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Hydrogels with Preprogrammable Lifetime via UV-Induced

Polymerization and Degradation

Johannes M. Scheiger and Pavel A. Levkin*

Hydrogels are 3D networks infused with water. When formed via radical polym-
erization, inherently stable hydrogels are created due to stable covalent carbon-
carbon bonds. As such, they remain static soft scaffolds, unlike the dynamic
tissue they are often compared to. Herein, a hydrogel capable of autonomously
converting from a liquid hydrogel precursor solution into a solid hydrogel for a
defined period of time, followed by a further transformation back into a liquid
polymer solution, is designed. These antagonistic processes are initiated by the
same UV light, which is used as stimulus for both a photopolymerization and

a photodegradation simultaneously. It is demonstrated how the lifetime of the
hydrogel state can be controlled and visualized on the minute scale. Both the
photopolymerization and the photodegradation reactions are studied with var-
ious methods such as NMR, IR, and confocal microscopy. The different stages
of the transformation, e.g., the hydrogel precursor (liquid), hydrogel (solid),

and degraded hydrogel (liquid) are investigated with rheometry, viscosimetry,
dynamic light scattering, and gel permeation chromatography. Small changes
in the molecular composition of the precursor solution result in macroscopi-

(atom transfer radical polymerization),
RAFT (reversible addition—fragmentation
chain transfer polymerization) or NMP
(nitroxide-mediated polymerization),
polymers can be tailored to suit the
respective needs of application. Despite
the enormous progress in radical polym-
erizations, control over the lifetime of
polymers remains a challenge due to the
strong covalent carbon-carbon bonds
formed. Controllably induced gelation
and liquefaction processes are sought
particularly for hydrogels due to their
applications in drug release or 3D cell
culture.[*8 Recently, a group of smart
“non-equilibrium” or “autonomous” mate-
rials allowed predefining the lifetime
of supramolecular hydrogels.>'! Since
then, a few strategies have been exploited

cally measurable differences. Such time-dependent twofold photoreactive
systems can be of interest for designing dynamic materials, such as glues and

photoresists or for biomedical applications.

1. Introduction

Polymer chemistry has developed from uncontrolled rad-
ical polymerizations to reactions with remarkable control of
products in terms of molar mass,!! polydispersity, polymer
conformation (e.g., folding of single polymer chains),”?! tac-
ticity, sequence control,}l and polymer architecture.*>! With
controlled radical polymerization techniques such as ATRP
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to preprogram the lifetime of supramo-
lecular hydrogels, making use of either
antagonistic enzymes,[1%14  kinetically
competing reactions,!” or the generation
of thermodynamically unfavorable mole-
cules which self-assemble into hydrogels.
Formation of latter are fueled by molecules high in energy
(e.g., carbodiimides or dimethylsulfate).'%1617] Hydrogels
with predefined lifetime have been limited to supramolecules
and one example of an anhydride crosslinked acryl amide/
acrylic acid copolymer.'® Moreover, hydrogels formed and
crosslinked via radical polymerizations cannot be addressed by
existing strategies.

Permanent covalent hydrogels are fundamentally different
from supramolecular hydrogels: while the latter form net-
works due to self-assembly, covalent hydrogels are formed via
polymerization of monomers with crosslinkers.'*2!l The sta-
bility of covalent bonds results in a higher chemical resistance,
higher thermal and thermodynamic stability as well as tunable
mechanical properties. Herein, we report the ability to control
the lifetime of a covalently crosslinked hydrogel by combining
an UV-induced photopolymerization with an UV-induced
photodegradation. This process is driven by a single UV light
source, thus rendering the process of formation and degrada-
tion autonomous, i.e., if the UV light is applied continuously, a
hydrogel precursor solution starts a transition from liquid into
solid and then, after a defined period of time, to liquid again.
For the first time, control over a covalently crosslinked hydrogel
is demonstrated not only spatially but also temporally, thus ren-
dering the UV-induced formation and degradation of hydrogels
(UV transient hydrogels) an example for 4D macromolecular
engineering.
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Figure 1. A) Reaction equation and B) schematic showing the UV-induced preprogrammed formation and degradation of a hydrogel. UV irradiation of
a hydrogel precursor solution (i) induces rapid polymerization, resulting in a solid hydrogel state (ii). Further continuous UV irradiation degrades the
hydrogel into a polymer solution (iii). Since the photodegradation kinetics are slower than those of the photopolymerization, the lifetime of the solid
hydrogel state is finite and can be preprogrammed by fine-tuning the precursor solution composition and UV-light intensity.

2. Results and Discussion

In all transient macromolecular materials with definable life-
time, building blocks are incorporated into molecules of
higher order (e.g., a hydrogel network), which undergo deg-
radation either simultaneously with their formation or timely
delayed via a feedback mechanism. Here we report on UV
transient hydrogels, which principle is shown in Figure 1A,B.
In all experiments, poly(ethylene glycol) methylether metha-
crylate (PEGMA, MW 500) monomers were copolymerized
with the crosslinker poly(ethylene glycol) dimethacrylate
(PEGDMA, MW 750) in a ratio of PEGMA-PEGDMA-X, with

n
PEGMA . The water content of the precursor

X being
Npecma t+ MpEGDMA

solution was 80 wt% (relative to PEGMA). As photoinitiator

0.005 mol% (rel. to PEGMA) 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (12959) was used. The UV light sources
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employed were Hg-lamps with similar light emission peaks
(Figures S1-S3, Supporting Information) but different power
(termed “weak” and “strong”). More detailed information about
the choice of reactants and composition of the hydrogel pre-
cursor solution can be found in the Supporting Information.
For a typical experimental setup, the prepolymer mixture
was irradiated with UV light (4 mW cm™ at 260 nm), trig-
gering formation of a “solid” hydrogel within a few minutes
(Figure 2Ai — ii). However, continuation of the UV irradiation
of the hydrogel led to the transformation of the hydrogel into
a liquid solution (Figure 2Aii — iii). The same UV light ini-
tiating the polymerization simultaneously caused degradation
of the covalent polymethacrylate network into water soluble
polymer fragments, effectively converting the hydrogel into
an aqueous polymer solution. Due to the inherent stability of
covalent hydrogels, the process could be stopped at any desired
time, simply by preventing the hydrogel from further UV light

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) Process of UV-induced formation and degradation of a PEGMA-PEGDMA-5 hydrogel. Pictures were taken after 0 min (i), 20 min,
(if) and 120 min (iii) of UV irradiation of 500 pL PEGMA-PEGDMA-5 precursor solution in a UV transparent NMR tube. B) Reaction-energy diagram for
the UV-induced formation and degradation of PEGMA-PEGDMA hydrogels. UV light provides the activation energy for the cleavage of photoinitiator
molecules leading to polymerization, as well as for the cleavage of the polymeric network, leading to hydrogel degradation. The driving force of the
polymerization is the conversion of carbon—carbon double to single bonds. R represents either the (CO,)-PEG-OMe unit of PEGMA or the (CO,)-
PEG-(CO,C;3Hs) unit of PEGDMA. C) UV spectra of the photoinitiator Irgacure 2959 in water after exposure to UV irradiation for different times. The
maximum shifted almost completely after only 1 min, indicating an efficient generation of radicals and fast polymerization. D) Influence of the UV
irradiation time on the molecular weight distribution (MWD) of a PEGMA-PEGDMA-5 hydrogel as determined with gel permeation chromatography
(GPC). Hydrogel discs were irradiated with UV light for different times until fully liquefied samples were obtained. The MWD shifts to lower molecular

masses and high MW shoulders disappear upon UV irradiation.

exposure (Figure 2A). This approach differs fundamentally
from all transient hydrogels reported so far, due to its dif-
ferent gelation and degradation mechanisms, driving forces,
stimulus, network type, and energetic landscape (Figure 2B,
Table S1, Supporting Information). The polymerization reac-
tion itself is fueled by the exothermic conversion of methacrylic
carbon—carbon double bonds into single bonds (=54 k] mol~!
for methyl methacrylate), which easily overcomes the activa-
tion energy of propagation (=20 k] mol™ for the PEGMA used
in this report).?223] Without further irradiation, the hydrogel
state would resemble a stable energetic minimum but the con-
tinuous UV irradiation cleaves carbon—carbon bonds in the
polymer and thus guides the system into a consecutive energy
minimum (Figure 2B). Mechanistically, random main-chain
scission or main-chain scission induced by side chain scission
can occur (or both), leading to a broad mixture of possible prod-
ucts.*32 Tt is thus hard to determine the exact position of the
degraded hydrogel state in the energetic landscape. However,
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the energy level of the degraded polymer solution could be
lower than that of the hydrogel due to the formation of stable
C—H bonds as in formates, which were identified by NMR
spectroscopy (Figure S4, Supporting Information).

UV light drives such antagonistic processes because it
provides the activation energy required for two processes
(Figure 2B): The cleavage of the photoinitiator, thus initiating
a free radical polymerization (i — ii) and also the energy nec-
essary to cleave the polymeric network into soluble polymer
fragments, leading to re-liquefaction (ii — iii). These two pro-
cesses happen on different time scales, i.e., the polymerization
is faster than the degradation, and the systems undergo a trans-
formation from a liquid precursor to a hydrogel state, followed
by a transition into a degraded hydrogel polymer solution. The
fast polymerization was attributed to the efficient cleavage of
photoinitator molecules (Figure 2C). In a model experiment, we
irradiated a solution of the photoinitiator 12959 in water for dif-
ferent times (4 mW cm™2). The concentration used was equal to

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the one used for the polymerization (0.2 mmol L), Within just
1 min the absorbance maximum shifted from 280 to 250 nm.
Interestingly, an almost exactly opposite shift (from 247 to
279 nm) was reported recently in a photopolymerization study
using 12959.133 This could be caused by the different solvent
PBS (phosphate buffered saline) and the different irradiation
conditions (365 nm) used in this study. An in-depth report
about the photocleavage mechanism of 12959 is in accordance
with our value of the absorption maximum of aqueous 12959
solution being at 280 nm.3* The model system is believed to
behave similar to the polymerization mixture, since the main
absorbance of 12959 around 280 nm was found to be uncon-
tested by the monomer PEGMA and crosslinker PEGDMA,
respectively (Figure S5, Supporting Information). Oppositely,
the photodegradation was a slow process, where only extended
periods of irradiation time had a measurable effect. Long
time UV irradiation (30 min) of swelled PEGMA-PEGDMA-5
hydrogel led to full liquefaction into an aqueous solution,
which could then be dried and examined with gel permeation
chromatography (GPC, Figure 2D). For increasing irradiation
times and UV intensity (30 min at 3.5 mW c¢m™2, 30 min and
45 min at 4.0 mW cm™2), a decrease in all molecular weight
distribution (MWD) parameters (Mp, My, My) was observed
(Table S2, Supporting Information). Noteworthily, the MWD
parameters extracted are not representative for the whole elu-
gram, as the respective MWDs outspread to very low molecular
weights (<MW 800), where the GPC calibration used is not
valid anymore. Therefore, only the parts of the elugrams cor-
responding to masses greater than 800 Da were integrated. The
broad shoulder after 30 min irradiation (seen for both 3.5 and
4.0 mW cm?) of the MWD disappeared after 45 min of UV
irradiation, which indicated an unselective (random) degrada-
tion mechanism. High molecular weight polymer chains are
statistically more likely to undergo chain scission than low
molecular weight chains due to the presence of more cleavable
bonds per polymer. Polymer chains also have a higher statis-
tical probability to be cleaved in the middle of the chain rather
than at the chain ends contributing to the disappearance of the
high molecular weight shoulder. This assumption was further
supported by a decrease in the polydispersity D with increasing
irradiation time (Table S2, Supporting Information).

The inherent lifetime of the hydrogel state depends on both
the UV irradiation conditions and on the composition of the pre-
cursor solution, which could be adjusted to prolong or shorten
the hydrogels lifetime. To illustrate the influence of irradiation
time and intensity on the gelation and degradation, we prepared
hydrogel precursor solution films in between a glass slide and a
quartz slide (on top), separated by a spacer (125 um). The hydrogel
films were then irradiated with two different UV lamps (“weak”
and “strong”) for different times. After irradiation, films of
PEGMA-PEGDMA-5 precursor solution were swelled in aqueous
Rhodamine-110 Cl (5 mg L) solution and then imaged with
confocal laser scanning microscopy (CLSM) (Figure 3A). Due to
the swelling in aqueous Rhodamine-110 Cl solution (5 mg L),
hydrogel films increased in height from 125 to =450 pum.
Hydrogel film formation was observed after 1 and 2 min for
the strong and weak UV lamp, respectively. The photodegra-
dation clearly showed to be a surface erosion process, which
allowed illustration of the lifetime of UV transient hydrogels as
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a function of height versus irradiation time. The hydrogel film
thickness was at its maximum right after its formation, because
the UV photodegradation took place simultaneously. Thereafter,
a monotonous decrease in hydrogel height was observed with
increasing irradiation time. When using a strong UV light source
(1000 W), both the polymerization as well as the photodegrada-
tion were faster than in the case of using a weak UV light source
(500 W), i.e., the gelation and degradation time were 1 min and
21 min shorter, respectively. Thus, the lifetime of UV transient
hydrogels could be adjusted via the UV light intensity. Notewor-
thily, the use of a filter blocking UV light below 320 nm slowed
down the polymerization (no quantitative conversion of vinyl
groups after 20 min) and did not lead to observable degradation
(Figure S6, Supporting Information).

Compared to our previous report, the photodegradation
rate is =10-fold slower in terms of photodegradation depth
per time (um min~!).’% This is attributed to the fact that the
UV transient hydrogels in this work were not allowed to reach
their maximum water swelling level, which would accelerate
their degradation. The swelling ratio for PEGDMA-PEGDMA-5
hydrogels was calculated from the weight of as-prepared
hydrogels and swelled hydrogels. Gels could take up DI water
425 £ 0.15 times their own network weight, respectively.
Another reason for the slow photodegradation could be the
presence of UV absorbing photoinitiator molecules.

To gain insight into the polymerization reaction, i.e., the
monomer and photoinitiator conversion, UV transient hydrogel
films were examined with FTIR ATR and in situ UV spectros-
copy with a radial spectrophotometer. In the ATR FTIR (attenu-
ated total reflection Fourier transform infrared spectroscopy)
spectra recorded for different irradiation times, PEGMA and
PEGDMA double bond conversion could not be observed from
the double bond stretching band at 1640 cm™, as it was over-
laid by the very broad and intense water bending band peaking
around 1635 cm™. Instead, the shift from the o~ unsaturated
ester stretching band in the monomer (1716 cm™) to a satu-
rated, aliphatic ester stretching band (1727 cm™) in the con-
versed polymethacrylate network was observed (Figure 3B).
After 5 min irradiation, there was no more observable change
upon further irradiation, indicating that the polymerization
reaction was completed after this time (full spectra Figure S7,
Supporting Information). PEGMA-PEGDMA-5 precursor solu-
tion films irradiated for 2, 3, 4, and 5 min yielded smooth gel
films. Films irradiated for longer times already showed signs
of degradation visible with the bare eye by the formation of
droplets on the gel surface, indicating that the leftover gel film
could not take up all the water freed due to the network degra-
dation. Since formation of PEGMA-PEGDMA-5 hydrogel films
was observed already after 2 min by CLSM, it was concluded
that gelation of PEGMA-PEGDMA-5 precursor solution did not
require quantitative monomer conversion.

UV-vis spectroscopy has shown to be a useful complimen-
tary technique to infrared spectroscopy for the investigation of
monomer and photoinitiator conversion.**3”l Hence, we inves-
tigated the consumption of the photoinitator via in situ UV
spectroscopy, using a spectral radiophotometer (Figure 3C). A
hydrogel precursor film (125 um) in between two quartz glass
slides was placed on top of the sensor of the spectral radiophoto-
meter, which was put underneath the UV lamp. Every minute

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Visualization of the lifetime of the UV transient hydrogels with confocal microcopy (z-stack images). The hydrogel height is plotted against
the irradiation time. Scalebars are 550 um, the scanned x—y plane surface area is 0.3025 mm?2. PEGMA-PEGDMA-5 hydrogel films were prepared for
various irradiation times with two different UV lamps (labeled as “strong” and “weak,” see Figures S1-S3, Supporting Information for detailed infor-
mation). B) Inset on the carbonyl stretching band in ATR FTIR spectra of PEGMA-PEGDMA-5 hydrogel films and PEGMA monomer (normalized). A
shift of the peak maximum from 1716 cm™' of PEGMA (line, normalized to highest gel carbonyl peak) to 1727 cm™' was observed upon irradiation,
indicating the conversion of monomers from unsaturated esters to saturated esters. C) In situ transmission UV spectra showed an increase in UV
light transmission over the course of the gelation and liquefaction process. The 100% transmission spectrum shows the UV lamp emission (OAl
Model 30). The increase in transmission with increasing irradiation time, particularly between 240 and 290 nm, was attributed to monomer and
photoinitiator conversion. D) Inverse PEGMA-PEGDMA-5 hydrogel patterns (blue) prepared from identical materials: Precursor solution, photomask,
and light source. Hydrogels were dyed with 4001 Royal Blue ink from Pelikan (Schindellegi, Switzerland) to improve the visibility of the patterns. In
(i) a flat hydrogel film was formed via photopolymerization. Then a photomask was put onto the hydrogel film and irradiation was continued until the
exposed hydrogel was eroded (positive photoresist). For (ii) a photopolymerization was conducted with a photomask covering parts of the precursor

solution (negative photoresist).

a spectrum was recorded for 30 min. As a 100% transmission
reference, a film of water (125 um) in between two quartz slides
was used, which represented the lamp emission spectrum.
Upon irradiation the absorbance between 240 and 300 nm
decreased rapidly as response to the conversion of double bonds
and scission of photoinitiator molecules. In contrast to the
spectra of irradiated 12959 in water, no increase in absorbance
at 250 nm was observed. This was attributed to overlaps with
disappearing PEGMA and PEGDMA alkene bands and the dif-
ferent chemical nature of terminated 12959 radicals in the pre-
cursor solution (e.g., initiated polymer chains) when compared
to 12959 in water. After =5 min irradiation time, there was no
more change in transmission of the lamp emission peak at
266 nm, further confirming the assumption that the poly-
merization reaction is finished after =5 min. The spectra of
20 and 30 min irradiation time were essentially identical at
266 nm, showing that the UV absorbance of the hydrogel and
the resulting degraded polymer solution is the same around
this wavelength. The UV transmission of the lamp emission
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peak at 249 nm was observed to go through a maximum after
11 min of irradiation, followed by subsequent decay for all
longer irradiation times. This decrease is thus indicative for the
photodegradation process.

An inherent advantage of photochemistries is the spatial con-
trol over a reaction. In the case of UV transient hydrogels, both
the formation and degradation are photochemical processes
induced by the same light source. This enables spatial con-
trol in both the formation and degradation steps, thus making
it possible to achieve both spatial and temporal control at the
same time. An example of such unique feature is the formation
of inverse hydrogel patterns that can be formed and removed
through the UV irradiation, serving as both positive or nega-
tive photoresists (or both). The inverse hydrogel patterns were
yielded using an identical set of materials (UV lamp, hydrogel
precursor solution, photomask) simply by covering the sample
with a photomask at different time points (Figure 3D). When
the photomask was put on a film of hydrogel precursor solution
from the beginning, the negative photoresist image is yielded

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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upon 2 min of irradiation. Irradiation of a film of hydrogel pre-
cursor solution for 2 min and a continuation of the irradiation
with the photomask placed on top of the hydrogel film yields
the inverse image. This unique behavior is believed to be of
interest for designing bifunctional photoresists.

Over the course of the solidification (polymerization) and
liquefaction (degradation) process, the mechanical properties
of the hydrogel films change according to their state of matter
(i-e., liquid vs solid). This was exploited to close a quartz cap-
illary for a defined period of time via continuous UV irradia-
tion (Figure 4A). The UV irradiation time required to reopen
the capillary could be precisely tailored by varying the relative
crosslinker concentration (Figure 4B). Capillaries (100 um
diameter, =3 cm length) were loaded with PEGMA-PEGDMA-
X precursor solution (X =4, 5, and 6) and were then irradiated
(4 mW cm™ at 260 nm) for defined amounts of times and
then connected to a syringe filled with dyed water (blue ink).
To ensure reproducible results the light intensity was carefully
monitored in the exposed area before every single experiment.
A 1 kg cast iron weight was then placed on the syringe flange,
which exerted a pressure of =0.59 bar on the hydrogel plug in
the syringe (based on the syringés inner diameter of 14.5 mm
and the acceleration of gravity being 9.807 m s72). Without irra-
diation of the hydrogel precursor solution, water could freely
pass through the capillary. Irradiation times from 1to 6, 1to 8,
or 1 to 11 min for PEGMA-PEGDMA-4, -5, and -6, respectively,
resulted in a preprogrammed blockage of the capillary, pre-
venting water from passing through. Higher irradiation times
again allowed water to freely pass the capillary (Figure 4A,B).
Varying the amount of PEGDMA crosslinker between 4 and
6 mol% thus showed to be an easy and efficient way to tailor the
lifetime of the hydrogel and remarkably influence macroscopic
properties on the minute scale. The UV transient hydrogel
plugs the capillary until it is sufficiently degraded to be released
by the water pressure applied. In contrast to known transient
supramolecular hydrogels, the lifetime of UV transient hydro-
gels can be extended simply by stopping the UV exposure,
e.g., a capillary blocked with PEGMA-PEGDMA hydrogel will
remain blocked until further irradiation is applied. When the
process of irradiation was stopped and continued =1 h later, the
time for freeing the capillary from hydrogel was increased by
typically 1-2 min, which is most likely a result of water evapora-
tion from the hydrogel.

The mechanical properties of UV transient hydrogels in the
three different stages of their lifetime, i.e., the precursor solu-
tion state, the hydrogel state, and the degraded polymer solution
state, were investigated. The rheological behavior changed
drastically in between the three stages (Figure 4C-E). For the
PEGMA-PEGDMA-5 precursor solution and the respective
degraded polymer solution, a non-Newtonian behavior typical
for polymer solutions was observed.’®! This is indicated by
the frequency dependence of both storage and loss moduli as
well as a crossing point at increasing frequency. The PEGMA-
PEGDMA hydrogel showed no crossing points and negligible
dependence of the frequency on the storage and loss moduli,
indicating a covalently crosslinked polymeric network. Due to
the low amount of crosslinker, PEGMA-PEGDMA-5 hydrogels
possessed low storage and loss moduli (=10° Pa) in the range
of soft poly(ethylene glycol) hydrogels used for cell culture.l3*40
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In accordance to our expectation, hydrogels swelled to equilib-
rium were found to have lower moduli than the respective as-
prepared hydrogels and PEGMA-PEGDMA-2.5 hydrogels were
found to have lower moduli than PEGMA-PEGDMA-5 hydro-
gels (Figure S8, Supporting Information).

To distinguish the two liquid stages in more detail, the
viscosity of PEGMA-PEGDMA-5 precursor solution and a
degraded polymer solution (120 min irradiation) was deter-
mined (Figure 4F). For the PEGMA-PEGDMA-5 precursor
solution a viscosity of 3.14 mPas and for the degraded polymer
solution (120 min) a viscosity of 5.95 mPas was found. The
increase in viscosity was attributed to the degraded polymer
chains. Their hydrodynamic radius was determined with DLS
(dynamic light scattering) to be a broad multimodal distribu-
tion between 5 and 500 nm, explaining their influence on the
viscosity (Figure 4G).[*1]

To further demonstrate the different mechanical properties
of UV transient hydrogels in their different stages, we meas-
ured the stiction force exerted between a hydrogel and a quartz
slide (Figure 4H). PEGMA-PEGDMA-5 hydrogel precursor
solution was placed on a glass slide and was then covered
with a spacer (125 um) and a quartz slide. Samples were then
irradiated for different times (0, 2, and 9 min) and the force
required to overcome the stiction between the quartz slide and
the sample surface was measured with a precision scale. As a
result, we could clearly distinguish between the aggregate states
of the UV transient hydrogel, since the solid hydrogel state
(2 min irradiation) required a higher force (4.2 N) to overcome
the stiction between the sample and the quartz glass compared
with the liquid precursor and degraded solution states (0.6 and
0.9 N, respectively). We envision that this is a promising con-
cept for transient and preprogrammed adhesives.

3. Conclusions

Herein, we introduced the first example of UV transient
hydrogels. These covalently crosslinked hydrogels possess an
inherent lifetime under continuous UV irradiation, which was
enabled by a simultaneous photopolymerization and photodeg-
radation of poly(PEGMA-co-PEGDMA) hydrogels. UV transient
hydrogels performed an autonomous liquid-gel-liquid process
triggered by a single UV source, going from a precursor solu-
tion state through a covalently crosslinked hydrogel state into
a liquid polymer solution state. The UV reactivity of the sys-
tems was thus uniquely dependent on the irradiation time and
the current state of the system. In combination with the spatial
control of photochemistry this could be exploited to yield two
inverse hydrogel patterns using identical starting materials. We
also demonstrated how UV transient hydrogels could be used
to seal and release a capillary or to manipulate their stiction
toward their surroundings, solely based on irradiation time.
The lifetime of UV transient hydrogels could be altered via the
UV light intensity (or UV source) and the crosslinker concen-
tration (PEGDMA), which led to precise temporal control of
macroscopical properties on the minute scale.

The photoreactions and the mechanical properties of UV
transient hydrogels were studied with various methods such
as ATR FTIR, in situ UV-vis, NMR, CLSM, viscosimetry, and
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Figure 4. A) Irradiation time-dependent sealing of capillaries demonstrating the influence of crosslinker concentration on the lifetimes of UV tran-
sient hydrogels. Higher amounts of crosslinker lead to longer irradiation times necessary to open the capillary and enable water flow. A pressure of
~0.59 bar was applied to the syringe flange by placing a 1 kg cast iron weight on the plunger flange. The dotted frames show light micrographs of an
empty capillary (left) and a capillary with hydrogel photopolymerized inside (right). B) Dependence between irradiation time and the open/sealed state
of capillaries infused with PEGMA-PEGDMA-X (X = 4, 5, 6) precursor solution. C—E) Comparison of the rheological behavior of PEGMA-PEGDMA-5
precursor solution, hydrogel and degraded polymer solution, respectively. The degraded polymer solution was obtained from irradiation (UVAcube
2000) of PEGMA-PEGDMA-5 hydrogel precursor solution for 120 min in a quartz NMR tube. F) Viscosity of PEGMA-PEGDMA-5 precursor solution
and degraded polymer solution, respectively. The degraded polymer solution was obtained from irradiation (UVAcube 2000) of PEGMA-PEGDMA-5
hydrogel precursor solution for 120 min in a quartz NMR tube. G) DLS (dynamic light scattering) measurement of degraded polymer solution obtained
from irradiation (UVAcube 2000) PEGMA-PEGDMA-5 hydrogel precursor solution for 120 min in a quartz NMR tube. H) Pull-off force required to
remove a quartz glass slide from the surface of PEGMA-PEGDMA-5 films after different irradiation times (UVAcube 2000).

rheometry. Irradiation time-dependent photoreactive systems  both positive and negative photoresist. Further, this principle
could be interesting materials for applications as advanced  could be applied to adhesives, where a targeted application and
photoresists since the same precursor solution can be used as  on-demand removal are of great interest. It is believed that a
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transfer of this general concept to less energetic wavelengths
bears potential in areas such as targeted medicine or cell
biology (e.g., cell encapsulation and release).
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