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Autonomous Adaption of Intelligent Humidity-Programmed
Hydrogel Patches for Tunable Stiffness and Drug Release

Stephan Pflumm, Yvonne Wiedemann, Dominik Fauser, Javidan Safaraliyev,

Dominique Lunter, Holger Steeb, and Sabine Ludwigs*

Intelligent humidity-programmed hydrogel patches with high stretchability
and tunable water-uptake and -release are prepared by copolymerization and
crosslinking of N-isopropylacrylamide and oligo(ethylene glycol)
comonomers. These intelligent elastomeric patches strongly respond to
different humidities and temperatures in terms of mechanical properties
which makes them applicable for soft robotics and smart skin applications
where autonomous adaption to environmental conditions is a key
requirement. It is shown that beyond using the hydrogel in the conventional
state in aqueous media, new patches can be controlled by relative humidity.
This humidity programming of the patches allows to tune drug release
kinetics, opening potential application fields such as skin wound therapy and
personalized medication. In situ dynamic-mechanical measurements show a
huge dependence on temperature and humidity. The glass transition
temperature T, shifts from around 60 °C at dry conditions to below 0 °C for
75% r.h. and higher. The storage modulus is tunable over more than four
orders of magnitude from 0.6 up to 400 MPa. Time-temperature superposition
in master curves allows to extract relaxation times over 14 orders of
magnitude. With strains at break of over 200% the patches are compliant with
human skin and therefore patient-friendly in terms of adapting to movements.

1. Introduction

Highly flexible organisms such as Oc-
topus have led to the emerging field
of soft material robotics with manifold
applications in wearable -electronics,
biomedicine, microfluidics, soft sensor,
and actuator devices.') While rigid
materials with discrete joints already
allow for precise, predictable robotic
systems nowadays, natural systems
still outperform man-made devices in
many aspects including conforming to
and interacting with their environment.
Connecting soft materials with humans
has become a cross-disciplinary topic
for materials science with polymers
being the most promising material
class. Especially low modulus elas-
tomers such as poly(dimethylsiloxane)
(PDMS) and commercial products such
as Ecoflex and Dragonskin find the
interest of the soft robotic engineering
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community,!®’] however these materials

are passive and not stimuli-responsive.

For the interfacing of novel intelligent

materials with human skin, soft and flexible materials are re-

quired to match the properties of human skin which are not triv-

ial: their elastic moduli should be below the elastic modulus of

skin (in the order of 15-200 MPa) and stretchability of over 100%

is favorable, furthermore the materials should be biocompati-

ble, tissue-compliant (e.g., toward wounds), and easy to handle

at ambient conditions.®1% For personalized drug therapies, the

patches have to additionally take up and release drugs in a con-
trollable and reliable fashion.

In this context, smart or stimuli-responsive materials are
ideal because they show a controlled response to changing
environmental conditions."'*] The concept of hydrogels for
drug delivery has been highlighted, e.g., by Peppas et al.l']
For biomedical applications, often poly(N-isopropylacrylamide)
(PNIPAM)-based materials are applied, because they show a vol-
ume phase transition around 32 °C (which is related to the lower
critical solution temperaturel'! of the homopolymer), which
is close to human body temperature,'®! and they exhibit good
biocompatibility.l'”] Their rather sharp transition makes ther-
mosensitive PNIPAM-hydrogels attractive for on-demand drug
release applications. Besides using N,N’-methylenbisacrylamid
as typical crosslinker,'8] poly(ethyleneglycol) (PEG)-based
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Scheme 1. Strategy of the manuscript, from left to right. Sketches and chemical structure of hydrogel patches (NIPAM:PEG-DA:TEG-MA with xy:z =
70:10:20 mol%), the photo shows a patch at ambient conditions. From water (vapor) sorption experiments, the water content is measured as function
of temperature (T) and relative humidity (rh.). DMTA is applied to obtain the stiffness E’ and the glass transition as function of T, r.h., and frequency
(w). Ultimately, the patches shall be applied in soft robotics and as skin patches for controlled drug release.

crosslinkers have been shown to enhance the swelling ratio
and biocompatibility of the hydrogels.['*2%1 Here, the influence
of crosslinking density and molecular weight of the PEG is
of major importance for the diffusion characteristics which is
needed for drug uptake and release.’!l Recent smart hydrogel
devices include small-scale hydrogel adhesive robots!??! and 3D-
printed smart structures by two-photon-polymerization-based
3D microprinting.!®) Aiming toward mechanical robustness
of hydrogels in the water-swollen state,[?*2 the combination
of high swellability and stretchability was, e.g., tackled by
nanostructured hydrogels.!’]

It is a common phenomenon that the hydrogels are typically
hard and brittle at ambient conditions, i.e., in the dry state. Stud-
ies on manipulation by relative humidity and temperature, mim-
icking environmental conditions, are far less studied than in-
water applications. Reversible switching by humidity was, e.g.,
demonstrated in hydrogel-actuated nanostructures within high-
aspect ratio silicon nanocolumns by Sideronko et al.l?®! Ly et al.
reported on the humidity responsiveness of photopolymeriz-
able PEG-DA hydrogels and visualized their use as “humidity
test strips” and walking devices.[*) Photogated humidity-driven
motility was shown by Naumov and co-workers.?’l An inter-
esting effect was reported for freeze-dried PNIPAM-based ther-
moresponsive hydrogels which absorb moisture and are able to
ooze/condense to liquid water.*!]

Systematic studies on relating macroscopic mechanical behav-
ior and moisture uptake remain rarely addressed in the literature.
Typically mechanical properties are only compared as function
of crosslinking density®?! and stress—strain curves are studied as
function of relative humidity.[?! Humidity-sensitive conducting
polymer films with applications to linear actuators!*}! and bilayer
actuators based on poly(ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) were shown by Taccola et al.** and our
own group.l®! Due to the presence of the polyelectrolyte PSS,
these systems are highly hygroscopic and we found that the elas-
tic moduli and volumetric strains of bilayers can be tuned over
several orders of magnitude by altering the relative humidity and
therefore environmental conditions.*”]

We here report on the humidity- and temperature-responsive
mechanical behavior of elastomeric hydrogels which are sta-
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ble from the fully dry to fully water-swollen states. The
novel intelligent hydrogel material is obtained by copolymeriza-
tion and crosslinking of N-isopropylacrylamide (NIPAM) and
oligo(ethylene glycol) comonomers.

Scheme 1 summarizes the main strategy of the manuscript.
The patches have excellent water-uptake and water-release abili-
ties and can be reversibly swollen and deswollen from ambient
conditions (i.e., from 0 to 90% relative humidity at room tempera-
ture) to the fully water-swollen state. We find a linear dependence
of the water uptake from the temperature, in the wet and over
the whole relative humidity range in equilibrium, as measured
by water (vapor) sorption measurements. Dynamic mechanical
temperature analysis (DMTA) is used to measure the mechani-
cal behavior as function of temperature, relative humidity, and
the frequency. Elastic moduli ranging from 0.6 up to 400 MPa
are obtained as function of temperature and relative humidity,
this corresponds to four orders of magnitude for the very same
material. The glass transition temperature T, can be varied from
around 60 °C at dry conditions to temperatures below 0 °C for
75% r.h. and higher.

Moisture uptake is shown to have a major effect on the me-
chanical properties by softening and reducing stiffness. In the
humid state, the materials behave like smart rubbers which
can autonomously adapt to their environment and are therefore
applicable in soft-robotics devices. We further show that drug-
loaded hydrogel patches can be programmed at different relative
humidities which reveal tunable release kinetics and are promis-
ing for wound healing in personalized medication.

2. Results and Discussion

The hydrogel patches were prepared by photo-induced radical
polymerization of NIPAM and poly(ethylene glycol)-diacrylate
(PEG-DA) as crosslinker and triethyleneglycolmonoethylether-
methacrylate (TEG-MA) which shall act as grafted chains and
have a softener effect. The final ratio of NIPAM:PEG-DA:TEG-
MA in the material was 70:10:20 mol%. After washing and
drying, the patches were characterized by IR-spectroscopy, ele-
mentary analysis, and thermogravimetric analysis (TGA), con-
firming the successful incorporation of the monomers into the
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Figure 1. a) Equilibrium swelling degree as function of temperature after
24 h in water (black line: linear fit with R? of 0.993). b) Average, time-
dependent water uptake at 25 °C and different relative humidity. c) Average
equilibrium water uptake as function of temperature at 75% r.h.

crosslinked hydrogel, see Figures S1 and S2 and Table S1 in the
Supporting Information. The patches were then characterized in
terms of their water-swelling capabilities in water and at con-
trolled relative humidities as function of temperature.

Figure 1a shows the equilibrium swelling degree of the hydro-
gel after storing the samples in water for 24 h. The water uptake
is calculated according to Equation (1) with m, as mass of the
vacuum-dried hydrogel and m, as the mass of the swollen hydro-
gel

m,— m,
Water uptake = Am _ M T Mo 1009 (1)
My My
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The highest water uptake of over 700% is found at 5 °C. With
increasing temperature, the water uptake linearly decreases to
around 70% at 55 °C. At 25 °C, the equilibrium degree of swelling
is 461%. This linear relationship between the water uptake and
the temperature is unusual for PNIPAM-bearing materials which
typically show a well-pronounced volume phase transition.3¢!
The differential scanning calorimetry (DSC) analysis shows no
clear phase transition (neither in the swollen nor in the dry state).
The TGA showed degradation starting at around 390 °C (Figure
S2, Supporting Information). The linear water uptake charac-
teristics in the equilibrium seem to be therefore dominated by
the presence of 10 mol% PEG-DA as crosslinker in the hydro-
gel. In general, PEG-based materials are very hygroscopic and
have excellent water-binding capabilities.’’3?] To further eluci-
date this finding, DSC measurements and swelling experiments
of materials with less than 10 mol% PEG-DA as crosslinker were
performed, Figure S4, Supporting Information. With decreasing
PEG-DA content, the materials show more defined volume phase
transitions and stronger swelling degrees at the volume phase
transition, i.e., they become more PNIPAM-hydrogel-like, see
discussion in the Supporting Information. Interestingly, in the
nonequilibrated state upon fast heating, our materials do show a
more pronounced volume phase transition between 30 and 40 °C,
see Figure S5 in the Supporting Information. This phenomenon
will be studied in more detail in a future study. In the current
manuscript, only the equilibrated states of the hydrogel are of in-
terest.

Figure 1b shows the water uptake upon increase of the rela-
tive humidity in a step-wise fashion at 25 °C, as obtained from
dynamic vapor sorption measurements. The increase with re-
spect to the dry state amounts to 2.7% at 25% r.h., 6.4% at 50%
rh., 13.6% at 75% r.h., and over 39% at 95% r.h. (Table 1). The
most significant water absorption happens from 75% to 95% r.h.
at 25 °C, please note that the sample is not in sorption equilib-
rium at the highest rh. A typical sorption isotherm is provided
in Figure S6 in the Supporting Information, which suggests a
type III classification,!*>#] as there is no shoulder at lower r.h.
and therefore no identifiable monolayer formation. Dynamic va-
por sorption experiments were also performed at 5 and 60 °C for
different r.h., Figure S7 in the Supporting Information. Repre-
sentatively, the temperature influence at 75% r.h is shown in the
temperature range of 5 to 60 °C, Figure 1c. While at 5 °C the av-
erage water uptake is 16.4 + 0.2%, it reduces to 10.2 + 0.1% at
60 °C. As the temperature is increased, the samples absorb less
water in a nearly linear fashion. The characteristic quasi-linear
behavior of temperature-dependent swelling and deswelling in
water is reflected in the temperature-dependent water absorption
in humid atmospheres as well.

The reversible uptake and release of water (liquid and vapor)
motivated us to test the abilities of the new material for drug-
loading and -release. As model system diclofenac sodium was
chosen as water-soluble active pharmaceutical ingredient. The
loading is performed by swelling the hydrogels for 24 h in a
diclofenac sodium solution (concentration: 2.5 g L™!) at 25 °C.
A similar linear dependency between the drug/water uptake
and the temperature was observed, only slightly higher degrees
of swelling were obtained which we ascribe to the ionic drug,
i.e., ionic strength.*!) The drug-release analysis is performed
by loading the drug-loaded water-swollen hydrogel on top of a
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Table 1. Water uptake, storage modulus E’, and T, (obtained by maximum of tan &) for selected measurement conditions. Note that values marked with

* were not in sorption equilibrium.

rh. [%] Equilibrium water uptake [%] E’ [MPa] T, [°C]
5°C 25°C 60 °C 5°C 25°C 61°C
0 0 0 0 388.9 + 133.7 128.0 + 10.1 79+ 1.6 59+2
25 2.5 +0.0% 2.7+0.1 22+00 227.7 + 60.9 29.8+29 1.3+£0.0 36+2
50 6.0 £ 0.3 6.4+0.1 53+00 78.3 £16.5 44+12 0.7+0.1 21+2
75 12.1 £ 0.8% 13.6 £0.1 10.2 +0.1 36+£08 0.7+0.1 0.4 +£0.0 -
95 - 39.4 £0.1% - - 0.5 (@ 90%) / -
in H,0 708 + 16 461+ 4 69+2 - - - -
(@ 55 °Q)

membrane in a Franz diffusion cell which is separated into a
donor and an acceptor compartment, Figure 2a. The acceptor
compartment is filled with a phosphate buffered saline (PBS)
that mimics tissue fluid, the membrane mimics the skin. The
drug release into the acceptor medium was studied at 32 °C. This
method is well accepted in the literature because it allows an as-
sessment of the release behavior of patches when applied to the
skin.[*?] As proof of concept, the experiment was performed us-
ing the hydrogel patch in the water-swollen state. This means the
hydrogel is over the whole experimental period in contact with
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the aqueous acceptor medium and therefore the drug is released
through a diffusion process from the hydrogel into the acceptor
medium, Figure 2a top. Figure S8 in the Supporting Informa-
tion shows the corresponding release profile. More interesting
is the release from patches which were conditioned at different
r.h., Figure 2a bottom. The patches were again loaded from drug-
containing aqueous solutions and afterward programmed at dif-
ferent humidities, namely, at 25%, 50%, and 75% r.h. Please note
that during this conditioning the patches dry by losing water by
evaporation, but retain the drug inside the hydrogel network. The

Controlled drug release via
swelling with acceptor (H,O)
& diffusion of drug

Drug release via
diffusion-control in
swollen state

programmed state

with loaded drug Time / h

Figure 2. a) Sketch showing a Franz diffusion cell which is used to study drug release from using the patch as conventional water-swollen hydrogel and
from r.h. programmed patches. b) Drug release out of a hydrogel which was conditioned at different r.h. over a period of 6 h. c) Drug release over 60 h
with drug-loaded material conditioned at 50% r.h. together with the swelling degree of drug-loaded hydrogel during drug release.
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cumulative amounts of diclofenac sodium released from the pro-
grammed patches during the first 6 h are shown for the three dif-
ferent relative humidities in Figure 2b. The higher the humidity
at which the patches were conditioned, the higher the release rate
at the respective time during the period of 6 h. While the patches
which were equilibrated at 25% r.h. show a drug release of ~43 ug
cm~2 after 6 h, this was almost doubled with an amount of ~68 pg
cm~? released from 75% r.h. equilibrated patches. This is a very
interesting finding because it means that the drug release can be
tuned by the conditioning process in r.h.

When extending the release experiment over a period of 60 h,
a sigmoidal progression was found, Figure 2c top, a plateau can
be seen after around 50 h of the measurement. The change
in swelling degree was monitored in parallel to the measured
amount of released drug, Figure 2c bottom. After a steep initial
increase in the swelling degree, a linear increase can be detected,
which after ~50 h reaches a plateau in the swelling degree. This
behavior can be explained by the transmembrane PBS diffusion
from the acceptor compartment of the Franz diffusion cells that
causes—similarly to the water uptake experiments above—the
swelling of the r.h. programmed hydrogel patches. The under-
lying mechanism seems to be a complex interplay between the
swelling with acceptor medium and diffusion of drug from the
patch into the acceptor medium. The drug release is strongly in-
fluenced by the original r.h. programmed state and the resulting
swelling process as function of time. Only in the fully swollen
state (after ~50 h) the drug-release becomes diffusion-controlled
and resembles the conventional drug release from the water-
swollen state. The release profile may be explained by the poly-
mer chain relaxation within the network as a result of swelling,
whereby the mesh size increases which leads to enhanced dif-
fusivity of the drug.*¥] For mesh size analysis from the water
content measurements, we refer to Figure S3 in the Support-
ing Information. The drug release rate is strongly influenced by
the degree of swelling from the original rh. programmed state,
which then has a strong influence on the mobility of the drug
molecules in the network and its release kinetics.[***1 To further
understand this phenomenon, we are currently performing a de-
tailed drug release kinetics study which will be published in a
separate study.

Here, our highlight is that moisture absorption from the en-
vironment can be used to adjust and control release rates. It im-
plies that the hydrogel patches can self-control their release as
a function of moisture as it may be present, e.g., in a wound.
The Franz cell is mimicking the situation of a wound where
wound exudate is released. This wound exudate will then—
similar to the PBS—TIead to a swelling of the patches and induce
the release process. The patch would thus autonomously regu-
late the drug release depending on the amount of wound exu-
date. An additional advantage is that the drug is enclosed in the
humidity-programmed hydrogel networks and gets only released
when brought in contact with the tissue fluid. The drug is re-
leased on-demand and autonomously adapting to the moisture in
the wound.

In terms of mechanical compliance and suitability for skin
patch applications, the mechanical properties of the materials
were studied in detail. Uniaxial tensile tests of the patches were
performed at finite deformations at ambient conditions, Figure
3a. The experiments were performed under static conditions
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(10 mm min~?). The stress—stretch response shows a distinct S-
shape hyperelastic behavior up to 4 > 3 with 4 = zi . This cor-

0
responds to a strain-at-break e, above 200% (¢ = Z% X 100%).

To fit the data points of the S-shape curve, the hyperoelastic eight-
chain model of Arruda and Boyce was applied (see the Supporting
Information for further Information). The inherent two effective
material parameters of the eight-chain model were fitted using
the nonlinear least-square Levenberg—-Marquardt algorithm. The
fit suggests that there must be a reorientation and stretching of
the polymer chains in loading direction within the crosslinked
network which is typical for hyperelastic polymers.[**l The data
underline the fact that the hydrogel has great flexibility and
stretchability and is compliant with human skin which has usu-
ally strains-at-break around 100%.1°1%]

Going beyond applications as skin patches, it is also impor-
tant to understand the properties in terms of stiffness. Target-
ing for the unique behavior of the patches to react to tem-
perature and relative humidity, a systematic mechanical char-
acterization was conducted with a dynamic mechanical analy-
sis apparatus. This included the relative humidity range from
0% to 90% and temperatures between 5 and 73 °C. First, am-
plitude sweeps were carried out to ensure working in the lin-
ear viscoelastic regime (see Figure S10 and Table S2 in the
Supporting Information for further information). In the fol-
lowing frequency sweeps, the force amplitudes were adapted
accordingly.

Figure 3b shows the storage modulus E’ measured at dif-
ferent relative humidities in the temperature range of 5 up to
73 °C. At dry conditions (0% r.h., black curve), E has the overall
highest values and evolves from around 390 MPa down to 3 MPa
with increasing temperature, which corresponds to two orders
of magnitude. This trend is also seen for 25% (red curve) and
50% r.h. (blue curve). In more humid conditions at 75% r.h., E’
is reduced from around 4 to 0.4 MPa, i.e., the storage modulus is
much less influenced by the temperature compared to drier con-
ditions. From the graphs, one can clearly see that the influence
of the rh. at constant temperature is significant. At 25 °C, the
storage modulus decreases from about 130 MPa (0% r.h.) over 30
MPa (25%) to 4 MPa (50%) down to below 1 MPa (75%). Please
note that further increasing the r.h. to 90% does lead to E’ of 0.5
MPa, which makes us conclude that above 75% r.h. no further
changes are obtained. To bring the storage moduli in context of
other soft materials, e.g., PDMS, values below 1 MPa are typical
for crosslinked elastomeric materials.®]

The trend of the loss factor tan § is also highly unique (see
Figure 3b bottom). Showing a rather broad maximum with a peak
at 59 + 2 °C at dry conditions, the curves become sharper and
the maxima are located at 36 + 2 °C at 25% rh. and at 21 + 2
°C at 50% r.h. For 75% rh., the curve of tan § shows a steep
increase down to 5 °C. The data strongly suggest that the max-
imum will appear at temperatures well below 5 °C. The loss
factor increase results in higher energy dissipation as a func-
tion of increasing relative humidity. This is in line with the ob-
served difference of E’ between dry and wet conditions. Using
the loss factor as evaluation criterion for the glass transition tem-
perature T, one can extract the following trend: with increasing
humidity, T, decreases from about 60 °C in dry state to below
5°Cat75% rh.
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Figure 3. a) Photos highlighting stretching of hydrogel stripe and tensile test of three different samples at ambient conditions (around 20 °C, 45 + 5%
rh.). Measured with rectangular samples at a strain speed of 10 mm min~" and fitted with the eight-chain hyperelastic model of Arruda and Boyce.
b) Storage modulus E’ (top) and loss factor tan § (bottom) for different relative humidities (r.h.) as function of temperature (measured at 1 Hz). The
photograph shows the fixation in the DMA apparatus. c) Master curves of E’ and tan 6 shown for different relative humidities at a reference temperature
of 25 °C. d) Obtained values from DMA measurements as a function of relative humidity and temperature. Black lines mark the T, for the respective
relative humidity, red arrow marks the area of the steepest decrease of E’.
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Taking 25 °C as relevant temperature of use, the mate-
rial shows a T, above room temperature at 0% and 25%
rh. and behaves like a rather stiff material. Above 50% r.h.,
the material becomes softer with a T, below room temper-
ature. The higher the rh., the lower the T,. As the mate-
rial contains hydrophilic amide and ether functional groups,
water molecules can diffuse from a humid atmosphere into
the material. Water then acts as a kind of plasticizer through
hydrogen bonding, this is reported for commodity polymers
such as polyamides and polyurethanes.[*’8] The absorbed wa-
ter lowers the T, and hence influences mechanical properties
significantly.[35:45:49.50]

While Figure 3b represents the material behavior at different
temperatures at one selected frequency at 1 Hz, Figure 3¢ shows
master curves at 0%, 25%, 50%, and 75% r.h. for the storage
modulus (top) and the loss factor (bottom) which are obtained
from frequency sweeps (0.01-10 Hz) at isothermal and isohu-
mid conditions. The horizontal shifting of the frequency data in
the master curves clearly suggests that the hydrogels are thermo-
rheological simple materials at all four selected relative humidi-
ties. The time-temperature superposition allows for an interpre-
tation of the hydrogel behavior in a large frequency domain at
fixed reference temperature. Relaxation times over 14 orders of
magnitude are accessible from these data sets (see Figures S11
and S12 in the Supporting Information for further information).
This is particularly important for applications in soft robotics
where static holding, i.e., long relaxation times, or highly dy-
namic responses, i.e., short relaxation times, might be required.
In terms of skin requirements, the patches have to follow the
movements of the body, which involves both, abrupt and slow
motions.

3. Conclusion

Summarizing, the temperature- and humidity-dependent water
uptake and rheological properties of a new type of hydrogel
material have been presented. The material reversibly responds
and autonomously adapts to varying environmental conditions—
from dry to wet.

Normally brittle and rigid in dry state, NIPAM crosslinked
and copolymerized with oligo(ethylene glycol) acrylates show out-
standing flexibility and stability at ambient conditions. The glass
transition T, of these smart rubbers is strongly affected by rela-
tive humidity and ranges from about 60 °C to temperatures below
0 °C. The hyperelastic stress—strain behavior gives strain-at-
break e, values above 200%. Most interestingly, the stiffness
(storage modulus) of the material can be tuned over four
orders of magnitude from 0.6 up to 400 MPa, compare
Figure 3d, by temperature and relative humidity as external
triggers.

The effect of strongly differing material stiffness upon chang-
ing environmental conditions is highly intriguing for soft robotic
and smart skin applications: upon sensing and adapting to tem-
perature and/or relative humidity, large dimensional changes are
triggered which can be used for actuating applications. For skin
applications, the demonstrated tunable drug release rates will al-
low for personalized medication, e.g., in wound therapy in the
future.
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4. Experimental Section

Materials: ~ N-Isopropylacrylamide ~ (NIPAM,  purity =~ >97%),
poly (ethylene glycol)-diacrylate (PEG-DA, M, 700 g mol~' as confirmed
with TH NMR analysis), triethyleneglycolmonoethylethermethacrylate
(TEG-MA, M, 246 g mol™"), and 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (photoinitiator, purity >98%) were purchased
from Sigma-Aldrich (Germany) and used without further purification.
Diclofenac sodium, sodium chloride, disodium hydrogen phosphate,
potassium dihydrogen phosphate, and potassium chloride were of
European Pharmacopoeia grade. Polycarbonate membranes with a pore
diameter of 0.03 pm were obtained from Whatman Nuclepore (Global
Life Sciences Solutions USA LLC, Marlborough, United States). The
commercial patch with diclofenac sodium (Voltaren Schmerzpflaster,
GlaxoSmithKline) was purchased from a local pharmacy.

Synthesis:  The hydrogel patches were prepared via in situ photopoly-
merization. First, 1.3 g of NIPAM was ultrasonicated for 10 min in 22 g
of purified water (18.2 MQ) in a 50 mL flask. After dissolving of NIPAM,
1.1488 g of PEG-DA and 0.3018 g of photoinitiator were added to the solu-
tion. After stirring the solution for 20 min, 0.792 mL (0.8075 g) of TEG-MA
were added. The comonomer ratios correspond to 70 mol% NIPAM, 10
mol% PEG-DA, and 20 mol% TEG-MA. The solution was stirred again for
20 min to ensure complete dissolving and mixing of all components. Then
the solution was placed in an ice-water bath and stirred for further 15 min
to ensure cooling of the solution. The solution was casted into a pre-cooled
PTFE-mold and put under the UV-Lamp (UVItec LF-206LS UV-Lamp (365
nm, Power 6 W)), which was placed 6 cm above the mold. Photopolymer-
ization was carried out for 60 min to obtain a swollen hydrogel. The gel
was put into deionized (DI) water and washed for 2 days (with daily wa-
ter exchange) to remove any unreacted components and impurities. The
hydrogels were dried at 60 °C overnight.

Swelling Degree: To determine the swelling degree of the hydro-
gel material, small pieces (diameter 3 to 6 mm) were punched out
of the dry material and dried overnight under vacuum. Afterward,
the samples were weighed (mg), put into 10 mL glass vials which
were filled with DI water and then sealed. For the determination of
the temperature-dependent swelling degree, the glass vials were put
into a temperature-controlled water bath (LAUDA Alpha RA 8). Af-
ter 24 h, the samples were taken out of the water, carefully blotted
on a filter paper to remove surface water and immediately weighed
(my). The average swelling degree was determined from at least three
samples.

Dynamic vapor sorption (DVS) analysis was performed to determine
water absorption as function of r.h. and temperature. For this purpose,
three round samples (diameter 10 mm) were placed into a DVS analyzer
(SPS11, ProUmid) and subjected to the desired measurement protocol.
The mass of the samples was determined automatically every 10 min and
after reaching the sorption equilibrium (Am < 0.02% per 60 min) it was
continued with the next step. Water absorption kinetics were determined
for three different temperatures (5, 25, and 60 °C) for different r.h. (25%,
50%, 75%, and 95%). Between the individual temperature cycles, the sam-
ples were completely dried. To get information about the temperature-
dependent water uptake at 75% r.h., the sample was cooled from 60 to
5 °C in steps of 5 °C. Between each step, the samples were allowed to
reach water sorption equilibrium.

Mechanical Characterization: Humidity- and temperature-dependent
dynamic-mechanical analysis (DMA) was performed with rectangular
samples. The dimensions of the samples were 20 mm long, 10 mm wide,
and 1 mm thick. A rheometer (MCR 502 WESP, Anton Paar), equipped with
an environmental chamber (CTD 180, Anton Paar) and a humidity gener-
ator (MHG 100, ProUmid) was used. The samples were tested by force-
controlled extensional rheology with a rectangular fixture system (SRFS5,
Anton Paar). At first, amplitude sweeps were conducted to determine the
linear-viscoelastic area (LVA) of the material (see Figure S10, Supporting
Information). Therefore, different force amplitudes were measured at dif-
ferent r.h. and temperatures.

For the force-controlled frequency sweeps, the material was equili-
brated for at least 12 h at the desired r.h. at 25 °C. After this step was
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finished, the sample was cooled to 5 °C and equilibrated for another 6 h.
When the equilibration was completed, the frequency sweep was con-
ducted. The mechanical properties of the samples were determined in ten-
sion, starting at a temperature of 5 °C, as a function of frequency (0.01 to
10 Hz). After the frequency sweep was completed at the selected temper-
ature, the sample was heated in 3 °C steps to the next temperature level,
from 5 to 73 °C.

Stress—strain properties were measured with an Instron 5565 tensile
tester, equipped with a 1 kN load cell at a strain speed of 10 mm min~'.
Rectangular samples of 30 X 10 X T mm (I X w X t) were used.

Drug Loading and Release Experiments:  For drug loading, the hydrogel
was dried for 3 h at 60 °C and afterward stored temporarily over silica
to cool down to room temperature (25 °C). The dried gel samples were
immersed into a solution of diclofenac sodium in purified water (2.5 g L™")
for 24 h at room temperature to reach the equilibrium state of swelling.
After removing the swollen gel from the solution, the water was wiped off
with precision wipes. Subsequently, disks were punched out of the gel for
further use.

To generate a defined moisture content in the gel, the drug-loaded
swollen gel patches were stored at different r.h. (25%, 50%, 75%) for 24
h to reach equilibrium by water diffusion. For the following 6 h release
studies, an environmental chamber (CTD 180, Anton Paar) equipped with
a humidity generator (MHG 100, ProUmid) was used, while the samples
for the following 60 h release studies were conditioned in a climate cham-
ber (ICH-L 110, Memmert). Moisture content in the gels was determined
gravimetrically by comparing mass of the gel in equilibrium state and dry
state which makes it possible to calculate the degree of swelling.

The in vitro drug release studies were carried out using modified
Franz diffusion cells (Gauer Glas, Puettlingen, Germany). The recep-
tor compartment had a volume of 12 mL and was filled with PBS pH
7.4 as receptor medium. The inner diameter of the cell was 15 mm
resulting in an effective release area of 1.77 cm?. The donor and re-
ceptor compartments were separated by a polycarbonate membrane.
The measurements were conducted at ambient conditions. The recep-
tor medium was degased by ultrasound prior to the studies. The Franz
diffusion cells were tempered at 32 °C in a water bath and stirred by
means of a magnetic stirring bar with a speed of 500 rpm during the
studies.[>1]

At the beginning of the measurement and after each hour, 1 mL of the
receptor phase was withdrawn through the sampling arm and replaced by
fresh pretemperatured medium. Sink conditions (concentration <10% of
saturation concentration) were maintained over the entire measurement
period. The hydrogel patches were weighed both before and immediately
after the release experiment to calculate the degree of swelling. Samples
were analyzed spectrophotometrically at 276 nm using a microplate reader
(Varioskan Lux, Thermo Fisher Scientific GmbH, Germany). Studies were
performed in triplicate.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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