
temperature-controlled experiments, the subtracted data were normalized
to the data acquired at a temperature of 25 °C.

NMR Spectroscopy: For all NMR spectra, the spectrometer Joel Type
ECZ 500 was used. The measurements were performed at room tempera-
ture and a Lamor frequency of 500 MHz for the 1H NMR and at 125 MHz
for the 13C NMR measurements. Chemical shifts of the signals 𝛿 were
specified in ppm. The peaks of the non-deuterated solvents were used as
an internal standard. The recorded spectra were analyzed with the software
ACD/NMR Processor Academic Edition.

Gel Permeation Chromatography: For the determination of the molar
mass distribution of all polymers, the SECcurity GPC system Agilent Tech-
nologies 1260 infinity instrument was used. A so-called Gram Linear M
column, equipped with a 10 μm particle size precolumn was utilized at T
≈ 60 °C. As eluent, N,N-dimethylacetamide (DMAc) was used mixed with
1 g L−1 LiBr, and 20 μL of the polymer samples were injected. For detec-
tion, a UV–vis detector adjusted to 260 nm, as well as an RI detector was
used.

UV–vis Spectroscopy: For UV–vis measurements the Epoch 2 mi-
croplate reader from BioTek was used.

Atomic Force Microscopy: For topography measurements on pads with
dry polymer networks (Figure 2b; Figures S21–S23, Supporting Informa-
tion), atomic force microscopy (AFM) images were acquired with a Bruker
Dimension Icon (Bruker, USA) instrument in tapping mode. For all mea-
surements, triangular sharp silicon nitride SCANASYST-AIR cantilevers
(Bruker) with a nominative spring constant of 0.4 N m−1, a resonance
frequency of 70 kHz (in the air), and a tip radius of 2 nm were used.
Before each experiment, the true spring constant in the air was deter-
mined via thermal tune calibration after determining the deflection sen-
sitivity. For the hydrogel stiffness measurements in water (Figure 7), AFM
force maps were acquired with a JPK III Nanowizard AFM (Bruker, Ger-
many), mounted on an inverted optical microscope, and equipped with a
temperature-controlled liquid sample chamber. For all measurements, tri-
angular sharp silicon nitride MLCT “F” cantilevers (Bruker) with a nomina-
tive spring constant of 0.6 N m−1, a resonance frequency of 125 kHz (in the
air), and a tip radius of 20 nm were used. Before each experiment, the true
spring constant in the air and in liquid was determined via contact-mode
calibration. Force maps were acquired with a sampling rate of 25 kHz and
25 μm−1 s. Young’s modulus was determined by fitting the approach seg-
ment of the force curves with an elastic model (Hertz model with Sneddon
extension for geometry).

Fluorescence Microscopy: As for the fluorescence observation of the
polymer pads, the functional carboxyl groups of the polymer pads were
contacted with an aqueous solution of 1-ethyl-3-(3-dimethylami-nopropyl)
carbodiimide and N-hydroxysuccinimide (200 mM/50 mM) in a petri dish
for 20 min. Shortly after rinsing the slide with water, the surface was re-
acted with AlexaFluor647 anti-human IL-6 antibody (clone MQ2-13A5; cat.
number 501 124 from BioLegend, USA) with a mass concentration of
50 μg mL−1 in 10 mM sodium acetate buffer (cat. number S8750 from
Sigma–Aldrich, Germany) with pH = 5.5 and placed with a cover slide in
a humid chamber in the dark for an incubation period of 60 min. Then,
the excess IgG molecules were washed off with water and imaged in an
aqueous state with a cover slide by a confocal fluorescence microscope
(Olympus FV1000).
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