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Abstract: The unique photomotion of azo materials under irradiation has been in the focus of
research for decades and has been expanded to different classes of solids such as polymeric glasses,
liquid crystalline materials, and elastomers. In this communication, azo dye-containing gels are
obtained by photocrosslinking of non-thermoresponsive and lower critical solution temperature type
thermoresponsive copolymers. These are analysed with light microscopy regarding their actuation
behaviour under laser irradiation. The influences of the cloud-point temperature and of the laser
power are investigated in a series of comparative experiments. The thermoresponsive hydrogels show
more intense photoactuation when the cloud-point temperature of the non-crosslinked polymer is
above, but closer to, room temperature, while higher laser powers lead to stronger motion, indicating
a photothermal mechanism. In non-thermoresponsive gels, considerably weaker photoactuation
occurs, signifying a secondary mechanism that is a direct consequence of the optical field-azo
dye interaction.

Keywords: photoactuation; azo hydrogels; LCST

1. Introduction

Photoactuated polymer-based hydrogels are water-swollen networks with macro-
molecular chain segments that experience mechanical deformation under light irradiation.
The photoactuation of these systems can be traced to essentially two mechanisms: A pho-
tothermal mechanism, in which, e.g., embedded nanoscaled materials serving as absorbers
are heated by light and act on either elastomers or thermoresponsive polymers [1–3], or
a photochemical mechanism, in which dyes such as spiropyranes, hexaarylbiimidazoles,
and azobenzenes lead to deformation upon light-induced changes in their molecular struc-
ture [4,5].

Photothermal effects can be observed in azo dye-containing systems as well. Under
irradiation with light of appropriate wavelength according to the dye absorption and
high intensity (100–400 mW cm−2), the temperature of films of polymer-dye blends [6],
azopolymers [7], and liquid-crystalline elastomers containing azobenzene moieties [8] can
increase by up to 80 K temperature difference. However, the temperature rise depends
specifically on the characteristics of the system, as an increase of only a few Kelvins has been
observed in glassy polymers [9] and thick films of nematic liquid-crystalline elastomers [10].

An application of azobenzene-containing copolymers was reported for artificial extra-
cellular matrices (ECM) that can be switched in stiffness and swelling states by irradiation
with light [11]. In these examples, lower critical solution temperature (LCST)-type ther-
moresponsive polymers in solution and hydrogels containing (hydroxy-) azobenzene units
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were alternatingly irradiated with UV- and visible light to switch between the trans- and
cis-state of the dye. In the trans-state, the systems are more hydrophobic compared to the
cis-state, and thus, lowered in their cloud point and swelling ratio. Consequently, both the
cloud point of the polymers in solution, as well as the swelling ratio of the corresponding
gels can be switched by irradiation with light. It must be noted that the thermal relaxation
from the cis- to the trans-isomer is slow in the specific azobenzene derivatives used.

A widely explored photoresponsive gel system is the combination of cyclodextrin
and azobenzene-containing compounds or polymers. In these systems, the azobenzene
derivatives can be complexated by cyclodextrin in the trans-state but not in the cis-state.
Therefore, the dye and cyclodextrin form crosslinks that are reversible under irradiation
with light of suitable wavelength. As a consequence, it is possible to switch between the
sol- and the gel-state [12–26].

In the present study, we aim to expand the range of photoactive soft materials contain-
ing azo dyes. For this purpose, we synthesised photocrosslinkable, hydrophilic copolymers
by free radical polymerisation with o-methyl red attached to the backbone as push-pull
azo dye. By photocrosslinking and swelling with water, azo dye-containing hydrogels
are obtained. Two classes of gels were prepared for which photoactuation was investi-
gated. The first one is a non-thermoresponsive gel based on N-hydroxyethyl acrylamide
(HEAm). The second system comprises a hydrogel with LCST-behaviour, prepared from
N-isopropylacrylamide (NiPAAm). The obtained hydrogels were irradiated with a focussed
laser and photoactuation was tracked by light microscopy. A comparison of the systems
allows researchers to separate photochemical and photothermal effects.

2. Results and Discussion

Thermoresponsive and non-thermoresponsive copolymers were synthesised by free
radical polymerisation from the hydrophilic monomers NiPAAm and HEAm, a N-
hydroxyethyl acrylamide ester of o-methyl red (oMREAm), and the photocrosslinker 4-
benzophenone acrylamide (BPAAm). From these copolymers, hydrogels were obtained by
photocrosslinking, and subsequent swelling in water. While NiPAAm introduces LCST-type
thermoresponsiveness in aqueous copolymer solution, the cloud-point temperature may
be tuned by varying the ratio of NiPAAm to HEAm, which is a highly polar monomer and,
by itself, does not show thermoresponsiveness. A higher amount of HEAm in a PNiPAAm-
copolymer increases the cloud-point temperature, as more hydrophilic comonomers lead
to a decrease in cloud-point temperature in LCST-type copolymers. [27] HEAm was chosen
as oMREAm is a pH indicator and additional factors such as protonation from a monomer
such as methacrylic acid had to be avoided to reduce complexity of the systems.

Thus, four copolymers, which either do not respond to temperature or show LCST-
behaviour over a range close to and above room temperature, were synthesised to investi-
gate their photoactuation capacities in comparative optical experiments. PNR does not show
thermoresponsive behaviour. A 1 w% aqueous solution of P22◦C features a cloud-point
temperature at 22 ◦C, P35◦C at 35 ◦C, and P45◦C at 45 ◦C (cf. Figure 1, ESI Figure S5b). A
similar dye content was targeted during the polymer synthesis for these copolymers with
an oMREAm monomer feed of 2.5%. The BPAAm feed was set to 1% for PNR, P22◦C, and
P35◦C, but to 2.5% for P45◦C, as photocrosslinking and attachment to a surface proved chal-
lenging at 1% BPAAm for P45◦C due to the increased hydrophilicity and the corresponding
higher swelling ratio of this particular polymer.

The copolymers were drop-cast on benzophenone-functionalised glass surfaces and
subsequently photocrosslinked with UV-light (302 nm, 28.4 J cm−2). The glass slides
were treated prior with 4-(3-triethoxysilyl) propoxybenzophenone to allow for covalent
attachment of the polymer network to the glass.

The films were swollen in water before they were fixed in a home-built optical setup.
The sample is illuminated from the bottom with a focussed green laser (532 nm wavelength)
and from the top with a red LED in a widefield configuration. Scattered light from the sam-
ple is collected via the focussing objective (50×, 0.95 NA) and the green light is spectrally
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blocked via a dichroic beamsplitter and a longpass filter. A lens focusses the scattered light
onto a high-resolution charge-coupled device (CCD) camera, which monitors the sample’s
mechanical response (cf. Figure 1).
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Figure 1. Top left: Sketch of the optical setup used in photoactuation experiments including laser,
light-emitting diode (LED), objective, sample, dichroic beamsplitter (BS), longpass filter (LPF), lens,
and charge-coupled device (CCD) camera; Top right: Structures and monomer feed composition of
the different non-thermoresponsive (PNR) and thermoresponsive copolymers (P22◦C, P35◦C, P45◦C)
employed in this study; Bottom: Sample preparation process of o-methyl red-containing hydrogels
for photoactuation experiments, involving functionalisation of the glass surface with a silane of
the photocrosslinker benzophenone, drop-casting a solution of the respective copolymer, drying,
photocrosslinking, and subsequent swelling.

Three different sets of experiments were performed:

1. The ability for photoactuation was compared between a gel of the non-thermoresponsive
PNR and a gel of the thermoresponsive P22◦C. The LCST-behaviour of P22◦C was
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then turned off by changing the liquid medium to isopropanol, to study the effect of
thermoresponsiveness on photoactuation.

2. Hydrogels of copolymers with different cloud points were photoactuated at high laser
powers (in the range of 3.75 mW) to further elucidate photothermal effects.

3. A gel of P22◦C was illuminated at different laser powers (from 85 µW to 3.75 mW) to
correlate the degree of photoactuation with the light intensity.

A common prerequisite for all experiments was a minimal thickness of the gels (several
tens of µm) to allow significant mechanical deformation that is observable in optical
microscopy. In order to achieve this thickness, the gels were prepared by drop-casting from
water-methanol mixtures on hydrophobic surfaces instead of spin-coating. This procedure
leads to a coffee-stain effect, which results in a thicker polymer layer at the edge of the
initial droplet. The thicker part of the gel layer (between 25 and 50 µm in the swollen state
with swelling ratios of about 2.5) was probed in the photoactuation experiments. Defect
structures in the hydrogel films were exploited to follow photoactuation in the optical
microscope. These imperfections are usually folds of hydrogel that are formed at high
swelling ratios, where the gel partially detaches from the surface. The wavelength of the
laser (532 nm) was chosen to match the absorption band of the employed azo dye (cf. ESI
Figure S5a).

2.1. Effect of Thermoresponsiveness

When irradiating the non-thermoresponsive gel of PNR, the only interaction of light
with the system is expected to be with the azo moieties, which undergo trans-cis-
isomerisation attaining a photostationary equilibrium. Based on the reported photomotion
of other azo dye-containing polymer systems, photoactuation is expected.

Indeed, in the investigated hydrogel system, photoactuation is observed, but in the
water-swollen gel, only minute mechanical deformation is visible in the optical microscopy
images in Figure 2a,b (cf. ESI Movie S1). The motion is in the sub-µm range, but effective
over areas as large as 10 µm away from the illumination centre. In Figure 2, the pristine
gel without illumination on the left is compared with the illuminated sample on the
right. The images of the irradiated gels were taken three to five seconds after the start of
laser exposure.

To better illustrate this minute photoactuation, which is barely visible in the mi-
croscopic still pictures, short films of repeated actuation cycles are provided online as
supplementary material (cf. ESI Movies S1–S3). These films show the reversibility of the
process and the time scales over which they occur as well.

Very much in contrast, the hydrogel of the thermoresponsive P22◦C shows an im-
pressively strong and fast response to irradiation. The photoactuation yields mechanical
deformation more than 10 µm away from the laser (cf. Figure 2c,d, ESI Movie S2). Appar-
ently, this substantial deformation is caused by a local collapse of the gel. Such a collapse
behaviour is known for the NiPAAm-based, thermoresponsive polymers, which show
lower critical solution transitions, when exceeding the temperature of the cloud point.

In order to validate the thermal nature of the volume transition, the liquid medium is
exchanged from water to isopropanol, thus eliminating the LCST-behaviour. Consequently,
in isopropanol the mechanical response of the gel is strongly diminished. Now, only a
miniscule movement of features over short distances well below 1 µm are observed (cf.
Figure 2e,f, ESI Movie S3), similar to the non-thermoresponsive hydrogel of PNR. Again,
the distance from the laser spot at which motion occurs is above 10 µm.

All three samples have in common that motion occurs towards the centre of the laser
spot. In the P22◦C hydrogel, response to the incident laser beam is immediate, but five
seconds pass until the gel is fully collapsed. The system requires about the same timeframe
to recover its initial conformation. In both cases, 90% of the collapse or restoring motion
occur within 2 s (cf. ESI Movie S2). In the two non-thermoresponsive scenarios, the
timeframes are considerably shorter. In less than two frames or 0.47 s, the photoactuation is
complete and the gels return to their initial conformation as quickly (cf. ESI Movies S1–S3).
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Comparing these results to previous observations of collapse and swelling behaviour
of these photocrosslinked PNiPAAm hydrogel layer systems, which show similar volume
transitions and kinetics upon thermal stimulation [28], it follows that thermoresponsiveness
is a crucial factor in photoactuation of these azobenzene-containing gels. While non-
thermoresponsive gels demonstrate a lower degree of motion upon irradiation, the effect
in the thermoresponsive gel is magnitudes stronger. Apparently, a photothermal effect, in
which the impinging light is converted into thermal energy within the hydrogel, presents
the underlying mechanism to trigger thermoresponsiveness, resulting in photoactuation of
the gel.
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Figure 2. Light microscopy images of pristine (left panels) and photoactuated regions (right panels)
of gel layers prepared from (a,b) poly(HEAm96.5%-co-o-MREAm2.5%-co-BPAAm1%) PNR, swollen in
water, (c,d) poly(NipAAm86.5%-HEAm10%-co-o-MREAm2.5%-co-BPAAm1%) P22◦C, swollen in water,
(e,f) the same polymer in isopropanol. Photoactuation was performed with a laser at λ = 532 nm
and 2600 µW (irradiation region marked by a green spot). Red lines and arrows indicate notable gel
features that were photoactuated. Videos of the photomotion are provided in the download section
of the supporting information.

Generally, photothermal effects in molecules are a consequence of vibrational modes
being excited by light. As azobenzenes show optically induced trans-cis isomerisation and
radiationless decay of the cis-state is prominent; such dyes are prominent examples for
photothermally active molecules [6,8,9,29,30]. The overlap of the absorption bands of the
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trans- and the cis-states occurring in push-pull-azobenzenes [31] apparently enhance these
effects [6].

2.2. Cloud-Point Temperature Dependence

In the second set of experiments, a dependence of the photoactuation on the cloud
point can be identified. A lower cloud point closer to the observation temperature (room
temperature) yields a stronger response of the hydrogel towards laser stimulation.

As discussed above, the low cloud-point temperature copolymer P22◦C collapses locally
in a matter of seconds when irradiated, pulling material over a large area towards the
collapsed region (cf. Figure 3a,b). The hydrogels with medium and higher cloud-point
temperature from P35◦C and P45◦C do not exhibit such intense photomotion, but only show
a weakened movement towards the laser spot (cf. Figure 3c–f).
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Figure 3. Light microscopy images of pristine (left panels) and photoactuated regions (right pan-
els) of hydrogel layers prepared from (a,b) poly(NipAAm86.5%-HEAm10%-co-o-MREAm2.5%-co-
BPAAm1%) P22◦C, (c,d) poly(NipAAm56.25%-HEAm40.25%-co-o-MREAm2.5%-co-BPAAm1%) P35◦C,
and (e,f) poly(NipAAm27.5%-HEAm67.5%-co-o-MREAm2.5%-co-BPAAm2.5%) P45◦C. Photoactuation
was performed with a laser at λ = 532 nm and 3750 µW (irradiation region marked by a green spot).
Red lines indicate notable gel features that were photoactuated.
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It should be noted that the photomotion in these experiments is not fully reversible
and permanent deformations in the morphology of the gels remain, in particular, close to
the laser spot. This can be visualised by subtracting one picture from the other, revealing
changes either in the pristine gel to the irradiated gel (photoactuation) or in the pristine
gel to the gel after exposure (irreversible change) (cf. ESI Figures S6, S7, S9 and S10). The
nature of the irreversible change is ambiguous. In P35◦C and P45◦C, the dimensions after
irradiation are larger than prior to contracting it via irradiation, meaning that a higher
degree of swelling is attained (cf. ESI Figures S9 and S10). In P22◦C, on the other hand, the
gel is less swollen after irradiation (cf. ESI Figure S7).

Another result of repeated or prolonged exposure to laser light is a diminished re-
sponse to irradiation. With a higher number of irradiation cycles, the collapse of the gel
becomes less pronounced (cf. ESI Figure S8).

To understand the nature of the irreversible changes, further research would be
required. Several possible explanations are perceivable, such as photodissociation of the
azo dye, photoionization, or breaking of crosslinks, which would all lead to an increased
degree of swelling. However, formation of new crosslinks would decrease swelling. Based
on the limited experimental evidence from light microscopy, the role of each of these
different options cannot be assigned in more details.

The conclusion from this set of experiments is that the local temperature increase is
obviously limited and, consequently, the photothermal effect, leading to a local collapse of
the P22◦C gel, is not intense enough to increase the temperature to a point where also the
P35◦C or the P45◦C gel collapse under otherwise identical conditions.

2.3. Power Dependence

In the last set of experiments, the hydrogel of P22◦C was exposed to laser light at
different power levels. The hydrogel showed small responses to the incident laser even at
low powers of around 400 µW, but considerable motion and collapse of the gel occurred
only above a power of 1.2 mW, increasing with higher powers (cf. ESI Figure S6). The
magnitude of the photoactuation, discussed above in Section 1, was induced at high power
levels (above 2.6 mW) for this gel.

An increase in photoactuation with increasing laser power is expected when consider-
ing photothermal effects as the driving force behind the collapse and the concurrent motion
of the gel. As is typical for LCST-type thermoresponsive polymers, a certain temperature
must be exceeded for the phase transition to occur. Consequently, under irradiation, the
local temperature has to increase past this cloud-point temperature to induce the collapse.
Assuming the photothermal effect scales proportionally with the energy input, the number
of collapsing network segments per volume element increases with the energy input as
well, resulting in enhanced photoactuation.

The thermoreponsive gels of P35◦C and P45◦C have higher cloud-point transition tem-
peratures, thus irradiation leads to smaller motion.

2.4. Reversibility of Photomotion:

The reversibility of photoactuation is linked to the network structure of the swollen
gel. In thermoresponsive hydrogels, a laser-induced local collapse results in a strain acting
on the circumjacent material. In this situation, two factors contribute to the restoring force:
(1) The swollen gel in the surroundings of the collapse shows rubber elasticity [32] and
exerts a restoring force of entropic origin on the deformed parts. (2) When laser irradiation
is stopped, the local heat dissipates, allowing the temperature in the irradiation spot to
drop back below the cloud-point temperature. At this point, the gel reswells and releases
the strain.

In photomotion involving a non-thermoresponsive system, the deformation force
results from chromophore alignment in the irradiation spot. The strain generated by the
stretched polymer network ensures restoring the original shape of the gel after the optical
stimulus is removed.
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2.5. Photoactuation Models:

From the three sets of experiments, two different pathways of photoactuation can
be postulated in these o-methyl red-containing hydrogels. The first pathway involves an
LCST-type thermoresponse triggered by photothermal effects, induced by repeated cis-trans
photoisomerisations of the azo dye molecules under irradiation with a focussed laser beam.
This pathway is summarised in Scheme 1.
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Scheme 1. Cartoon of the photoactuation process of thermoresponsive o-methyl red-containing
hydrogels. Local excitation of dye side chains by laser irradiation induces heating, which leads to a
local collapse and deformation of the gel. The gel returns to its original conformation when the laser
is shut off and the heat is dissipated to the environment.

The second pathway is more intricate, as in the absence of thermoresponsive behaviour,
photomotion towards the irradiated area still occurs, although smaller in scale. This is the
case in the non-thermoresponsive gels of PNR and of P22◦C in isopropanol. However, if
photo-induced heating was the underlying cause for photoactuation by volume expansion
in these systems, the gels should swell slightly, resulting in a motion away from the
incident beam.

In the photoactuation experiments for non-thermoresponsive systems, the opposite
motion towards the illuminated region is observed. Apparently, additional mechanisms
of photoactuation must be considered to explain these experimental findings. Such an
explanation may be drawn from the models that attempt to explain the formation of surface
relief gratings (SRGs), which are introduced below.

SRG formation, which has been described for glassy, amorphous, and liquid crystalline
polymers and materials, usually requires high concentrations of azo dyes. Under these
conditions, the dyes are in proximity to each other and can perform collective motions. In
the polymer systems here, the degree of substitution along the backbone is low (<2.5 mol%)
and the volume fraction in the swollen gel is even lower, because of dilution with the
swelling solvent. In contrast, the mobility of the chromophores is considerably higher in
these visco-elastic solids compared to the more rigid matrixes in SRG-formation.

Under these conditions, only a few reported models may be suitable as reference.
These are the orientation model [33–35], the gradient force model [8,36–40], and the mean
field model [41,42]. These models have in common that they assume reorientation of
the chromophore during irradiation in the material by trans-cis-trans isomerisation cycles
and alignment of the chromophores in the optically induced electric field. This reported
mechanism may also serve as explanation for the here observed photomotion in the gels.
Forced alignment of the chromophores by dipolar interactions in the irradiation field would
lead to contraction of the gel, as the chromophores pull the attached segments of the
network along with them. However, this motion is limited, as only a comparably weak
force can be generated by a single chromophore.

3. Conclusions

The above results demonstrate that the combination of thermoresponsive, water
swollen polymer networks with the unique photoresponse of azo dyes provide novel
materials with extended photomotion, which may be particularly applicable in the context
of living organisms owing to the aqueous medium of the hydrogels. Potentially, such
systems could be used for mechanical stimulation of cells with the remote, non-invasive
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trigger light, or as optically driven actuators for soft robotics in biological environments.
For this future field of application, tests in cell cultures to investigate biocompatibility are a
necessary next step. In such environments, also thin films, structured materials, as well as
macroscopic gels need to be investigated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8090541/s1, Table S1: Feed composition in mol% and reaction
parameters for the different free radical copolymersations.; Table S2: Copolymer characteristics
as determined by UV-vis spectroscopy and GPC. The built-in ratios for o-MREAm and BPAAm
are given in weight percentages and the percentage of the monomer built-in compared to the feed
composition. The HEAm:NiPAAm ratio was determined by 1H NMR spectroscopy.; Figure S1: 1H
NMR spectrum (500 MHz) in MeOD of a poly(HEAm-co-o-MREAm-co-BPAAm) copolymer (PNR)
(feed: HEAm:o-MREAm:BPAAm 96.5:2.5:1).; Figure S2:1H NMR spectrum (400 MHz) in MeOD of
a poly(NiPAAm-co-HEAm-co-o-MREAm-co-BPAAm) copolymer (P22◦C) (feed: NiPAAm:HEAm:o-
MREAm:BPAAm 87.2:9.2:2.6:1).; Figure S3:1H NMR spectrum (500 MHz) in D2O of a poly(NiPAAm-
co-HEAm-co-o-MREAm-co-BPAAm) copolymer (P35◦C) (feed: NiPAAm:HEAm:o-MREAm:BPAAm
55.9:40.4:2.7:1).; Figure S4:1H NMR spectrum (500 MHz) in D2O of poly(NiPAAm-co-HEAm-co-o-
MREAm-co-BPAAm) copolymer (P45◦C) (feed: NiPAAm:HEAm:o-MREAm:BPAAm 27.7:67.3:2.5:2.5).;
Figure S5: (a) UV-vis spectrum of a photocrosslinked film of poly(HEAm96.5%-co-o-MREAm2.5%-co-
BPAAm1%) PNR swollen in water at 26 ◦C, with the wavelength of the green laser used in this marked
with a green vertical line at 532 nm. b) Turbidity measurements at 780 nm of aqueous 1 w% solu-
tions of poly(NipAAm86.5%-HEAm10%-co-o-MREAm2.5%-co-BPAAm1%) P22◦C, poly(NipAAm56.25%-
HEAm40.25%-co-o-MREAm2.5%-co-BPAAm1%) P35◦C, and poly(NipAAm27.5%-HEAm67.5%-co-o-
MREAm2.5%-co-BPAAm2.5%) P45◦C. On the right: structures of the copolymers used in this study
with the feed ratios of monomers in the synthesis.; Figure S6:A series of light microscopy images
of a hydrogel of poly(NipAAm86.5%-HEAm10%-co-o-MREAm2.5%-co-BPAAm1%) P22◦C showing left:
non-irradiated gel with accumulative irreversible change of irradiations at previous stages of power;
middle: difference pictures between the non-irradiated and the irradiated gel with inverted colour
scheme (laser at λ = 532 nm); right: irradiated gel after 3 s at (a) 85 µW, (b) 376 µW, (c) 1210 µW, and
(d) 3750 µW. The green shaded area shows the approximate dimensions of the laser spot.; Figure
S7: Light microscopy images of a hydrogel of poly(NipAAm86.5%-HEAm10%-co-o-MREAm2.5%-co-
BPAAm1%) P22◦C showing (a) the pristine hydrogel, (b) the hydrogel when irradiated with a laser
(λ = 532 nm, 3750 µW), (c) after 3 s of exposure, and (d) after 60 s of exposure; Figure S8: Light
microscopy images of a hydrogel of poly(NipAAm86.5%-HEAm10%-co-o-MREAm2.5%-co-BPAAm1%)
P22◦C irradiated with laser (λ = 532 nm) at 3750 µW (a) for the first time, (b) after cycling five times
between 3 s irradiation intervals and relaxation, (c) after cycling twenty times between 3 s irradiation
intervals and relaxation. The red lines in (b) and (c) show the positions of the notable dark features
in (a); Figure S9: Light microscopy images of a hydrogel of poly(NipAAm56.25%-HEAm40.25%-co-
o-MREAm2.5%-co-BPAAm1%) P35◦C showing (a) left to right: the pristine gel, a difference picture
between the non-irradiated and the irradiated gel, the irradiated gel (laser at λ = 532 nm, 3750 µW),
and (b) left to right: the pristine gel, a difference picture between the non-irradiated gel before and
after exposure to laser light, the gel after exposure to laser light. The green shaded area shows the
approximate dimensions of the laser spot. The difference pictures are shown with inverted colour
scheme.; Figure S10: Light microscopy images of a hydrogel of poly(NipAAm27.5%-HEAm67.5%-co-
o-MREAm2.5%-co-BPAAm2.5%) P45◦C showing (a) left to right: the pristine gel, a difference picture
between the non-irradiated and the irradiated gel, the irradiated gel (laser at λ=532 nm, 3750 µW),
and (b) left to right: the pristine gel, a difference picture between the non-irradiated gel before and
after exposure to laser light, the gel after exposure to laser light. The green shaded area shows
the approximate dimensions of the laser spot. The difference pictures are shown with inverted
colour scheme.; Video S1: MovieS1_PNR_aqueous; Video S2: MovieS2_P22C_aqueous; Video S3:
MovieS3_P22C_Isopropanol [43–45].

https://www.mdpi.com/article/10.3390/gels8090541/s1
https://www.mdpi.com/article/10.3390/gels8090541/s1


Gels 2022, 8, 541 10 of 11

Author Contributions: T.G.J., E.D. and U.J. conceived and designed the experiments; T.G.J. did the
synthetical and preparatory work, analysed the data, and wrote the original draft; T.G.J. and U.J. did
the interpretation of the results; A.M.F., N.S., P.R. and M.A. designed, build, and maintained the ex-
perimental setup, and provided related data and schemes; T.G.J., A.M.F., N.S. and P.R. performed the
optical measurements, T.G.J. and U.J. wrote the final manuscript; All authors proofread and improved
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Siegen and Faculty IV of the University of Siegen.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data is available either in this article or in the Supplementary Materials.

Acknowledgments: We thank Thomas Paululat for NMR measurements.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Chen, Y.; Yang, J.; Zhang, X.; Feng, Y.; Zeng, H.; Wang, L.; Feng, W. Light-driven bimorph soft actuators: Design, fabrication, and

properties. Mater. Horiz. 2021, 8, 728–757. [CrossRef]
2. Shi, K.; Liu, Z.; Wei, Y.-Y.; Wang, W.; Ju, X.-J.; Xie, R.; Chu, L.-Y. Near-Infrared Light-Responsive Poly(N-isopropylacrylamide)/

Graphene Oxide Nanocomposite Hydrogels with Ultrahigh Tensibility. ACS Appl. Mater. Interfaces 2015, 7, 27289–27298.
[CrossRef]

3. He, Y.; Liang, H.; Chen, M.; Jiang, L.; Zhang, Z.; Heng, X.; Yang, L.; Hao, Y.; Gan, J.; Yang, Z. Optical Fiber Waveguiding Soft
Photoactuators Exhibiting Giant Reversible Shape Change. Adv. Optical Mater. 2021, 9, 2101132. [CrossRef]

4. Luo, P.-F.; Xiang, S.-L.; Li, C.; Zhu, M.-Q. Photomechanical polymer hydrogels based on molecular photoswitches. J. Polym. Sci.
2021, 59, 2246–2264. [CrossRef]

5. Peng, X.; Wang, H. Shape changing hydrogels and their applications as soft actuators. J. Polym. Sci. Part B Polym. Phys. 2018, 56,
1314–1324. [CrossRef]

6. Chen, Y.; Yu, H.; Quan, M.; Zhang, L.; Yang, H.; Lu, Y. Photothermal effect of azopyridine compounds and their applications. RSC
Adv 2015, 5, 4675–4680. [CrossRef]

7. Wang, J.; Zheng, Y.; Li, L.; Liu, E.; Zong, C.; Zhao, J.; Xie, J.; Xu, F.; König, T.A.F.; Grenzer Saphiannikova, M.; et al. All-Optical
Reversible Azo-Based Wrinkling Patterns with High Aspect Ratio and Polarization-Independent Orientation for Light-Responsive
Soft Photonics. ACS Appl. Mater. Interfaces 2019, 11, 25595–25604. [CrossRef]

8. Lee, K.M.; White, T.J. Photochemical Mechanism and Photothermal Considerations in the Mechanical Response of Monodomain,
Azobenzene-Functionalized Liquid Crystal Polymer Networks. Macromolecules 2012, 45, 7163–7170. [CrossRef]

9. Gelebart, A.H.; Vantomme, G.; Meijer, E.W.; Broer, D.J. Mastering the Photothermal Effect in Liquid Crystal Networks: A General
Approach for Self-Sustained Mechanical Oscillators. Adv. Mater. Weinheim. 2017, 29, 1606712. [CrossRef]

10. Hogan, P.M.; Tajbakhsh, A.R.; Terentjev, E.M. UV manipulation of order and macroscopic shape in nematic elastomers. Phys. Rev.
E Stat. Nonlin. Soft Matter Phys. 2002, 65, 41720. [CrossRef]

11. Homma, K.; Chang, A.C.; Yamamoto, S.; Tamate, R.; Ueki, T.; Nakanishi, J. Design of azobenzene-bearing hydrogel with
photoswitchable mechanics driven by photo-induced phase transition for in vitro disease modeling. Acta Biomater. 2021, 132,
103–113. [CrossRef]

12. Zhao, W.; Li, Y.; Zhang, X.; Zhang, R.; Hu, Y.; Boyer, C.; Xu, F.-J. Photo-responsive supramolecular hyaluronic acid hydrogels for
accelerated wound healing. J. Control. Release 2020, 323, 24–35. [CrossRef]

13. Kuwabara, T.; Aoyagi, T.; Takamura, M.; Matsushita, A.; Nakamura, A.; Ueno, A. Heterodimerization of Dye-Modified
Cyclodextrins with Native Cyclodextrins. J. Org. Chem. 2002, 67, 720–725. [CrossRef]

14. Liu, G.; Yuan, Q.; Hollett, G.; Zhao, W.; Kang, Y.; Wu, J. Cyclodextrin-based host–guest supramolecular hydrogel and its
application in biomedical fields. Polym. Chem. 2018, 9, 3436–3449. [CrossRef]

15. Maatz, G.; Maciollek, A.; Ritter, H. Cyclodextrin-induced host-guest effects of classically prepared poly(NIPAM) bearing azo-dye
end groups. Beilstein J. Org. Chem. 2012, 8, 1929–1935. [CrossRef]

16. Guan, Y.; Zhao, H.-B.; Yu, L.-X.; Chen, S.-C.; Wang, Y.-Z. Multi-stimuli sensitive supramolecular hydrogel formed by host–guest
interaction between PNIPAM-Azo and cyclodextrin dimers. RSC Adv. 2014, 4, 4955. [CrossRef]

17. Takashima, Y.; Nakayama, T.; Miyauchi, M.; Kawaguchi, Y.; Yamaguchi, H.; Harada, A. Complex Formation and Gelation between
Copolymers Containing Pendant Azobenzene Groups and Cyclodextrin Polymers. Chem. Lett. 2004, 33, 890–891. [CrossRef]

18. Takashima, Y.; Hatanaka, S.; Otsubo, M.; Nakahata, M.; Kakuta, T.; Hashidzume, A.; Yamaguchi, H.; Harada, A. Expansion-
contraction of photoresponsive artificial muscle regulated by host-guest interactions. Nat. Commun. 2012, 3, 1270. [CrossRef]

19. Iwaso, K.; Takashima, Y.; Harada, A. Fast response dry-type artificial molecular muscles with c2daisy chains. Nat. Chem. 2016, 8,
625–632. [CrossRef]

http://doi.org/10.1039/D0MH01406K
http://doi.org/10.1021/acsami.5b08609
http://doi.org/10.1002/adom.202101132
http://doi.org/10.1002/pol.20210567
http://doi.org/10.1002/polb.24724
http://doi.org/10.1039/C4RA11844H
http://doi.org/10.1021/acsami.9b07349
http://doi.org/10.1021/ma301337e
http://doi.org/10.1002/adma.201606712
http://doi.org/10.1103/PhysRevE.65.041720
http://doi.org/10.1016/j.actbio.2021.03.028
http://doi.org/10.1016/j.jconrel.2020.04.014
http://doi.org/10.1021/jo010696u
http://doi.org/10.1039/C8PY00730F
http://doi.org/10.3762/bjoc.8.224
http://doi.org/10.1039/c3ra45461d
http://doi.org/10.1246/cl.2004.890
http://doi.org/10.1038/ncomms2280
http://doi.org/10.1038/nchem.2513


Gels 2022, 8, 541 11 of 11

20. Tamesue, S.; Takashima, Y.; Yamaguchi, H.; Shinkai, S.; Harada, A. Photoswitchable supramolecular hydrogels formed by
cyclodextrins and azobenzene polymers. Angew. Chem. Int. Ed Engl. 2010, 49, 7461–7464. [CrossRef]

21. Yamaguchi, H.; Kobayashi, Y.; Kobayashi, R.; Takashima, Y.; Hashidzume, A.; Harada, A. Photoswitchable gel assembly based on
molecular recognition. Nat. Commun. 2012, 3, 603. [CrossRef]

22. Tomatsu, I.; Hashidzume, A.; Harada, A. Cyclodextrin-Based Side-Chain Polyrotaxane with Unidirectional Inclusion in Aqueous
Media. Angew. Chem. 2006, 118, 4721–4724. [CrossRef]

23. Wang, J.; Li, Q.; Yi, S.; Chen, X. Visible-light/temperature dual-responsive hydrogel constructed by α-cyclodextrin and an
azobenzene linked surfactant. Soft Matter 2017, 13, 6490–6498. [CrossRef]

24. Wang, M.; Zhang, X.; Li, L.; Wang, J.; Wang, J.; Ma, J.; Yuan, Z.; Lincoln, S.F.; Guo, X. Photo-Reversible Supramolecular Hydrogels
Assembled by α-Cyclodextrin and Azobenzene Substituted Poly(acrylic acid)s: Effect of Substitution Degree, Concentration, and
Tethered Chain Length. Macromol. Mater. Eng. 2016, 301, 191–198. [CrossRef]

25. Yuan, W.; Shen, J.; Guo, W. Thermoresponse and light-induced reversible self-assembly/disassembly of supra-amphiphiles from
azobenzene- and β-cyclodextrin-containing copolymers. Mater. Lett. 2014, 134, 259–262. [CrossRef]

26. Yang, M.; Hu, J.; Meng, J.; Shan, X. A thermo and photoresponsive dual performing hydrogel for multiple controlled release
mechanisms. Iran Polym. J. 2020, 29, 891–900. [CrossRef]

27. Zhang, Q.; Weber, C.; Schubert, U.S.; Hoogenboom, R. Thermoresponsive polymers with lower critical solution temperature:
From fundamental aspects and measuring techniques to recommended turbidimetry conditions. Mater. Horiz. 2017, 4, 109–116.
[CrossRef]

28. Auer, S.K.; Fossati, S.; Morozov, Y.; Mor, D.C.; Jonas, U.; Dostalek, J. Rapid Actuation of Thermo-Responsive Polymer Networks:
Investigation of the Transition Kinetics. J. Phys. Chem. B 2022, 126, 3170–3179. [CrossRef]

29. Da Pilz Cunha, M.; van Thoor, E.A.J.; Debije, M.G.; Broer, D.J.; Schenning, A.P.H.J. Unravelling the photothermal and photome-
chanical contributions to actuation of azobenzene-doped liquid crystal polymers in air and water. J. Mater. Chem. C 2019, 7,
13502–13509. [CrossRef]

30. Gelebart, A.H.; Jan Mulder, D.; Varga, M.; Konya, A.; Vantomme, G.; Meijer, E.W.; Selinger, R.L.B.; Broer, D.J. Making waves in a
photoactive polymer film. Nature 2017, 546, 632–636. [CrossRef]

31. Bandara, H.M.D.; Burdette, S.C. Photoisomerization in different classes of azobenzene. Chem. Soc. Rev. 2012, 41, 1809–1825.
[CrossRef]

32. Anseth, K.S.; Bowman, C.N.; Brannon-Peppas, L. Mechanical properties of hydrogels and their experimental determination.
Biomaterials 1996, 17, 1647–1657. [CrossRef]

33. Loebner, S.; Yadav, B.; Lomadze, N.; Tverdokhleb, N.; Donner, H.; Saphiannikova, M.; Santer, S. Local Direction of Optomechanical
Stress in Azobenzene Containing Polymers During Surface Relief Grating Formation. Macromol. Mater. Eng. 2022, 2100990.
[CrossRef]

34. Yadav, B.; Domurath, J.; Kim, K.; Lee, S.; Saphiannikova, M. Orientation Approach to Directional Photodeformations in Glassy
Side-Chain Azopolymers. J. Phys. Chem. B 2019, 123, 3337–3347. [CrossRef]

35. Yadav, B.; Domurath, J.; Saphiannikova, M. Modeling of Stripe Patterns in Photosensitive Azopolymers. Polymers 2020, 12, 735.
[CrossRef]

36. Lee, S.; Kang, H.S.; Park, J.-K. Directional photofluidization lithography: Micro/nanostructural evolution by photofluidic motions
of azobenzene materials. Adv. Mater. Weinheim. 2012, 24, 2069–2103. [CrossRef]

37. Viswanathan, N.K.; Kim, D.Y.; Bian, S.; Williams, J.; Liu, W.; Li, L.; Samuelson, L.; Kumar, J.; Tripathy, S.K. Surface relief structures
on azo polymer films. J. Mater. Chem. 1999, 9, 1941–1955. [CrossRef]

38. Natansohn, A.; Rochon, P. Photoinduced Motions in Azo-Containing Polymers. Chem. Rev. 2002, 102, 4139–4176. [CrossRef]
39. Kumar, J.; Li, L.; Jiang, X.L.; Kim, D.-Y.; Lee, T.S.; Tripathy, S. Gradient force: The mechanism for surface relief grating formation

in azobenzene functionalized polymers. Appl. Phys. Lett. 1998, 72, 2096–2098. [CrossRef]
40. Bian, S.; Liu, W.; Williams, J.; Samuelson, L.; Kumar, J.; Tripathy, S. Photoinduced Surface Relief Grating on Amorphous

Poly(4-phenylazophenol) Films. Chem. Mater. 2000, 12, 1585–1590. [CrossRef]
41. Pedersen, T.G.; Johansen, P.M.; Holme, N.C.R.; Ramanujam, P.S.; Hvilsted, S. Mean-Field Theory of Photoinduced Formation of

Surface Reliefs in Side-Chain Azobenzene Polymers. Phys. Rev. Lett. 1998, 80, 89–92. [CrossRef]
42. Pedersen, T.G.; Johansen, P.M. Mean-Field Theory of Photoinduced Molecular Reorientation in Azobenzene Liquid Crystalline

Side-Chain Polymers. Phys. Rev. Lett. 1997, 79, 2470–2473. [CrossRef]
43. Jia, J.; Sarker, M.; Steinmetz, M.G.; Shukla, R.; Rathore, R. Photochemical elimination of leaving groups from zwitterionic

intermediates generated viaelectrocyclic ring closure of alpha, beta-unsaturated anilides. J. Org. Chem. 2008, 73, 8867–8879.
[CrossRef]

44. Jaik, T.G.; Ciubini, B.; Frascella, F.; Jonas, U. Thermal Response and Thermochromism of Methyl Red-Based Copolymer Systems—
Coupled Responsiveness in Critical Solution Behaviour and Optical Absorption Properties. Polym. Chem. 2022, 13, 1186–1214.
[CrossRef]

45. Gianneli, M.; Roskamp, R.F.; Jonas, U.; Loppinet, B.; Fytas, G.; Knoll, W. Dynamics of swollen gel layers anchored to solid surfaces.
Soft Matter 2008, 4, 1443–1447. [CrossRef]

http://doi.org/10.1002/anie.201003567
http://doi.org/10.1038/ncomms1617
http://doi.org/10.1002/ange.200601081
http://doi.org/10.1039/C7SM01528C
http://doi.org/10.1002/mame.201500295
http://doi.org/10.1016/j.matlet.2014.07.108
http://doi.org/10.1007/s13726-020-00846-0
http://doi.org/10.1039/C7MH00016B
http://doi.org/10.1021/acs.jpcb.2c01160
http://doi.org/10.1039/C9TC04440J
http://doi.org/10.1038/nature22987
http://doi.org/10.1039/C1CS15179G
http://doi.org/10.1016/0142-9612(96)87644-7
http://doi.org/10.1002/mame.202100990
http://doi.org/10.1021/acs.jpcb.9b00614
http://doi.org/10.3390/polym12040735
http://doi.org/10.1002/adma.201104826
http://doi.org/10.1039/a902424g
http://doi.org/10.1021/cr970155y
http://doi.org/10.1063/1.121287
http://doi.org/10.1021/cm000071x
http://doi.org/10.1103/PhysRevLett.80.89
http://doi.org/10.1103/PhysRevLett.79.2470
http://doi.org/10.1021/jo8017445
http://doi.org/10.1039/D1PY01361K
http://doi.org/10.1039/b801468j

	Introduction 
	Results and Discussion 
	Effect of Thermoresponsiveness 
	Cloud-Point Temperature Dependence 
	Power Dependence 
	Reversibility of Photomotion: 
	Photoactuation Models: 

	Conclusions 
	References

