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ABSTRACT:

Hydrogels for wound management and tissue gluing have to adhere to tissue for a given time scale
and then disappear, either by removal from the skin or by slow degradation in applications inside
the body. Advanced wound management materials also envision the encapsulation of therapeutic
drugs or cells to support the natural healing process. The design of hydrogels that can fulfil all
these properties with minimal chemical complexity, a stringent condition to favor transfer into a
real medical device, is challenging. Herein, we present a hydrogel design with moderate structural

complexity that fulfils a number of relevant properties for wound dressing: it can form in situ and


mailto:julieta.paez@leibniz-inm.de
mailto:aranzazu.delcampo@leibniz-inm.de

encapsulate cells, it can adhere to tissue, and it can be degraded on demand by light exposure under
cytocompatible conditions. The hydrogels are based on starPEG macromers terminated with
catechol groups as crosslinking units and contain intercalated photocleavable triazole nitrobenzyl
groups. Hydrogels are formed under mild conditions (HEPES buffer with 9-18 mM of sodium
periodate as oxidant) and are compatible with encapsulated cells. Upon light-irradiation, the
cleavage of the nitrobenzyl group mediates depolymerization, which enables on-demand release
of cells or debonding from tissue. The molecular design and obtained properties are interesting for
the development of advanced wound dressings and cell therapies, and expand the range of

functionality of current alternatives.

1. Introduction

Hydrogels are hydrophilic networks with the ability to uptake and retain large amounts of water,
body fluids or relevant therapeutic molecules. As soft and hydrated networks, hydrogels share a
fundamental similarity with the natural scaffold of living tissues, and fulfil minimum
requirement for protecting them. This property makes hydrogels the material of choice for
wound dressings, tissue adhesives or sealants. As depots, non-toxic hydrogels are fundamental
components of therapeutic devices, loaded with drugs or cells to be delivered in the body, and
support healing processes. For this purpose, in situ forming hydrogels are preferred since they
can be easily applied or injected into therapeutic sites. A variety of chemical and physical

gelation mechanisms are available for this purpose.'”



For application as wound dressings or tissue adhesives, hydrogels also need to adhere to tissue
for a given time scale, and then be either removed at a given time point (i.e. replacement of a
wound dressing) or gradually disappear by degradation (i.e. for controlled drug release or during
tissue regeneration). These two requirements are contradictory to some extent, and have
challenged chemists to expand the toolbox of chemical reactions and their combination for the
design of advanced hydrogel formulations.*> Adhesion to tissue in commercial medical devices
largely relies on electrostatic interactions with charged polymers, for example alginate (e.g.
Algisite®, Smith & Nephew) or polyacrylate (UrgoClean®, Urgo). Protein-based natural
recognition motifs are also exploited, for example in fibrin glue (e.g. Tisseel®, Baxter). Other
systems take advantage of covalent reactions between isocyanates (TissuGlu®, B. Braun), N-
hydroxysuccinimide (NHS) esters (CoSeal®, Baxter; DuraSeal®, Integra LifeSciences), or
aldehydes (BioGlue®, Cryolife) with proteins in natural tissue. On the academic side, mussel-
inspired catechol chemistry has been largely explored for tissue adhesion,®® sealing,’1? as
hemostatic agents'! or wound dressings.!>!* This chemistry has also been transferred to mediate
adhesion of hemostatic pads (InnoSEAL®, InnoTherapy). The catechol group has many different

tl4

reaction possibilities and partners in a natural environment'* and provides a generic solution for a

wide range of application scenarios.!>"1®

Approaches for one-step removal of hydrogels mostly rely on temperature!” or pH'® responsive
physically crosslinked polymeric backbones, or on the addition of soluble competitors that
disrupt covalent bonds within the macromolecular chain.!” Gradual removal is typically achieved

t?2-24 cleavable units in the network.

introducing hydrolytically?’, enzymatically?! or ligh
Photodegradable hydrogels enable the easiest and most precise regulation of the

depolymerization kinetics, which can be one-step or gradual just by controlling the external



exposure dose.?> The depolymerization reaction occurs by the photochemical reaction of
photocleavable groups intercalated in the network structure, in most cases derivatives of the
nitrobenzyl moiety.?*?’ Envisioned application scenarios of these systems include
photodegradable bariatric balloons and esophageal stents,® light-regulated hydrogels for

26, 32

therapeutic release of drugs,?~° bacteria®' or mammalian cells*® *? for regenerative medicine.

Recently, a photoremovable hydrogel has been commercialized as skin adhesive (Lumina™, CE
marked).** Additionally, chitosan and NHS-terminated polyethylene glycol (PEG) hydrogels
containing nitrobenzyl groups have been explored as in situ forming and photodegradable
hydrogels that can adhere to skin tissue and be used for wound management.** However, no
encapsulation studies in such systems were reported. Herein, hydrogels based on starPEG
macromers terminated with self-polymerizing and tissue adhesive catechol groups as well as
containing photocleavable triazole nitrobenzyl units are presented (Figure 1A). These hydrogels
can crosslink in situ, attach to wet skin and photodegrade on-demand under cytocompatible
conditions (Fig. 1B). Moreover, the obtained systems are cytocompatible and can encapsulate
cells and release them on demand. Our findings expand the functionality of previously reported

systems*>-3¢ for application scenarios in advanced wound management.

2. Results and Discussion

Synthesis of PEG-NBt-c

The photodegradable hydrogel precursors used in this work are derivatives of 4-arm PEG (10

and 20 kDa) with adhesive and crosslinkable catechol end-groups, and intercalated



dialkoxynitrobenzyl triazole photocleavable units (Figure 1A). The nitrobenzyl group shows
acceptable photoefficiency and cytocompatibility in vitro and in vivo.?3® The nitrobenzyl
triazole (NBt) variant was preferred vs. the ester linkage used elsewhere (NBe, Figure $2)27-2% %7
in order to improve the hydrolytic stability of the polymer.?®> NBt was synthesized by reaction of
alkyne-terminated PEG with a nitrobenzyl intermediate functionalized with an azide group via
Cu(I)-catalyzed azide-alkyne cycloaddition (Figure 1C). This strategy was inspired in the solid-
phase peptide synthesis of 4-substituted NH-1,2,3-triazoles*®. The catechol (c) unit was
introduced by end-functionalization of the chains via reaction with hydrocaffeic acid. The
reaction conditions for each step were optimized to obtain moderate to excellent yields (47-
97%). Final PEG-NBt-c macromers were obtained in 0.25 g scale with 61% yield. End-group
functionalization degrees were >85% (quantified by 'H-NMR). The synthetic protocols and

structural characterization of intermediate compounds and final product are detailed in the

Supporting Information.

The hydrolytic stability of PEG-NBt-c solutions in HEPES buffer at pH 7.5 after 8 days in the
dark was tested by MALDI-TOF and HPLC analysis (Figure S3A). For comparison, the
analogue derivative with ester linkage (Figure S3B) was also monitored. A 3% hydrolysis
occurred in the triazole linked precursor, while 12% hydrolysis was observed in the ester linked
one. The stability of the polymeric chain is important to prevent premature and uncontrolled

1’37

degradation of the hydrogel,”’’ and the nitrobenzyl triazole is better candidate than the widely

used nitrobenzyl esters®’ from this perspective.
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Figure 1. A) Chemical structure of the photodegradable gel precursor PEG-NBt-c. B) Hydrogel
formation and photodegradation. The corresponding chemical reactions are indicated. C) Synthetic
steps to obtain PEG-NBt-c precursor. Reagents and conditions: i) N-methylmorpholine (NMM),
dry N,N-dimethylformamide (DMF), N2, room temperature, overnight; ii) Cul, sodium ascorbate,
2,6-lutidine, N-Methyl-2-pyrrolidone (NMP):water (4:1), room temperature, overnight; iii)
trifluoroacetic acid (TFA):water (95:5), room temperature, 1 h; iv) 3-[Bis(dimethylamino)-
methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate (HBTU), N-Hydroxybenzotriazole
(HOBT), N,N-diisopropylethylamine (DIPEA), N2, dry DMF, room temperature, overnight.



Photochemical properties

The photochemical properties of the macromer were studied. The photolysis of a 1 pM PEG-
NBt-c solution in water upon irradiation at 365 nm (1.2 mW cm?) for increasing times was
followed by UV/Vis spectroscopy (Figure 2A). The characteristic spectral changes during

photolysis of nitrobenzyl derivatives’

were observed: a decay of absorbance at Amax (365 nm)
due to the consumption of the nitrobenzyl group and the increase in absorbance at wavelengths
>400 nm associated to the formation of nitrosobenzyl ketone photolysis product. The clear
isosbestic points of the UV spectra (A = 340 and 380 nm) at increasing exposure dose indicate
that no secondary reactions occur. In order to confirm the identity of the photoproducts, we
analyzed the photolysis of a low molecular weight analogue (Figure 2B) by mass spectrometry.

The release of nitrosobenzyl ketone (m/z= 194.0 for M+H) and the triazole (m/z= 156.0 for

M-+H) as photolysis products was confirmed, in agreement with previously reported data.*®

We evaluated the photolysis efficiency of the nitrobenzyl triazole moiety by comparing it with
the frequently used nitrobenzyl ester’’ and with a nitrophenyl ethyl amide analog, previously
reported by our group as photocleavable catechol derivative***! (Figure S4A-B). The
consumption rate of the starting molecule was analyzed at increasing exposure times by HPLC
(Fig. S4C). The nitrobenzyl triazole showed similar photolytic efficiency than nitrobenzyl ester
and much higher efficiency than the nitrophenyl ethyl analogue under same experimental
conditions. 60 min light exposure (dose = 4.3 J cm™) lead to 99% photolysis conversion in the
nitrobenzyl triazole polymer vs. 95% and 51% for the nitrobenzyl ester and nitrophenyl ethyl
amide variants, respectively. These photolysis studies complement previous results by Nielsen et

al on the characterization of nitrobenzyl triazoles.*® The better hydrolytic stability and the clean



and comparably efficient photolysis of nitrobenzyl triazole make it an interesting alternative to

nitrobenzyl esters for the preparation of photodegradable hydrogels.
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Figure 3. Photolysis studies in solution, followed by UV/Vis spectroscopy. A) 1 mM solution of
PEG-NBt-c in water at increasing exposure times (t= 0-70 min). B) 1 uM solution of a small
nitrobenzyl triazole model molecule in acetonitrile at increasing exposure times (t= 0-30 min).
ESI-MS analysis of partially photolyzed solution (t = 10 min). The photolysis products triazole
(m/z= 156.0 for M+H) and nitroso-ketone (m/z= 194.0 for M+H) as well as the signal for the



original molecule were detected (m/z= 349.2 for M+H). Irradiation conditions: A= 365 nm, 1.2

mW cm?.

Preparation and photodegradation properties of PEG-NBt-c hydrogels

PEG-NBt-c hydrogels were obtained from 10-20 wt% solutions of PEG-NBt-c (10 or 20 kDa) in
50 mM HEPES buffer at pH 7.5 in the presence of 9-18 mM NalO4 as oxidant. Under these
conditions the catechol group is expected to oxidize and self-polymerize to form a crosslinked
network.*! The obtained hydrogels were transparent, homogeneous and brownish orange.

Hydrogel disks were formed in cylindrical molds (20-100 pL) or directly in rheometer plates (40

pL) for studies of crosslinking kinetics.

The crosslinking kinetics of the hydrogel was followed in the rheometer in a time sweep
experiment. For this purpose, a solution of 10 wt% PEG-NBt-c (10 kDa) and 18 mM NalOg4
(catechol groups to oxidant molar ratio= 2.2) was used. A representative rheological curve is
shown in Figure 3A. The gradual increase of G’ over time reflects the progress of the
crosslinking reaction. G’ reached 10 kPa after 2 h and 17 kPa in 6 h. Note that catechol-
medicated crosslinking can be significantly accelerated, and the final G’ of the hydrogel can be
increased, at higher pH or oxidant concentration.” ** PEG-NBt-c at concentrations between 5 and
20 wt % polymer content mixed with NalOg4 at oxidant:catechol ratios 2.2:1 to 1.1:1 rendered
crosslinked hydrogels in 2 to 80 min with G’ values between 0.1 and 10 kPa (Fig. 3 and S5A-B).
For the rheological studies, formulations with slow crosslinking kinetics were used to capture the

whole kinetic curve in the experiment.



The photodegradation of the hydrogel was followed by rheology using a transparent lower plate
that allowed direct illumination of the probe (A =365 nm, 10 mW cm™) while measuring. A
rapid decay in G’ was observed when light was turned on (Figure 3A-D, pink regions),
indicating softening of the hydrogel due to photocleavage of the nitrobenzyl triazole unit. G’
dropped from 17 to 1.7 kPa (90% decrease) within 30 min of illumination (18 J cm™) and to 0.17
kPa (99% decrease) after 45 min of irradiation (27 J cm?). After 57 min exposure (34 J cm™),
G’ and G’ curves crossed, indicating the gel-sol transition, which was confirmed by the
brownish liquid appearance of the sample at the end of the experiment. To confirm that the
photodegradation of PEG-NBt-c gels occurs only by photocleavage of the nitrobenzyl triazole,
control experiments were conducted with PEG-dopamine.*! In this case, irradiation did not cause

any change of G’ (Fig. S5A).

PEG-NBt-c hydrogels with lower crosslinking degrees degraded at significantly lower exposure
doses. 10 wt% PEG-NBt-c (20 kDa) precursors at the same crosslinking conditions formed
hydrogels with G* = 1 kPa and showed a 90% decay in G’ after 25 min of exposure (15 J cm™?,
Fig. 3C). Hydrogels from 5 wt% PEG-NBt-c (20 kDa) and 9 mM oxidant concentration showed a
G’ of 0.1 kPa and phozolyzed after 4 min exposure (2.4 J cm™, Fig. S5B). For reference, typical
exposure conditions used for photodegradation of PEG hydrogels applied to cell encapsulation
(with similar molar mass and concentration, G’ ~ 1.5 to 5 kPa?"-3%%3) are A= 365 nm, I = 5-20 mW
cm? and time = 2-30 min, corresponding to total exposure doses of 5-10 J cm?2.25-26:3% 4 The

exposure doses required for photodegradation of PEG-NBt-c gels are, therefore, within

cytocompatible ranges.

We tested if the photodegradation of the hydrogel could be regulated by the exposure dose. A

hydrogel with initial G’ ~ 17 kPa was illuminated with sequential pulses of 3 minutes. A 25% drop

10



of G’ 25% was observed in the first illumination cycle, and a drop of 80% in the second (Figure
3B). Similarly, a gel with initial G* ~ 1 kPa softened by 25% and then by 50% after 2-min
irradiation pulses (Figure 3D). The photodegradation was also regulated by the intensity of the
lamp. Using irradiance values of 10, 5 or I mWcm™ a 50% drop in G’ was obtained in 1.7, 4.8 and

17 min respectively (Figure 3E).

Considering the photodegradation of the hydrogel to be a first-order kinetic process, the drop in
G’ with exposure time can be used to estimate the rate constant of the photodegradation reaction
(kobs).?” The results for the hydrogels in Figure 3E are presented in Table 1. A kop= 6.8 x107 5!
was obtained for hydrogels with nitrobenzyl triazole linker. This photodegradation kinetic constant
is of the same order of magnitude as reported for nitrobenzyl esters, which ranged from 2.6 to 3.3
x107% §1.26 32 Since the photodegradation is considered a first-order process, the rates of
degradation at a given wavelength are expected to collapse to a single point when normalized by
light intensity.* This was the case for our hydrogels. The derived kinetic parameter, defined as
kobs / To (x 10%) = 7.0 cm? s mW!, can be taken as an indication of photocleavage kinetics
independent from the applied light. The obtained value matches that of nitrobenzyl esters (3.3-5.8
cm? s mW™1).2627 In contrast, the nitrophenyl ethyl amide, also used to confer photodegradability
to hydrogels,* showed a 24-fold slower photodegradation rate constant (Fig. S5C and Table S1).

This is in agreement with photolysis results in solution (Fig. S4).
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Figure 3. Rheology study of crosslinking and photodegradation kinetics of PEG-NBt-c hydrogels.
A-D) Time sweep experiment during crosslinking and photodegradation steps (A= 365 nm, 10 mW
cm). [llumination periods are highlighted in pink. Composition of hydrogels: 10 kDa (A-B, E) or
20 kDa (C-D), 10 wt% polymer, 18 mM (A-D) or 9 mM (E) oxidant, 50 mM HEPES buffer, pH
7.5. Catechol:NalO4 molar ratio was 4.4 (in A-B) and 2.2 (in C-D). Light was continuous (A and
C) or pulsed (pulse duration: 3 min in (B) and 2 min in (D)). E) Kinetic parameters for the
photodegradation reaction extracted from photorheology data. Data correspond to hydrogels
exposed with sources of irradiance 1, 5 and 10 mW c¢cm™.
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Table 1. Kinetic parameters for the photodegradation reaction of nitrobenzyl triazole and
nitrobenzyl ester units as obtained from photorheology measurements of the corresponding
hydrogels.

kobs [s71] kobs/ To (x 10%) [em? s mW™]
PEG-NBt-¢ @ 6.8+ 0.2 (x10%)® | 7.0+0.5©
O,N O _R'

R/\(\N\’JC[OMe

N=\
PEG-NB-ester 2.6-3.3 (x103%) @ 3.3-5.8@

OyN O\/R'
R\n/owji:(om

o]

@ Gel composition: 4-arm PEG, 10 kDa, 10 wt%, 9 mM ox., in 50 mM HEPES buffer pH 7.5, sample thickness= 250
pum. Irradiation conditions: A= 365 nm, Ip= 10 mW cm?2, T=25°C. ® Calculated from the In(G /G ) vs. ¢ plot. ©
Calculated from ko5 vs. Iy plot; =1, 5 and 10 mW cm?. @ A= 365 nm, I;= 10 mW cm?, obtained from Refs.26-27-32

Photopatterning of PEG-NBt-c hydrogels

To demonstrate the spatial selectivity of the photodegradation process, PEG-NBt-c hydrogels
were scanned with a laser scanning microscope (LSM, A= 405 nm). In order to visualize the
illuminated sites the photoactivatable fluorophore 5-carboxymethoxy-2-nitrobenzyl ether
(CMNB)-succinimidyl ester fluorescein was incorporated to the gel*® (Figure S6). A 200x200
um? square was scanned at the surface of the hydrogel at 2.6 nJ per voxel (Figure 4A).
Microscopy imaging showed a decrease of the bright field intensity in the illuminated region,
which was attributed to the partial degradation and higher swelling of the hydrogel. A higher
irradiation dose (211 nJ per voxel) rendered higher contrast in the bright field image, confirming
a dose-dependent effect (Figure 4A). Figure 4B shows a cylindrical (diameter/height 300 um/150
um) volumes scanned at 15.1 nJ per voxel. For comparison, the experiment was performed on

PEG-NBt-c hydrogels obtained from 10 and 20 kDa precursors. Lower normalized bright field

13



intensity values were observed for the 20 kDa hydrogel (Fig. S6E and S7C), as expected from

the lower crosslinking degree and, therefore, higher degradation at the same dose.
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Figure 4. 2D and 3D patterning of photodegradable PEG-NBt-c hydrogels (gel composition: 10
or 20 kDa, 10 wt% polymer, 18 mM oxidant, 50 mM HEPES buffer pH 7.5). The hydrogel was
labelled with 1 mM CMNB-fluorescein. Images show z-stack images of the scanned region. Scale
bars correspond to 50 pm. A) 2D square patterns (200x200 um?) scanned at laser power 1% (2.6
nJ per voxel) or 100% (211 nJ per voxel). The irradiated region appears fluorescent and is visible
in the bright field. B) 3D patterns showing a cylinder (diameter/height 300 um/150 pum) and a
rectangular prism (200x200x100 pm?) scanned at different laser power: 15 % (15.1 nJ per voxel)

and 8 % power (9.2 nJ per voxel) (conditions: scan speed setting = 1 (P.Dwell = 131.88 psec),
passing number = 1).
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To further confirm photodegradation of the network at the irradiated areas we encapsulated
fluorescently labelled 30 um polystyrene particles into PEG-NBt-c hydrogels and measured their
position before and after exposure by LSM. Embedded particles in areas illuminated at 11 nJ per
voxel moved from their original location, and particles were released at 44 nJ per voxel (Fig.
S8A). In contrast, particles embedded in the control PEG-NDop hydrogel required 1688 nJ per

voxel to be released.

Cytocompatibility of PEG-NBt-c hydrogels

The cytocompatibility of PEG-NBt-c hydrogels was tested in vitro. L929 fibroblasts cultured on
a plastic culture plate were contacted with PEG-NBt-c gels and cultured for 1 d. Live/dead assay
indicated 97% cell viability (Fig. S1I0A). Viability was further corroborated in a 3D cell
encapsulation experiment. Fibroblasts were encapsulated in PEG-NBt-c gels (final gel
composition was: 10 kDa, 10 wt % PEG polymers, 18 mM oxidant, | mM cyclo(RGDfC)
peptide, 50 mM HEPES buffer, pH 7.5; see Supporting Information for details on the preparation
protocol). Oxidant concentrations of 10-30 mM have been previously used for cell encapsulation
and in vivo tissue adhesion with catechol-PEGs.% %1% 1447 The gels were let cure for 30 min at 37
°C and cell culture medium was replaced. The cell culture medium was exchanged every day.
The viability of the cells in the 3D culture was tested after 3 d of culture. Viability ratios of
~91% (Figure S9B) were observed. These data corroborate the cytocompatibility of PEG-NBt-c

hydrogels as materials for cell encapsulation.
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Photodegradation of PEG-NBt-c matrices in 2D cell cultures

We next studied if photodegradation of PEG-NBt-c gels in the presence of cells would have a
negative effect on cellular function. Hydrogel films (10 kDa, 10 wt%, 18 mM NalO4) were
prepared on tissue culture plates and coated with collagen I as cell adhesive protein before seeding
L929 fibroblast. Fibroblasts attached to the gels within 4 h (data not shown). After 4 d of culture,
cells covered the gel surface and spread (Figure 5A), and viability ratios of 99% were obtained
(Figure 5C). The culture surface was exposed to light (A = 365 nm, 2.6 mW cm) for increasing
times between 3 and 7 min (i.e. irradiation doses between 0.5 and 1.1 J cm™?). According to our
photorheology data in Fig. 3B, this dose is expected to degrade <25% of the gel. With increasing
exposure time we observed that some cells detached from the hydrogel surface. In order to quantify
this observation, the remained attached cells were removed from the hydrogel by trypsinization*s
and counted. Cell number decreased with increasing illumination dose down to 57% after 7 min
irradiation (exposure dose= 1.1J cm?) (Figure S11G). These results demonstrate that the light-
induced degradation of the PEG-NBt-c gel surface leads to detachment of the originally adhered
cells in a dose-dependent manner. Attached cells showed viability ratios of > 97% in the life/dead
assay after exposure (Fig. 5C and Fig. S11E). The viability ratio was confirmed by a LDH assay
(see Fig. S11F). Detached cells from the hydrogels after exposure were collected, cultured for 12
h on tissue culture plates, and cell density and viability were analyzed. Cell number increased with
increasing irradiation dose (Fig. S11G) and cell viability remained > 90% for all cases (Figure 5C).
These results indicate that the exposure conditions and the photolysis products did not lead to

appreciable photodamage of the cells (see also Fig. S10).
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Figure 5. 1.929 fibroblasts culture on the PEG-NBt-c hydrogels (10 kDa, 10 wt%, 18 mM NalOg4
in 50 mM HEPES buffer, pH 7.5, coated with collagen I). (A) Bright field and fluorescence
microscopy images of fibroblasts cultured on the hydrogel for 4 d and tested with life/day assay.
(B) Remained cells on the surface of the hydrogels after exposure at 1.1 J cm? (A= 365 nm, 2.6
mW cm™). (C) Detached cells after exposure were seeded on tissue culture plate for 12 h and
analyzed for viability. Scale bars: 50 um for bright field, 100 pm for fluorescence channel.
Statistical significance analysis was performed by ANOVA followed by post-hoc Tukey test
(mean £ SD; *p < 0.05, ***p <0.001 used for statistical significance).

Photodegradable 3D cell cultures in PEG-NBt-c hydrogels
Spheroids of 1929 fibroblasts*’ were embedded in PEG-NBt-c hydrogels functionalized with the

cell adhesive peptide cyclo(RGDfC). Final gel composition was 10 kDa, 10 wt% polymer, 18
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mM NalOs, 1 mM cyclo(RGDfC). Embedded spheroids remained confined in the hydrogel and
viable (>90% after 3 d culture, Figure S9C). The stability of the hydrogel structure and the high
crosslinking degree do not allow cells to invade the matrix and proliferate outside of the
spheroid. We tested if photodegradation of the hydrogel around the spheroid could trigger
migration of the cells from the spheroids into the surrounding matrix. Spheroids were cultured
for 7 h and a volume around them was illuminated (volume= 100x100x15 pm?, dose= 18.4 nJ
per voxel). Within the following 2 d, fibroblasts migrated from the spheroid into the illuminated
region. This became more evident after 5 d of culture, as revealed by the larger migration
distances covered by the cells (ca 70 um, Fig. 6B). Cells did not invade the non-irradiated areas.
At longer culture times (9 d) cells from two spheroids separated by 100 um were connected via
an illuminated bridge between them (Figure S12e). These results demonstrate that controlled
light exposure of PEG-NBt-c hydrogels allows regulated degradation and control of cell

migration inside the hydrogel.
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Figure 6. 3D cell culture of fibroblast spheroids in PEG-NBt-c hydrogels (gel composition: 10
kDa, 10 wt% polymer, 18 mM oxidant, 1 mM cyclo(RGDfC) peptide) and light exposed (single-
photon LSM irradiation, A= 405 nm; laser power 8%: 0.14 mW and dose= 18.4 nJ per voxel). A)
Schematics of the light-mediated control of cell invasion on the matrices. B) L929 fibroblast
spheroids were encapsulated in PEG-NBt-c hydrogels, cultured for 7 h, then a volume at the border
of spheroid (indicated by dashed rectangles) was irradiated. After exposure, cell migration out of
the spheroid was analyzed over 5 d of culture. Scale bars: 100 pm.

Adhesion of PEG-NBt-c hydrogels to tissue and light-mediated debonding

The adhesion of PEG-NBt-c hydrogels to wet tissues and the possibility to trigger debonding by
light exposure were tested in adhesion experiments using skin (from chicken) as substrate. 7% 14
3051 A final composition of 10 wt% PEG-NBt-c, 18 mM NalOs, 50 mM HEPES buffer pH 7.5 was
used. In order to facilitate imaging of the transparent hydrogel, fluorescent beads were also added

to the precursor mixture. The mixture was applied on the skin surface and cured for 1 h in humid

atmosphere at 37°C. These conditions should simulate the application scenario of medical tissue
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adhesives. The hydrogel attached to the skin tissue and remained bonded after 30 min of vigorous
shaking of the substrate underwater (Fig. 7A and Fig. S14A-B). Figure 7C shows the adhesive
with the embedded fluorescent beads atop the skin. ESEM imaging of the cross-section of the
tissue confirmed the conformal contact between the tissue surface and the adhesive hydrogel
(Figure S16). These results indicate that a strong interface is built, presumably involving covalent

bonds between catechol groups of the adhesive and the tissue.'*

The adhesive bond was exposed to 365 nm light (70 mW c¢m™ for 6 min, 25 J cm™) and soaked in
water. Debonding of the PEG-NBt-c hydrogel from the skin tissue was observed macroscopically
by naked eye (Fig. 7B and S17) and microscopically by fluorescence imaging of the outer tissue
layer of the illuminated construct (Fig. 7D). These results confirm that PEG-NBt-c hydrogels can
attach to tissue and detach on-demand upon exposure to light. The sum of properties demonstrated
for this material, i.e. in situ gelation, cytocompatibility, and reversible tissue adhesiveness, are

interesting for the application fields of wound management and tissue repair.
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Figure 7. Macroscopic and microscopic visualization of the tissue adhesiveness of PEG-NBt-c
hydrogel tested on chicken skin, before (A, C) and after (B, D) light exposure. A-B) Macroscopic
view of the bonded tissue. C-D) Fluorescence imaging of the outer tissue layer; where embedded
fluorescent PSPs in the adhesive hydrogel facilitate the visualization of the presence of hydrogel
material bond to the tissue. Final gel composition: 10 kDa, 10 wt % PEG-NBt-c, 18 mM oxidant
containing fluorescent PSPs, 50 mM HEPES buffer, pH 7.5. Irradiation conditions: A= 365 nm,
irradiance = 70 mW c¢m, for exposure time= 6 min (dose= 25 J cm™). Scale bars= 5 mm (left)
and 100 pm (right).

3. Conclusions

A bioinspired hydrogel is presented that can polymerize under mild conditions and depolymerize
by light exposure at cell compatible doses. It is based on a starPEG-macromer containing
intercalated photocleavable nitrobenzyl triazole units and terminal catechol groups. Oxidative
crosslinking of the catechol groups allows gelation in the presence of cells. The precursor

mixture can be adjusted to achieve hydrogels with mechanical properties within relevant
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physiological ranges. The efficiency of the photodegradation reaction is similar to the efficiency
of nitrobenzyl ester analogs that are typically used for dynamic cell culture. However, the
hydrolytic stability of the nitrobenzyl triazole linkage is higher than the nitrobenzyl ester, making

the former system more suitable for long term cell cultures.

Previous work has reported hydrogels that combine two key properties: tissue adhesion and
cytocompatibility,'* tissue adhesion and photodegradability,** cytocompatibility and
photodegradability for controlled release.?® To our knowledge, the PEG-NBt-c system presented
here is the first one that presents tissue adhesion, photodegradability and suitability for cell
culture and controlled cell release under cytocompatible conditions. These properties are relevant

in biomaterials for cell therapies and advanced, bioactive wound dressings.?-

The modular character of the hydrogel precursor enables variations of the molecular design to
further tune hydrogel properties. For example, the PEG polymer backbone can be replaced by
other biocompatible backbones. The catechol end group can be exchanged by substituted
catechols to accelerate crosslinking kinetics under mild oxidative conditions (from min-h to s-
min) while not altering the adhesion strength*! of the adhesive. This is relevant on the application
site to provide comfortable time frame for the handling of the hydrogel solution before

administration.>?
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