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A B S T R A C T

We present for the first time highly stretchable and tough hydrogels with controlled light-triggered photo-
degradation. A double-network of alginate/polyacrylamide (PAAm) is formed by using covalently and ionically
crosslinked subnetworks. The ionic Ca2þ alginate interpenetrates a PAAm network covalently crosslinked by a
bifunctional acrylic crosslinker containing the photodegradable o-nitrobenzyl (ONB) core instead of the
commonly used methylene bisacrylamide (MBAA). Remarkably, due to the developed protocol, the change of the
crosslinker did not affect the hydrogel's mechanical properties. The incorporation of photosensitive components in
hydrogels allows external temporal control of their properties and tuneable degradation. Cell viability and cell
proliferation assays revealed that hydrogels and their photodegradation products are not cytotoxic to the NIH3T3
cell line. In one example of application, we used these hydrogels for bio-potential acquisition in wearable elec-
trocardiography. Surprisingly, these hydrogels showed a lower skin-electrode impedance, compared to the
common medical grade Ag/AgCl electrodes. This work lays the foundation for the next generation of tough and
highly stretchable hydrogels that are environmentally friendly and can find applications in a variety of fields such
as health, electronics, and energy, as they combine excellent mechanical properties with controlled degradation.
1. Introduction

Hydrogels are soft and highly-hydrated materials, composed of a
crosslinked three-dimensional (3D) network of hydrophilic polymer
chains, capable of swelling and retaining large amounts of water in their
network structure, without dissolving [1,2]. Due to their ability to absorb
water, good biocompatibility, and similarity to human tissues, hydrogels
are widely used for various biomedical applications, including tissue
engineering [3], drug delivery [4], biosensors [5], wearable electrodes
for biomonitoring [6], printed and stretchable batteries [7], and super-
capacitors [8]. However, most hydrogels are very brittle (fracture energy
~10 J m�2), due to the high water content in the network, which reduces
the toughness and strength of hydrogels [9,10]. In the last two decades,
new approaches have been used to improve toughness: interpenetrating
network hydrogels [11], double-network (DN) hydrogels [12,13],
nanocomposite hydrogels [14,15], slide-ring hydrogels [16], and others
[17–19]. DN hydrogels have high mechanical performance, which can be
adjusted by modulating the inter and/or intramolecular interactions and
within or between two network structures, by different crosslinkers
.
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and/or crosslinking methods [20]. DN hydrogels have two inter-
penetrating networks with contrasting physical structures and properties:
a rigid and brittle first network that breaks easily under large deforma-
tion to dissipate energy, while the soft and ductile second network con-
tributes to stretchability and allows to return to the original
configuration after deformation [21]. Nevertheless, the rupture of the
covalent DN hydrogels network leads to permanent and irreversible
damage, making recovery after initial loading difficult and leading to
failure of the material under repeated loading [22]. The introduction of
reversible, sacrificial, noncovalent bonds into the first network over-
comes this limitation, which is due to the disruption–recrosslinking
behaviour of physical networks [23,24]. The hybrid, physically and
chemically crosslinked DN hydrogels have improved self-recovery ca-
pacity and fatigue resistance, which is extremely important in, for
example, iterative soft load-bearing tissues, actuators, and implantable
devices [25–27].

The best physical network for hybrid DN hydrogels are ionically
crosslinked networks, composed of polysaccharides and multivalent ions
[28]. Suo et al. [12] demonstrated that simultaneously ionically
une 2022
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Fig. 1. Overview of the approach: A) Syn-
thesis of two o-nitrobenzyl (ONB) cross-
linkers with different labile bonds. B)
Photocleavage of ONB crosslinkers upon UV
irradiation, forming an aromatic nitroso
compound and a carboxylic acid. The R1
group determines the rate of photo-
degradation and the nature of resulting
cleavage products. C) Structure of the algi-
nate/PAAm hydrogels. In a polyacrylamide
hydrogel, the polymer chains form covalent
crosslinks through prepared ONB cross-
linkers. The alginate hydrogel is formed by
the ionic crosslinks through Ca2þ and. the G-
blocks. D) After UV irradiation of the DN
hydrogel, the ONB crosslinkers undergo an
irreversible photocleavage, breaking the
polyacrylamide hydrogel crosslinks. When
stretched the PAAm network cannot stabilize
the deformation, while the alginate network
unzips progressively, resulting in a high loss
of the material toughness.

Table 1
Different formulations used to prepare the DN hybrid hydrogels.

Type of hydrogel AAm (wt%) Na-Alg (wt
%)

Crosslinker (%)
(m crosslinker/m AAm)

APS (wt%) TEMED (%)
(m TEMED/m AAm)

CaSO4 (%)
(m CaSO4/m AAm)

Solvent content (wt%)

Control 12.25 1.75 0.06 0.043 0.25 13.28 84 (water)
Photodegradable (H25 and H30) 12.25 1.75 0.06 0.043 0.25 13.28 86 (water þ DMSO)

0.3
0.6
0.12

Fig. 2. Mechanical properties of photodegradable DN hydrogels determined by tensile tests: A) Stress-strain curves of gels with different percentages of DMSO (25–30
vol%) and amounts of covalent photodegradable crosslinker, ONB-1 (0.06%, 0.3%, 0.6% and 0.12% of ONB-1 is represented by 1, 2, 3 and 4, respectively). Each test
was performed by pulling the samples at a constant rate of 20 mm min�1. B) Tensile strength; C) Elongation at break; D) Elastic modulus calculated from the initial
slopes of the stress-strain curves. The error associated with the values presented is the standard deviation of the five valid tests.
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Fig. 3. Mechanical properties of DN hydrogels determined by tensile tests: A) Stress-strain curves of the control hydrogel and the photodegradable hydrogel (H25_2).
Each test was performed by pulling the samples at a constant rate of 100 mm⋅min�1 until rupture; B) Photodegradable hydrogel.

Table 2
Mechanical properties of DN hydrogels: tensile strength, elongation at break,
elastic modulus, and fracture energy. The error associated with the presented
values is the standard deviation of the five valid tests.

Mechanical properties Hydrogel samples

Control H25_2

Tensile strength (kPa) 165.4 � 7.5 165.7 � 15.7
Elongation at break (mm mm�1) 23.5 � 2.2 27.9 � 3.9
Elastic modulus (kPa) 53.4 � 5.9 56.2 � 3.5
Fracture energy (J m�2) 6026.2 � 649 6604.4 � 557
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(alginate) and covalently (acrylamide, AAm) crosslinked networks form a
notch-insensitive hybrid hydrogel that could be stretched over 20-fold of
its original shape with fracture energy of 9000 J m�2. Although rapid and
promising progress has been made in the synthesis of mechanically
robust hydrogels, a major problem remains unsolved. The properties of
these hydrogels are usually fixed at the time of preparation, making it
impossible to subsequently tune them afterward, [29]. Also, most of the
polymers used to form the crosslinked network are not biodegradable
[30] (e.g., PAAm). Biodegradable hydrogel networks based on cellulose,
chitosan, and alginate have been investigated by several groups [31–33],
but these networks are inadequate in terms of mechanical and chemical
Fig. 4. Rheological analyses of photodegradable hydrogels (H25_2)
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resilience. The synthesis of highly stretchable and tough hydrogels that
can degrade in response to an external stimulus remains a challenge. The
incorporation of stimuli-responsive units into the hydrogels would allow
their properties to be changed in response to an externally applied
stimulus [34]. Light has the advantage of allowing precise spatial and
temporal control by using lights with different wavelengths, intensities,
and irradiation times [35,36]. The most used photolabile core used in
polymers are o-nitrobenzyl (ONB) derivatives [37]. Its mechanism of
photolysis by UV light is well known, and they are considered biocom-
patible [38]. Chemical modifications of the aromatic ring or benzyl po-
sition of ONB derivatives [39,40], resulted in a redshift of the absorption
window, improved cytocompatibility, increased rate of photocleavage,
and the prevention of the formation of toxic by-products after photolysis
[41]. Therefore, structural tuning of the chemical structure of ONB
linkers offers the possibility of developing materials with light-tuneable
mechanical properties [38,42]. In this work, photocleavable highly
stretchable and tough DN hydrogels are prepared for the first time.
Networks disruption can be remotely triggered using cytocompatible
light wavelength. Alginate/PAAm DN hydrogels are prepared by a
one-stepmethod. Divalent cations (Ca2þ) were used for ionic crosslinking
of alginate, while PAAm was covalently crosslinked by a new ONB-based
bifunctional crosslinker. Since the new ONB-crosslinker is not
water-soluble, a special protocol was developed using an optimized ratio
of between DMSO/water to enable the preparation of the hydrogels.
before and after UV irradiation, at different irradiation times.



Fig. 5. Stress-strain curves of photodegradable hydrogel (H25_2) without irra-
diation and after 6 and 24 h of UV irradiation. Each test was performed by
pulling the samples to rupture at a constant velocity of 100 mm min�1.

Table 3
Mechanical properties of DN hydrogels after UV irradiation: tensile strength,
elongation at break and elastic modulus. The error associated with the presented
values is the standard deviation of the five valid tests.

Mechanical properties Hydrogel samples

H25_2 (6 h) H25_2 (24 h)

Tensile strength (kPa) 118.46 � 8.8 32.8 � 4.4
Elongation at break (mm mm�1) 18.9 � 6.2 18.5 � 3.8
Elastic modulus (kPa) 33.4 � 7.5 15.2 � 4.8

Fig. 7. Results of in vitro cell viability when cells are exposed to gel conditioned
medium. Data are represented as means � standard deviation of three inde-
pendent experiments with n ¼ 3 samples for each treatment. The statistical
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Hydrogels were characterized in terms of their mechanical and pho-
todegradability as well as their in vitro toxicity. It is envisioned that these
photodegradable hydrogels, with their improved properties, will open up
new applications in various fields including artificial tissues, bio-
electronics, and flexible sensors. As an example, we showed the appli-
cation of these hydrogels in bio-potential acquisition for wearable
electrocardiography and compared their skin-electrode impedance with
the commonly used medical grade Ag/AgCl electrodes.
Fig. 6. Representative SEM images of the cross-section morphologies of control hyd
gradable hydrogels before (E and F) and after 24 h of irradiation (G and H).
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2. Results and discussion

The aim of this work is to develop highly stretchable and tough
hydrogels that can be degraded when needed, by irradiation of ONB
moieties inside the two polymer networks (Fig. 1).

2.1. Photodegradable properties of the crosslinkers

The photodegradation of ONB is triggered by the reduction of the NO2
group to the nitroso group and the insertion of an oxygen atom into the
C–H bond at the benzylic position [43–45]. Consequently, irradiation
with 260 nm light leads to the release of carboxylic acid and o-nitro-
sobenzaldehyde (or nitrosoketone) as by-products [46]. Structural
changes of ONB affect the molar absorptivity (ε), yield and kinetics of the
photocleavage reaction [38]. The introduction of an α-CH3 group at the
benzylic carbon atom speeds up the cleavage and release a ketone
by-product instead of an aldehyde [47]. Also, one or more alkoxy groups
inmeta and para positions cause a redshift in the absorption spectrum and
increase the rate of photocleavage [40]. The balance between the strong
electron-withdrawing capacity of the NO2 group and the
rogels before (A and B) and after 24 h of irradiation (C and D), and photode-

significance was indicated as ****p < 0.0001 by two-way ANOVA with a Tukey
post-hoc test.



Fig. 8. Representative Z-stack images captured by confocal microscopy that were reconstructed into a 3D image using ZEN 2.3 Imaging Software. Green cells indicate
live cell colonizing the surface and interior of the hydrogels, while dead cells appear in red colour, after 48 h of incubation. The white bar shown the scale is 100 pixel.
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electron-donating effect of the OCH3 group in para position to the NO2
allows a shorter irradiation time for the cleavage of the photolabile
compound [48]. The synthesis of the new photodegradable ONB cross-
linkers exploits both the α-CH3 group at the benzylic carbon and the
alkoxy functionality (ONB-1, Fig. 1A and Figure S1). These groups pro-
mote efficient photocleavage [29], making ONB-1 an excellent candidate
for weakening the polymeric network upon irradiation. For comparison,
an ONB crosslinker without both substituents was also synthesized
(ONB-2, Fig. 1A and Figure S1).

The spectroscopical properties of the two synthesized crosslinkers
were studied by UV-VIS spectrophotometry and 1H NMR. The absorption
spectra of ONB-1 showed three maximum absorption peaks at 243, 301
and 335 nm, while ONB-2 exhibited only one maximum absorption peak
at 273 nm (Figure S10). This change in the absorption profile between
the two ONB crosslinkers suggests that the presence of the alkoxy group
leads to a redshift in the spectrum [40,49]. Small structural changes in
the ONB crosslinker lead to significant changes in ε, because at a given
wavelength ε affects the photodegradation rate, and very low values of ε,
imply limited or no photodegradation [50]. As observed for the ONB-1,
the calculated ε243 is 13892 M�1cm�1, ε301 is 6289 M�1cm�1 and ε335
is 6122 M�1cm�1, while for the ONB-2 crosslinker the calculated ε243 is
4090 M�1cm�1, ε301 is 4050 M�1cm�1 and ε335 is 946 M�1cm�1

(Table S1, Figure S11-Figure S18). ε decreases with increasing wave-
length, consistent with previous reports [50,51]. The red shift in ab-
sorption causes photolysis at a higher wavelength that also minimizes
potential tissue damage and improves cytocompatibility [52]. Rapid
photocleavage kinetics and a high ε result in a faster-degrading cross-
linker, which shortens the irradiation time [50]. ONB-1 and 2 were
analysed by 1H NMR before and after irradiation with UV light in CHCl3.
Photodegradation of ONB-1 yields a ketone and a carboxylic acid
(Fig. 1B). 1H NMR spectrum of ONB-1 (Figure S19) shows the appearance
of a new signal (m) at 2.5 ppm, belonging to the protons of the ketone
–CH3 group, indicating the cleavage of the ONB core. After 1 h of irra-
diation, the photocleavage conversion was 57%, and after 6 h was 100%.
The 1H NMR spectrum of ONB-2 (Figure S20), shows the appearance of a
new signal (i) at 10.45 ppm, corresponding to the proton of the aldehyde
5

group of o-nitrosobenzaldehyde. However, after 1, 3 and 6 h, the pho-
todegradation was only 3, 6, and 10%, respectively. To increase the
photodegradation, the irradiation was extended to 24 h, but the con-
version levelled off to 10%. This could be due to the release of o-nitro-
sobenzaldehyde, which can act as an internal light filter [44,49,53]. The
compound ONB-1 exhibits faster photodegradation kinetics, due to the
presence of an α-CH3 group on the benzylic carbon, so it was selected as
crosslinker for hydrogel preparation.
2.2. Preparation of the photodegradable DN hybrid hydrogels

The photodegradable DN hybrid hydrogels were prepared using an
ionically crosslinked Ca2þ alginate network, and a covalently crosslinked
PAAm network. In an aqueous solution, gelation of alginate occurs when
divalent cations (such as Ca2þ) ionically interact with α-L-guluronic acid
blocks (G-blocks) from different alginate chains, to form the first network
[54]. The PAAm network, in turn, was prepared by conventional free
radical polymerization of AAm in the presence of the photodegradable
crosslinker. Normally, hydrogels are prepared using water as solvent
because reagents are water soluble. However, as ONB-1 is hydrophobic,
DMSO is added as co-solvent to promote its dissolution. Although DMSO
dissolves ONB-1, it also causes rapid gelation of aqueous alginate solu-
tions [55]. Therefore, the water/DMSO ratio must be carefully optimized
to ensure that ONB-1 is completely dissolved, but without causing pre-
mature gelation of the Na-Alg solution. To this end, various amounts of
DMSO were added to Na-Alg solutions (Table S2). Visual inspection
showed that the solution still flowed when 25 vol% and 30 vol% DMSO
was added (Figure S21). In contrast, solutions with more than 40 vol%
DMSO gelled. Furthermore, a PAAm network must form under these
conditions. The PAAm networks were considered finish if no gravita-
tional flow occurred when the glass flash was inverted. With a curing
time of 24 h, the lowest amount of DMSO to obtain a gel was 25 vol%
(Table S3, Figure S22). Thus, photodegradable hydrogels (labelled as
H25 and H30) were developed with 25 vol% and 30 vol% DMSO,
respectively. Different concentrations of ONB-1 crosslinker allowed the
investigation of the response of the hydrogel to the crosslink density



Fig. 9. Microscopic phase contrast images of NIH3T3 cells grown on the surface of the hydrogels at different degradation time intervals - after 24 h incubation (top)
and 72 h incubation (bottom). The magnification of all the photographs is the same with the scale bar equals to 200 μm.
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(Table S4). The concentrations of APS, TEMED and CaSO4 were used
according to previous work and kept constant in all formulations [12].
The control hydrogel was prepared without DMSO, and with MBAA
instead of the ONB-1 crosslinker to compare the mechanical properties
[12]. The amounts of each compound to prepare the control and
photodegradable hydrogels are shown in Table 1. After the curing step,
the average solvent content of the control and photodegradable hydro-
gels was 84% and 86%, respectively (Figure S23).
2.3. Mechanical properties of the photodegradable DN hybrid hydrogels

The effect of the amounts of DMSO and ONB-1 crosslinker on the
6

mechanical properties of the photodegradable DN hybrid hydrogels was
investigated. Tensile tests were performed by pulling the samples to
rupture at a constant strain rate of 20 mm min�1 (Fig. 2). This strain rate
was chosen because some samples exhibited minor brittleness and were
difficult to test at higher strain rates.

Intermediate concentrations of ONB-1 (0.3% and 0.6%) give the
hydrogels with the best properties (higher tensile strength, higher elon-
gation at break and higher elastic modulus). For the H25 and H30, 0.3%
and 0.6% were the best concentrations, respectively. Hydrogels con-
taining only 0.06% ONB-1 exhibited poor mechanical properties. A low
ONB-1 concentration results in a loosely crosslinked network, that cannot
withstand mechanical stress. On the other hand, hydrogels with the



Fig. 10. Case study of application in bioelectronics: A) Skin-electrode impedance in function of the frequency, for three different electrodes: Ag/AgCl, stainless steel
and hydrogel electrodes. B) Cd and Rd values for all electrodes after fitting to the electrical equivalent circuit, during the impedance analysis. C) Portion of the ECG
signal obtained with the hydrogel electrodes. D) Setup used for the acquisition of the ECG signal: monitorization chest band with integrated hydrogel electrodes.

R.G. Fonseca et al. Materials Today Bio 15 (2022) 100325
highest ONB-1 concentrations were also mechanically poor. Denser
crosslinked networks, imply PAAm chains with a shorter length. When a
load is applied and the chain breaks, the energy stored in the entire chain
is dissipated, resulting in low fracture energy [12]. Formulations con-
taining 25 vol% DMSO exhibit a more uniform change in mechanical
properties when the amount of ONB-1 is changed. This suggests that
increasing the amount of DMSO could affect the polymerization and
crosslinking steps, resulting in hydrogels with greater variability in
properties. These results indicate that the best formulation contains 25
vol% DMSO and 0.3% ONB-1 (H25_2), and it was selected for further
testing. The effect of strain rate on the mechanical properties of the
hydrogels was investigated. Tensile tests were performed at three
different strain rates: 20, 50, and 100 mm⋅min�1 (Figure S24). The
strain-softening behaviour of the stress-strain curves is typical of tough
hydrogels, which can be attributed to the breaking of the sacrificial bonds
[56]. As expected, the elastic modulus increases with increasing strain
rate, while the stretchability decreases. At strain rates of 50 and 100 mm
min�1, the values for elastic modulus are similar (Table S5). To measure
dehydration during the tensile test, all specimens were weighed before
and after the tests. It was found that the hydrogels lost only ~3% of the
original weight at a higher stretching rate (Figure S25). To minimize the
change in properties due to water evaporation [57], a strain rate of 100
mm min�1 was used in the subsequent tensile tests, where the properties
of the control hydrogel and the light-responsive hydrogel (H25_2) were
compared.

The stress-strain curves of the control and light-responsive hydrogels
showed a similar mechanical behaviour (Fig. 3) and their properties are
in accordance with the previous work [12]. The tensile strength, elon-
gation at break and elastic modulus were 165.4 � 7.5, 23.5 � 2.2, and
53.4 � 5.9 kPa for the control hydrogel, and 165.7 � 18.7, 27.9 � 3.9,
7

and 56.2 � 3.5 kPa for the photodegradable gel, respectively (Table 2).
The two hydrogels have similar fracture energies (Table 2, Figure S26).
These results show that the replacement of MBAA by the photodegrad-
able crosslinker, and the use of DMSO in the formulation, do not affect
the mechanical properties. In fact, slightly better mechanical properties
were obtained for the photodegradable hydrogel. These properties result
from the synergistic effect achieved by the combination of a highly
extensible network and another, less stretchable network, inter-
penetrated in a topological entanglement [58]. As a crack in the hydrogel
progresses, the more stretchable network bridges the crack and transmits
forces to the bulk of the hydrogel, while the less stretchable network
ruptures over a significant volume of the hydrogel [59]. In this case, the
PAAm network remains intact and acts as an entropic spring. In contrast,
the alginate network serves as a toughener and gradually unzips,
resulting in dissipation of stored energy and preventing catastrophic
crack propagation in the bulk [60].

2.4. Photodegradation of the DN hybrid hydrogels

To understand the response of the photodegradable hydrogels, they
were characterized by rheological and mechanical tests, and their
morphology was evaluated by SEM before and after photoirradiation.
Photodegradation was studied using the oscillatory amplitude sweep test
to determine the changes in viscoelastic properties. The storage modulus
(G0) and loss modulus (G00) were measured by the applied shear stress
(Fig. 4). The photodegradable hydrogel without light exposure showed a
linear range and the values of G0 and G00 remained unchanged over the
entire range of shear stress. The G0 values were higher than the corre-
sponding G00 values, indicating the elastic behaviour of the hydrogel [61].
Upon irradiation, both G0 and G00 values decreased, indicating softening
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of the material. After 6 and 24 h of irradiation, the G0 curve intersected
the G00 curve at a shear stress of 747 and 181 Pa, respectively. G0 was
lower than G00 when the stress was above these critical values, indicating
that the hydrogels changed from a solid to a liquid state, due to the
breakdown of the network [62,63]. The photodegradation of the ONB-1
crosslinker caused the failure of the PAAm network. When the irradiated
hydrogels are subjected to higher load stress, the photodegraded PAAm
network cannot withstand the stress to its former extent, resulting in a
severe loss of toughness of the material.

The photodegraded hydrogels were also evaluated by tensile tests
(Fig. 5). Considering the rheological results, they were irradiated for 6
and 24 h. An increase in the irradiation time resulted in a greater
decrease in the mechanical properties (Fig. 5), which can be attributed to
the increasing destruction of crosslinker ONB-1 and the failure of the
PAAm network. As expected, the elastic modulus [64], drastically
decrease by 41% and 73% for samples irradiated for 6 and 24 h,
respectively (Table 3) [64]. The tensile strength and elongation at break
were 118.4 kPa and 18.9 for 6 h of UV light, and 32.8 kPa and 18.5 for 24
h of UV light, respectively (Table 3). With increasing irradiation time,
more ONB-1 cores are photocleaved, leading to a further decrease of
tensile strength, elastic modulus and tensile strain. Even though the
hybrid hydrogel is composed of an interpenetrating network, the physi-
cally crosslinked network cannot respond efficiently to mechanical so-
licitations if the covalent network is irreversibly destroyed. The results
obtained in the tensile tests are consistent with those obtained in the
rheological tests.

SEM analysis was performed to observe the morphology of the cross-
section before and after photodegradation (Fig. 6, Figure S27-S28). The
morphology of the control hydrogel was also observed. Before irradia-
tion, all hydrogels exhibited a homogeneous structure with a porous
interpenetrating network, similar to other reports [65]. This morphology
and interconnectivity between pores are beneficial for biomedical ap-
plications, as they facilitate cell adhesion/proliferation, and also drug
delivery [66]. All hydrogels were irradiated for 24 h, as the greatest loss
of properties occurred after this time, as indicated by the rheological and
tensile tests. While the control hydrogels maintained their homogeneous
porous structure regardless of irradiation (Fig. 6A–D), the photodegrad-
able ones exhibited a porous structure interconnected with numerous
circular holes after light exposure (Fig. 6G–H). One hypothesis, these
pores are due to the migration of the soluble PAAm segments formed by
the degradation of the PAAm network (Fig. 6E–H). This morphology
analysis confirms the rheological and tensile tests. Since the hydrogel
exhibits a higher porosity, after 24 h of irradiation, poor mechanical
behaviour is expected. A photo of the photodegradable hydrogel before
and after 24 h of irradiation is shown in Figure S29.

2.5. Cytocompatibility of the hydrogels

The potential cytotoxic effects of their degradation products were
quantified using an AlamarBlue™ HS Cell Viability assay (indirect
method). NIH3T3 fibroblast cells were exposed to gel-conditioned media
(hydrogels with a thickness of 2 mm and a diameter of 8 mm diameter in
25 mLmedium) at various time points (1–21 days of incubation), i.e., the
cells were exposed to media in which the gels could continuously release
soluble degradation products. The control and the light-responsive
hydrogels (H25_2) without and after 24 h of irradiation were evalu-
ated. Fig. 7 shows the relative cell viability (%) for NIH3T3 cells incu-
bated with the extracts.

According to ISO 10993–5:1999, samples with cell viability greater
than 75% can be considered non-cytotoxic. The viability of NIH3T3 cells
exposed to the gel-conditioned medium was always >75%, indicating
that any degradation by-products that may have been generated did not
affect cell viability for 21 days. Compared with control hydrogels, the
viability of cells exposed to the conditioned medium with photode-
gradable hydrogel after photodegradation (H25_2) was slightly higher
and statistically significant at 1, 3 and 17 days.
8

To corroborate these observations, we also evaluated the interaction
of non-irradiated hydrogels (control hydrogel and H25_2 hydrogel) with
NIH3T3 cells by confocal microscopy. For this purpose, NIH3T3 cells
seeded on the surface of hydrogels were stained with Calcein-AM and
BOBO-3 Iodide (LIVE/DEAD™ Cell Imaging Kit, Invitrogen) to compare
cell viability in both hydrogels. BOBO-3 Iodide (dead cell indicator) was
used to detect apoptotic and necrotic cells and Calcein-AM, a cell per-
meant dye, as an indicator of live cells. Viable cells emit light green
fluorescence and non-viable cells emit red fluorescence. Fluorescence
images of NIH3T3 cells cultured with control hydrogel and H25_2
hydrogel are shown in Fig. 8A and 8B, respectively. Z-stack images
showed that the cells internalized the hydrogels after 48 h. Cells in the
control hydrogel grew poorly and some of the cells showed irregular
morphology, a significant number of dead cells was detected (Fig. 8A). In
the H25_5 hydrogel, the number of cells growing inside the hydrogel was
higher, its morphology was good and no large number of dead cells was
observed (Fig. 8B). These observations were consistent with the results of
the AlamarBlue™ HS Cell Viability assay and with previous reports [67,
68] in which the control hydrogels showed a decrease in cell viability,
suggesting that the MBAA crosslinker has some effect on cells. This study
highlights the good cytocompatibility and safety of the developed ONB-1
based hydrogels and the minimal acute cytotoxicity over long periods of
time, which is important for any biomedical application.

2.6. Cell growth and morphology analysis

To evaluate the interaction between the cells and the developed
hydrogels, NIH3T3 cells were cultured on the hydrogel surface. After 1
day of culture, only a few NIH3T3 cells were attached, but the cells
spread very well on the surface of the hydrogels; and showed a round-
shaped configuration with some cytoplasmic extensions (cell elonga-
tion) (Fig. 9A–D). As shown in Fig. 9 D-G, the NIH3T3 cells proliferated
significantly on the surface of the hydrogels after the third day of sowing
and remained viable in contact with the hydrogel and negative control
(K�). Moreover, the cells are distributed over a large area, have the
typical fibroblastic morphology, and a continuous cell layer has formed
[69]. After 72 h of incubation, the photodegradable hydrogels were
completely destroyed by irradiation, but their degradation products
allow cell proliferation to a large extent. Thus, with or without irradia-
tion, the photodegraded hydrogels (H25_2) exhibit good cell adhesion
and excellent cytocompatibility.

2.7. Case study of application in bioelectronics

An emerging application of hydrogels is in wearable biomonitoring
[70–72]. Conductive hydrogel electrodes can be used to measure bio-
potentials, for monitoring of muscles, heart, and brain activity by elec-
trocardiography (ECG), electromyography (EMG), and
electroencephalography (EEG) [70]. To assess their suitability, we eval-
uated the quality of the interface between the skin and the electrodes
through impedance spectroscopy in a range of 10�2 Hz–105 Hz. Tests
were performed for 9 pairs of electrodes 3 hydrogels pairs, 3 stainless
steel 316 L, and 3 Medical grade Ag/AgCl pairs (see SI for more infor-
mation). Fig. 10A, shows the fitting to the equivalent skin-electrode
impedance fitting. Our hydrogel electrodes exhibit a lower impedance
even when compared to medical grade Ag/AgCl electrodes, especially at
the low frequencies, which are the frequencies of interest for bio-
electronics applications such as EMG, ECG, and EEG. Fig. 10B, shows the
Rd and Cd values. The hydrogel electrodes offer the highest Cd values and
the lowest Rd values, which are both desired properties. Two hydrogels
were integrated into a monitoring chest band (Fig. 10D), to acquire ECG
signal. As can be seen in Fig. 10C, an excellent signal amplitude can be
observed along with an easy visualization of the QRST complex.

As the interest in disposable wearable bioelectronics is rapidly
growing, the use of degradable materials is a very important consider-
ation for a sustainable future. This can be extended to other growing
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applications of hydrogels in energy storage batteries and
Supercapacitors.

3. Conclusion

New photodegradable ONB crosslinkers were synthesized and
incorporated into alginate/PAAm DN hydrogels, to develop for the first
time highly stretchable and tough hydrogel, with triggerable photo-
degradation. The hydrogels were characterized by mechanical, photo-
degradation and cytocompatibility tests. Replacing MBAA with ONB
crosslinkers, and despite the use of DMSO, excellent mechanical perfor-
mances are retained. Rheological and mechanical analysis demonstrated
the loss of properties of ONB-1 based DN hydrogel after irradiation,
confirming the efficient destruction of the covalently crosslinked
network, resulting in the loss of mechanical properties. SEM analyses also
visually confirmed the network photodegradation. Cell viability and
proliferation assays confirmed that these hydrogels and their photo-
degradation products do not induce any cytotoxicity on the NIH3T3 cell
line.

It is envisaged that the design of innovative on-demand photode-
gradable hydrogels which are tough, and safe provides an interesting
alternative to a wide range of biomedical applications such as wearable
devices, bioelectronics interfaces, and mechanically resilient batteries
and supercapacitors.
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