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Light-based patterning of synthetic and biological hydrogels enables precise spatial and temporal control
over the formation of chemical bonds. However, photoinitiators are typically used to generate free rad-
icals, which are detrimental to human cells. Here, we report a photoinitiator- and radical-free method
based on ortho-nitrobenzyl alcohol (oNBA) photolysis, which gives rise to highly reactive nitroso and
benzaldehyde groups. Synthetic hydrogel and pristine protein networks can rapidly form in the presence
of these photo-generated reactive species. Thiol -oNBA bonds yield dynamic hydrogel networks (DHNs)
via N-semimercaptal linkages that exhibit thixotropy, stress relaxation, and on-demand reversible gel-to-
liquid transitions, while amine-oNBA bonds can be exploited to crosslink pristine proteins, such as gelatin
and fibrinogen, by targeting their primary amines. Since this approach does not require incorporation of
photoreactive moieties along the backbone, the resulting crosslinked proteins are well suited for bioadhe-
sives. Our photoinitiator-free platform provides a versatile approach for rapidly creating synthetic and bio-
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Introduction

Light offers contactless, high-precision spatiotemporal control
the biochemical and biophysical properties of
hydrogels."™® Yet, most systems require photoinitiators to
trigger crosslinking via free-radical formation. When such pro-
cesses occur in the presence of human cells, reactive oxygen
species (ROS) are generated that induce cellular oxidative
stress and damage DNA, proteins, and lipids.""® As recently
shown, the development of photoinitiator- and radical-free
crosslinking methods reduces cytotoxicity and improves print
resolution."* Nevertheless, (meth)acryloyl photoresins remain
ubiquitous due to their ease of use and commercial avail-
ability. However, they form heterogeneous, brittle networks
that contain hydrophobic kinetic chains and potentially toxic
unreacted groups.’””'° Emerging efforts based on step-growth
crosslinking via photo-click chemistry produce homogeneous
hydrogels under mild conditions with improved kinetics and
mechanical properties.’®?! Unfortunately, both approaches

over
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logical hydrogels for applications ranging from tissue engineering to biomedical devices.

incorporate radical-generating photoinitiators making them
less suitable for tissue engineering and biomedical devices.

Photoresins that combine the benefits of step-growth with
photoinitiator- and radical-free chemistries offer a promising
alternative. To facilitate adoption, they must be readily syn-
thesized and offer performance advantages over existing hydro-
gel chemistries. For example, there would be considerable
interest in the photogeneration of dynamic hydrogel networks
(DHNs), that exhibit stress-relaxing properties and better reca-
pitulate the nature and dynamics of the native extracellular
matrix (ECM).>* > The ability to directly create hydrogel net-
works from pristine proteins would obviate the need to incor-
porate photoreactive groups. To realize this potential, we posit
that both synthetic and biological hydrogels can be realized
using nitrobenzyl photochemistry.

Nitrobenzyl derivatives represent one of the most studied
photoactive groups due to their ease of synthesis and rapid
photolysis.>® While primarily used as photolabile groups to
construct photodegradable materials for biological appli-
cations, there is renewed interest in ortho-nitrobenzyl deriva-
tives as reactive sites for photocrosslinking of polymer net-
works.”” For example, the photolysis-induced formation of
benzaldehyde and nitroso groups from o-nitrobenzyl alcohols
(oNBA) has been investigated for reaction with hydrazines
(forming hydrazones),”® and amines (forming imines).>?"?
Moreover, a recent study revealed that an oNBA handle with an
electron-withdrawing amide group displays excellent reactivity

This journal is © The Royal Society of Chemistry 2025
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towards primary amines (PANAC reaction) to form indazolone Experimental
heterocycles.*?

Here, we demonstrate that a single amide oNBA handle can
be used for photoinitiator-free, step-growth crosslinking of thio- The synthesis procedure was adapted from Guo et al* In
lated polymers forming DHNs and of pristine proteins contain- short, 5 g (19.2 mmol) of 4-bromomethyl-3-nitrobenzoic acid
ing primary amines (Fig. 1A-I). We investigated the photoreactiv- and 9.3 g (67.3 mmol) of potassium carbonate were dissolved
ity of the oNBA handle and compared oNBA-based hydrogel in 150 mL of 1:1 water : acetone solution and refluxed at 60 °C
resins to those based on photoinitiators. We explored the cross- for 3 h. Acetone was removed under vacuum and the aqueous
linking performance and tunability of thiol-oNBA and amine- phase was extracted twice with diethyl ether. The aqueous
ONBA PEG-based photoresins via photorheology as a function of phase was acidified with the addition of 1 M HCI until pH < 1,
PH, concentration, and light intensity. We then confirmed the and then extracted twice with ethyl acetate. The combined
biocompatibility of these photocrosslinking mechanisms in the organic phases were washed with water and brine, dried over
presence of human fibroblasts as well as carried out feasibility magnesium sulfate (MgSO4), filtered and concentrated in
experiments focused on 3D printing and bioadhesion. Our vacuum without further purification to afford 4-(hydroxy-
photoinitiator-free platform provides a versatile approach for methyl)-3-nitrobenzoic acid (oNBA) as a brown-orange solid
rapidly creating synthetic and biological hydrogels for appli- (3.44 g, 90%). Identity of the compound was verified by
cations ranging from tissue engineering to biomedical devices. 'H-NMR (see ESI, Fig. S1 and 27).

oNBA and m-oNBA synthesis
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Fig. 1 (A) Schematics of ortho-nitrobenzyl alcohol (o0NBA)-based photocrosslinking reaction mechanisms. Upon absorption of UV light (365 nm),
oNBA photolysis leads to an activated form with benzaldehyde and nitroso groups. A thiol nucleophilic addition to the nitroso residue results in the
formation of a N-semimercaptal dynamic bond. An amine nucleophilic addition to the nitroso or benzaldehyde group leads instead to the formation
of an indazolone bond (I). Both mechanisms arise from the photoreactive moiety (0NBA) and proceed under mild, photoinitiator- and radical-free
conditions, leading to the generation of step-growth dynamic hydrogel networks (DHNs) for the N-semimercaptal bond or step-growth networks
with pristine proteins for the indazolone bond (ll). (B) Reaction kinetics (I and Il) and absorption spectra (lll) using small monofunctional molecules
(m-oNBA, m-SH, and m-NH,). (C) Comparison of photocrosslinking performance of thiol-oNBA (blue) and amine-oNBA (green) chemistries with the
known photoinitiator-based chemistries: thiol-norbornene (grey), thiol-yne (red), and methacrylate (pink) that use LAP as photoinitiator.

This journal is © The Royal Society of Chemistry 2025 Biomater. Sci, 2025,13, 210-222 | 211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm00849a

Open Access Article. Published on 12 November 2024. Downloaded on 3/14/2026 9:09:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

250 mg (1.27 mmol, 1 eq.) of 4-(hydroxymethyl)-3-nitroben-
zoic acid (0NBA) was dissolved in 5 mL of dichloromethane in
the presence of 500 mg (3.22 mmol, ~2.5 eq.) of N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and
225 mg (1.95 mmol, ~1.5 eq.) of N-hydroxysuccinimide (NHS).
The reaction was stirred for 15 min at room temperature.
960 pL (5.3 mmol, ~4 eq.) of 2-(2-(2-ethoxyethoxy)ethoxy)etha-
namine and 10 pL of N,N-diisopropylethylamine were then
added dropwise to the stirring reaction mixture. The reaction
was left to proceed for 6 h and the product was then purified
by flash chromatography (dichloromethane : methanol 95:5,
Rz 0.2). Identity of the compound was verified by LC-MS (m/z:
[M + H] caled 357.16, found 357.16) and 'H-NMR (see ESI,
Fig. S3 and 47).

PEG40NBA synthesis

oNBA terminated four-arm PEG was synthesized by dissolving
200 mg (1 mmol, 20 eq.) of 4-(hydroxymethyl)-3-nitrobenzoic
acid (oNBA) in 5 mL of dimethylsulfoxide in the presence of
390 mg (2 mmol, 20 eq.) of N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) and 230 mg (2 mmol,
20 eq.) of N-hydroxysuccinimide (NHS). The reaction was
stirred for 30 min at room temperature. A solution of 250 mg
(0.05 mmol of NH,, 1 eq.) PEG4NH, (20 kDa) in 2 mL H,O
with 10 pL of N,N-diisopropylethylamine was then added drop-
wise. As the reaction becomes turbid within 1 h, addition of a
minimum amount (~2 mL) of acetonitrile was necessary to
maintain a clear solution. The reaction was left to proceed for
18 h, and dialyzed against 5 : 3 acetonitrile : water (SpectraPor®
Biotech RC, MWCO: 3.5-5 kDa) for 4 days. The solution was
then centrifuged at 4000 rpm for 5 min to eliminate precipi-
tates. Acetonitrile was removed from supernatant under
vacuum and remaining PEG40NBA suspension was freeze-
dried. Lyophilized PEG40NBA was stored under inert atmo-
sphere at —20 °C prior to use. Identity of the compound was
verified via "H-NMR (see ESI, Fig. S51).

HA synthesis

Three types of photoactive hyaluronic acid were synthesized:
(1) thiolated-hyaluronic acid (HA-SH), (2) methacrylated hya-
luronic acid (HA-MA), and (3) oNBA modified hyaluronic acid
(HA-oNBA). HA-SH was synthesized by dissolving 350 mg
(0.87 mmol, 1 eq.) of HA (250 or 100 kDa, HTL Biotechnology)
overnight, while stirring, in 140 mL of 150 mM MES buffer pH
4.5. Next, 21 mg (0.176 mmol SH, ~0.2 eq.) of 3,3'-dithiobis
(propionohydrazide) (DTPHY) and 67.9 mg (0.44 mmol, ~0.5
eq.) of N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydro-
chloride (EDC), pre-dissolved in minimum amount of water,
were added dropwise to the stirring solution and the reaction
was left to proceed overnight (18 h). Disulfide bridges were
reduced with 150 mg (0.6 mmol, ~0.7 eq.) of tris(2-carbox-
yethyl)phosphine hydrochloride (TCEP) pre-dissolved in a
minimum amount of MES buffer. The reaction mixture was
left under gentle stirring overnight in a sealed flask. After
addition of 1 g of sodium chloride (NaCl), the solution was
dialyzed (ThermoFisher SnakeSkin™, MWCO: 3.5 kDa) against
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acidified mQ H,O (pH 4 using HCI) for 5 days with frequent
water changes and freeze-dried. Lyophilized HA-SH was stored
under inert atmosphere at —20 °C prior to use. The degree of
substitution (DS) was estimated to be ~0.25 mmol of SH per
gram of HA (~10% of disaccharide units) with "H-NMR in D,0
using internal standard 3-(trimethylsilyl)-1-propanesulfonic
acid (DSS, 2H, ~0.75 ppm) and hydrazide methylene protons
(~2.7 and 2.8 ppm, see ESI, Fig. S67).

HA-MA was synthesized by dissolving 100 mg (0.25 mmol, 1
eq.) of HA (250 kDa, HTL Biotechnology) overnight, while stir-
ring, in 10 mL of PBS pH 7.4. 372 uL (0.25 mmol, 1 eq.) of
methacrylic anhydride was then added dropwise to the stirring
solution. The pH was monitored after 10 min, 30 min, 2 h and
6 h and a 2 M sodium hydroxide (NaOH) solution was used to
restore a neutral pH 7. The reaction was left to proceed for
additional 18 h, after which pH was adjusted to 7, and 1 g of
NaCl was added and left to dissolve. The solution was then
centrifuged at 4000 rpm for 3 min to spin down the excess of
acrylic acid, supernatant was dialyzed (MWCO: 3.5 kDa)
against milliQ water for 5 days with frequent water changes
and freeze-dried. Lyophilized HA-MA was stored under inert
atmosphere at —20 °C prior to use. The degree of substitution
(DS) was estimated to be ~0.23 mmol of MA per gram of HA
(~9% of disaccharide units) with 'H-NMR in D,0O using
internal standard 3-(trimethylsilyl)-1-propanesulfonic acid
(DSS, 2H, ~0.75 ppm) and methacrylate protons (~6.1 and
6.2 ppm, see ESI, Fig. S771).

HA-oNBA was synthesized by dissolving 75 mg (0.38 mmol,
1 eq.) of 4-(hydroxymethyl)-3-nitrobenzoic acid (0NBA) in 2 mL
of dimethylsiloxane (DMSO) in the presence of 146 mg
(0.94 mmol, ~2.5 eq.) of N-(3-dimethylaminopropyl)-N"-ethyl-
carbodiimide hydrochloride (EDC) and 86 mg (0.74 mmol, ~2
eq.) of N-hydroxysuccinimide (NHS). The reaction was moni-
tored by HPLC and completed (no residual oNBA peak) after
30 min at room temperature. 42 mg (0.25 mmol, ~0.7 eq.) of
2-aminoethyl methacrylate hydrochloride (MA-NH,). The reac-
tion was left to proceed for 7 h until ~70% consumption of
ONBA-NHS (monitored by HPLC, see ESI Fig. S8f) to form
ONBA-N-MA, and then added dropwise to a stirring solution of
0.25% HA-SH (250 or 100 kDa, DS: 10%) in 70 mL PBS pH 7.4.
The reaction was left to proceed for 18 h and then dialyzed
(MWCO: 3.5 kDa) against milliQ water for 5 days with frequent
water changes and freeze-dried. Lyophilized HA-oNBA was
stored under inert atmosphere at —20 °C prior to use. The suc-
cessful grafting of oNBA moieties was confirmed with "H-NMR
(see ESI, Fig. SOf).

fGel-SH synthesis

Thiolated fish gelatin (fGel-SH) was synthesized based on the
protocol from Rizzo et al.>* Briefly, 0.5 g of fish gelatin (gelatin
from cold water fish skin, Sigma-Aldrich) was dissolved in
25 mL 150 mM MES buffer pH 4.5. Next, 48 mg of DTPHY and
80 mg of EDC were added to the reaction solution under stir-
ring and the reaction was left to proceed for 24 h. 287 mg of
TCEP was then added, and the reduction of disulfides was left
to proceed for 8 h under gentle stirring. After addition of 0.5 g

This journal is © The Royal Society of Chemistry 2025
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of sodium chloride (NaCl), the solution was dialyzed
(ThermoFisher SnakeSkin™, MWCO: 3.5 kDa) against acidi-
fied mQ H,O (pH 4 using HCI) for 5 days with frequent water
changes and freeze-dried. Lyophilized fGel-SH was stored
under inert atmosphere at —20 °C prior to use. The degree of
substitution (DS) was estimated to be ~0.34 mmol of SH per
gram of fGel with "H-NMR in D,O using internal standard 3-
(trimethylsilyl)-1-propanesulfonic acid (DSS, 2H, ~0.75 ppm)
and hydrazide methylene protons (~2.7 and 2.8 ppm, see ESI,
Fig. S107).

Reaction kinetics and absorption spectra

NMR spectra were acquired on a Bruker AVANCE NEO 400.
High performance liquid chromatography (HPLC) was per-
formed using an Agilent 1260 Infinity II system, equipped with
a Poroshell 120 EC-C18 4.6 x 100 mm, 2.7 um particle size
column using a gradient from 5 to 95% acetonitrile (ACN) in
water over 9 min at 1 mL min~". Liquid chromatography-mass
spectroscopy (LC-MS) was performed on a Bruker MicroTof MS
equipped with electrospray ionization (ESI). Amide monofunc-
tional oNBA (m-oNBA), O-(2-mercaptoethyl)-O-methyl-hexa
(ethylene glycol) (m-SH) and 2-(2-(2-ethoxyethoxy)ethoxy)etha-
namine (m-NH,) were dissolved in water at 20 mM. Solutions
were mixed to obtain the formulations used for Fig. 1B
(10 mM m-oNBA + 10 mM m-SH, 10 mM m-oNBA + 10 mM
m-NH,, and 10 mM m-oNBA). Using a 20 mm geometry and
the same light setup adopted for photorheology (365 nm UV
light at 20 mW em™?), 16 pL of the various solutions were irra-
diated for 0, 0.5, 1, 2 and 5 min. The solutions were diluted
1:100 in water for HPLC analysis or diluted 1:500 for LC-MS
analysis (m-oNBA solution). Using the non-exposed samples as
controls, the consumption of m-oNBA was calculated by
measuring its peaks integral. For the absorption spectra, 2 pL
of each (undiluted) solution were analyzed at 25 °C, with 1 nm
step, using a BioTek Synergy HT reader equipped with
Take3 microplate, and subtracting water background. For NMR
(ESI, Fig. S11-S147), 0.5 mL of solutions in D,O were irradiated
for 15 min in a glass vial (365 nm UV light at 20 mW cm?)
prior to measurement.

Photorheology

Photorheology was carried out on a Discovery HR 20 (TA
instruments) rheometer equipped with an 8 mm parallel plate
stainless steel geometry and quartz glass floor. Omnicure
Series2000 lamp (Lumen Dynamics) with 365 nm bandpass
filter was used as light source. Light intensity at the sample
location was measured with PMA2100 (Solar Light) radiometer
meter with PMA2107 UVA + B sensor. The various polymers
(10-20% PEGs, 2-5% HA, 10-20% f{Gel), and 2% LAP stock
solutions were prepared in PBS (pH 7.4, unless otherwise indi-
cated), and PEG40NBA stock solution was prepared at 20% in
DMSO. The photoresins were prepared by mixing and diluting
in PBS the stock solutions to obtain the desired final concen-
tration of the various components. Oscillatory measurements
were performed in triplicate, at room temperature, using 3 pL
of photoresin in 50 um gap, at 1 Hz frequency and 1% shear
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rate and ~6.8 s point duration. The tests were carried out in
the dark and in the presence of a water-soaked tissue to
prevent the sample from drying. For each measurement, light
irradiation (365 nm, 10-30 mW cm™?) was initiated after 120 s.
End point storage and loss moduli were reported, and the
minimum light exposure needed to reach 30% of final storage
modulus was used to assess crosslinking kinetics. To facilitate
comparison between different chemistries, the PEG-based
photoresins contained the same polymer concentration,
polymer molecular weight, and functionality.

Shear thinning behavior of 1.3% PEG40NBA/1% HA-SH
(250 kDa, DS: 10%) was characterized by stress viscometry.
Photoresin (3 pL) was first crosslinked as previously indicated
(50 pm gap, 15 min light exposure, 365 nm, 20 mW cm™>). A
logarithmic sweep was then performed as a function of
increasing shear rate from 0.1 s~ to 1000 s~ (10 points
measured per decade). Next, the shear recovery behavior was
determined after photoresin crosslinking (50 pm gap, 15 min
light exposure, 365 nm, 20 mW cm ) using oscillatory
measurements with varying shear strain at a constant fre-
quency of 1 Hz. In the first interval (resting), a shear strain of
1% was applied for 120 s. In the second interval, a 600% shear
strain was applied for 60 s, followed by a 5 s interval at 1%
strain to allow the material to rest and a 240 s interval at the
same strain (recovery). The same cycle was then repeated
resulting in a resting-high shear recovery-resting-high shear
recovery sequence. Their gel-to-liquid (dissolution) behavior
was assessed (Fig. 3VI) by carrying out oscillatory measure-
ments at 1% strain and 1 Hz frequency. After crosslinking the
photoresin (50 pm gap, 15 min exposure to light; 365 nm,
20 mW cm™?), a solution of 1 M O-(2-mercaptoethyl)-O'-
methyl-hexa(ethylene glycol) (m-SH) in PBS was gently pipetted
around the geometry. Their storage modulus was measured for
2.5 h. The 2.5% HA-oNBA/10% f{Gel storage modulus was
measured by a similar procedure, with a solution of 1 M
Glycine or PBS pipetted around the geometry upon cross-
linking (5 min irradiation). For the dissolution data shown in
Fig. 3VI, hydrogels were prepared as previously described,
incubated in diluted Rhodamine-maleimide PBS solution for
24 h, washed 3x in PBS, and then incubated for 3 h in either
PBS (control) or 1 M O-(2-mercaptoethyl)-O’-methyl-hexa(ethyl-
ene glycol) (m-SH) in PBS. Optical images of these samples
were taken at 0, 1 and 3 h.

Stress relaxation

Hydrogels composed of 1.3% PEG40NBA/1% HA-SH (250 kDa,
DS: 10%) were prepared by casting the photoresin in PDMS
rings (4 mm diameter, 1.5 mm height) and exposing them for
15 min to a 365 nm light with 20 mW cm™? intensity. They
were then removed from the PDMS molds and equilibrated in
PBS for 24 h. Discovery HR 20 (TA instruments) equipped with
an 8 mm stainless steel flat geometry was used to carry out
stress relaxation tests. Samples were placed between the plates
and compression to 30% strain was performed at 20 pm s~ .
Samples were held under constant strain for 1 h, while the
variation in axial stress was measured.

Biomater. Sci, 2025, 13, 210-222 | 213
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Swelling

The photoresins 1.3% PEG40NBA/1% HA-SH (250 kDa, DS:
10%) and 2.5% HA-oNBA (250 kDa)/10% fGel were cast into
PDMS rings (6 mm internal diameter, 1.5 mm height, 40 pL
per sample). Samples (n = 3) were irradiated for 5 min
(365 nm, 20 mW cm™?), removed from the PDMS molds, and
weighted (m,). Crosslinked hydrogels were left to swell in PBS
(6 mL per gel) in 6-well plates under gentle shaking. After
24 h, the samples were weighted (m;, swollen state) and finally
freeze-dried to obtain the dry-mass (mq). Their swelling and
swelling % were calculated by:

m
lling = —
Swelling m
Swelling %(solvent uptake) = % x 100
0

Adhesion tests

Lap-shear and tensile tests were performed on a Discovery HR
20 (TA instruments) equipped with tensile grip geometries. For
lap-shear tests, the porcine skin (Stellen Medical LLC, Fisher
Scientific) was cut in 3 x 1 cm” slices and 40 uL of fibrin sealant
(Tisseel, Baxter) or 2.5% HA-oNBA/10% fGel or 2.5% HAoNBA/
10% fGel-SH were pipetted on a 1 x 1 cm surface (dermis side).
A second slice (facing dermis side) was gently pressed on top of
the first one and adhered using either a fibrin sealant or UV
cured using an Omnicure Series2000 lamp (Lumen Dynamics)
at 365 nm for 5 min at 20 mW cm™>. Tensile test samples were
prepared similarly using 1 c¢m circular porcine skin cuts pre-
viously attached to metal substrates using cyanoacrylate super-
glue. Samples were then fixed on the tensile grips and then
pulled away at 20 um s~ speed. The maximum pulling force
recorded was divided over the contact area (1 cm” for lap-shear,
0.785 cm” for tensile) and plotted as adhesive strength.

Reactive oxygen species (ROS) assays

Photoresins (Fig. 3B and 4B) were prepared as described
above. In addition, a 0.75% alginate solution was prepared as
radical-free, ionic crosslinking-based negative control.
Foreskin human fibroblasts were cultured in FBS-free DMEM
media for 24 h prior to the experiment. The photoresins were
mixed with fibroblasts (passage 7-9) to a final concentration
of 2.5 million cells mL™". The bioresins were then casted in a
96-well plate (80 pL per well) and crosslinked with a 5-minute
light irradiation (365 nm, 20 mW cm™?). The alginate formu-
lation was crosslinked by addition of 25 mM calcium chloride
(CaCl,) solution. Samples were then incubated in serum-free
DMEM with or without (background fluorescence) ROS assay
fluorogenic component (abcam186028, abcam) at 20 mM.
After 4 h, the fluorescence intensity was detected with 530 nm
excitation and 590 nm emission using a BioTek Synergy HT
plate reader set at 37 °C. Intracellular relative fluorescence was
quantified by comparing the fold increase of the samples with
ROS fluorogenic component to the samples without it.
Samples were also imaged on a confocal microscope (Imager
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72, Zeiss) equipped with a water-immersion objective (10x/
0.3). For the photoresins of Fig. 4B, deep-red ROS assay fluoro-
genic test (abcam186029, abcam) was instead used (620 nm
excitation, 680 nm emission) to avoid overlap absorption with
the Ru/SPS (Advanced Biomatrix) initiating system.

Live/dead assays

HA-SH (DS: 10%, 250 kDa) and HA-MA (DS: 10%, 250 kDa)
were dissolved at 2% in PBS. PEG40NBA (20 kDa) was dissolved
at 20% in DMSO, PEG4SH (20 kDa) and PEG4MA (20 kDa) at
20% in PBS, and LAP at 2% PBS. The polymer solutions were
then mixed to obtain the formulations presented in Fig. 4B.
These photoresins were then filter sterilized (0.2 pm filter) and
mixed with foreskin human fibroblasts (passage 7-9) to a final
concentration of 2.5 million cells mL™". The bioresins were
casted in PDMS rings (4 mm diameter, 1 mm height, 15 pL per
sample) previously sterilized via 70% ethanol and UV treat-
ment and positioned in 48-well plates. The samples were irra-
diated for 5 min (365 nm, 20 mW cm™?) and then cultured in
DMEM with 10% v/v FBS and antibiotic-antimycotic (100 units
per mL penicillin, 100 pg mL™" streptomycin, and 0.25 pg
mL™" Gibco Amphotericin B) with media change every other
day. Cells-embedded hydrogels (n = 3) were taken at day 0 (4 h
after crosslinking), day 2, and day 7 and incubated in phenol
red-free DMEM supplemented with 1:2000 calceinAM and
1:500 ethidium homodimer-1 for 45 min. Imaging (200 pm,
10 pm steps) was performed on a confocal microscope (Imager
72, Zeiss) equipped with a water-immersion objective (10x/
0.3). Cell viability was quantified by counting viable (calcein)
and dead (ethidium homodimer-1) cells with the Image]
Analyze particle function. The same procedure was followed
for the 2.5% HA-oNBA/10% fGel formulation.

Vascular organoids

Early-stage vascular organoids were generated from BJFF
hiPSCs®® following a reported protocol.’® Briefly, single-cell
hiPSCs suspensions were aggregated overnight into embryoid
bodies (EBs) roughly 100-150 pm in diameter. These EBs were
differentiated in N2B27 medium to produce early-stage vascu-
lar organoids.’® The media was supplemented with 12 pM
CHIR 99021 (#2520691, BioGems) and 25 ng mL™' BMP4
(3130-111-165, Miltenyi Biotech) for 3 days, followed by 2 days
of supplementation with 100 ng mL~' VEGF (hVEGF-A 165,
#100-20, ThermoFisher) and 2 pM Forskolin (#F3917, Sigma).
After sedimentation the organoids in a conical tube and
removing the excess media, the vascular organoids were gently
mixed with the 1.3% PEG40NBA/1% HA-SH photoresin using
1 mL wide-bore opening tips (Axygen). Single drops of these
bioresins were crosslinked in a 48-well plate and cultured in
EGM-2 complete media (Lonza Biosciences) for 3 days. For
hydrogel dissolution, media was supplemented with 1 M
cysteine. Images were taken on a Leica DM IL LED microscope.

3D printing

The photo-ink 1.3% PEG40NBA/1% HA-SH (250 kDa, DS: 10%)
was prepared as previously described and photocrosslinked at
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365 nm and 20 mW cm™” for 5 min. The hydrogel was then
loaded into a 3-cc UV/light block amber cartridge (Nordson
EFD). The cartridge was centrifuged at 3000 rpm for 10 min to
compact the dynamic polymer network and eliminate air
bubbles. H-shaped structures were 3D printed using a pneu-
matic-driven extrusion on a 3-axis motion-controlled stage
(Aerotech). An ink reservoir is mounted on the printer using a
custom-machined syringe holder. The ink is extruded through
a plastic tapered nozzle (Nordson EFD; 410 pm diameter) with
pneumatic pressure of 2 psi (~14 kPa) using digital pressure
controllers (PCD-100PSIG-D, Alicat Scientific) and translated at
a speed of 2.5 mm s . The G-code for the printed structure
was generated using a custom Python code.

Projection-based photocrosslinking

The photoresin composed of 2.5% HA-oNBA (250 kDa)/10%
fGel was prepared as previously described and pipetted on a
glass slide. Photo-masks were printed via digital-light proces-
sing (DLP, Elegoo Mars 2P) and positioned between the light
source (Omnicure Series2000 lamp, Lumen Dynamic) featuring
a 365 nm bandpass filter and the sample. Samples were irra-
diated for 60 s and then washed with PBS to remove any
uncured resin. Upon removal of PBS, optical images of the
printed hydrogels were taken.

Materials

All chemicals were purchased from Merck, and cell culture
reagents from ThermoFisher Scientific unless otherwise speci-
fied. Thiol, amine and methacrylate terminated PEGs were
purchased from Creative PEGworks.

Statistical analysis

Data are reported as mean values + SDs (n = 3). Statistical ana-
lysis is performed using GraphPad Prism 9 and statistical sig-
nificance is determined using one-way Anova with multiple
comparisons or unpaired Welch’s ¢-test.

Results and discussion
Amide oNBA-based chemistry

We first synthesized a monofunctional linear molecule (m-
ONBA) featuring a reactive end and a short ethoxy chain
(Fig. 1B, ESI Fig. S3 and 47). A solution of 10 mM m-oNBA in
water was exposed to UV light (365 nm, 20 mW cm™?), and the
decay of its concentration upon photolysis was monitored over
time by LC-MS (Fig. 1B-I). Upon photoexcitation, oNBA under-
goes photolysis to an o-nitrosobenzaldehyde (activated oNBA)
with reactive nitroso and aldehyde groups (Fig. 1A-I). The con-
sumption of m-oNBA is roughly 40%, 65% and 90% after 60 s,
120 s, and 300 s of light exposure, respectively. The reactivity
of photoactivated oNBA with thiols and amines is measured by
HPLC using solutions containing m-oNBA with either O-(2-
mercaptoethyl)-O’-methyl-hexa(ethylene glycol) as monofunc-
tional thiol (m-SH) or 2-(2-(2-ethoxyethoxy)ethoxy)ethanamine
as monofunctional amine (m-NH,) (Fig. 1B-II and ESI
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Fig. §15-19%). In both cases, the m-oNBA peak reduces dra-
matically over 300 s of light exposure due to either the for-
mation of a N-semimercaptal adduct via the reaction between
m-oNBA and m-SH or an indazolone adduct via the reaction
between m-oNBA and m-NH,.

Absorption spectra of the amide m-oNBA and its photolysis
products reveal a significant difference in their molar extinc-
tion coefficient (Fig. 1B-III). In particular, m-oNBA displayed
an absorbance at 365 nm (41.5 M~ cm ™) that is significantly
lower than that of lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP), the current gold-standard for bio-
printing.> We note that the absorbance is comparable to that
of LAP at 405 nm (47 M~' em™"). Upon photolysis, the absorp-
tion of these reaction mixtures increases significantly, reach-
ing values between 200 and 400 M~' ¢cm™'. Hence, the com-
petitive absorption of the oNBA photoproducts acts as an
internal filter reducing photolysis efficiency, especially for
highly concentrated photoresins. Interestingly, we also observe
a significant difference between the absorption profiles of
N-semimercaptal and indazolone adducts, particularly at 4 <
350 nm and A > 400 nm. This observation is consistent with
their structural differences, which impact the electronic
environment of the adjacent aromatic core.

Thiolated and amine-based synthetic hydrogels

To produce synthetic hydrogels, we created a four-arm poly-
ethylene glycol crosslinker terminated with amide oNBA
(PEG40NBA) (ESI Fig. S5f). The photopolymerization of
PEG40NBA in the presence of thiolated (PEG4SH) or amine-ter-
minated (PEG4NH,) four-arm PEGs is assessed by oscillatory
photorheology (365 nm, 20 mW c¢m™?) (Fig. 1C). As controls,
we also generated synthetic hydrogels using a methacrylated
four-arm PEG (PEG4MA) (chain-growth mechanism) as well as
norbornene and alkyne terminated four-arm PEGs (PEG4NB,
PEG4yne) (step-growth mechanism). For these control photore-
sins, LAP is used as a photoinitiator (0.05% w/v). As expected,
the highly efficient thiol-norbornene photoclick chemistry
exhibits both fast crosslinking kinetics and improved mechani-
cal properties. S-Nitrosylation (thiol-oNBA), akin to recent
observations by Zhou et al.,’” showed surprisingly fast kinetics
that are comparable to photoinitiator-based methacrylate and
thiol-yne chemistries (Fig. 1C). Thiol-oNBA hydrogels also
resulted in higher storage modulus, G' = 2855 + 392 Pavs. G' =
2048 + 127 Pa for thiol-yne, and G’ = 1251 + 144 Pa for meth-
acrylate, suggesting a higher crosslinking density and, hence,
better reaction yield. By contrast, the less efficient indazolone-
based photoresin (amine-oNBA) exhibited a significantly
delayed gelation onset and lower G’ = 533 + 121 Pa.

The rapid nucleophilic addition reaction between a primary
thiol and the aryl nitroso group (S-nitrosylation) of activated
ONBA is responsible for the formation of N-semimercaptal
crosslinking sites (Fig. 2A).>’7*° S-Nitrosylation is a common
reaction that occurs in human cells for reversible cell signal-
ing, with nitric oxide (NO) reacting with the thiol group of
cysteine side chains in proteins.’®*' On the other hand, the
presence of an electron-withdrawing amide group has been
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Fig. 2 (A) Schematics of thiol-oNBA (top) and amine-oNBA (bottom) reaction mechanisms. Upon oNBA photolysis, thiol addition to the nitroso
group (S-nitrosylation) leads to the formation of a dynamic N-semimercaptal bond, while an amine addition to the benzaldehyde or nitroso group
results in hemiaminal or o-(diazinyl)-benzaldehyde, respectively. The more stable indazolone bond forms upon the additional steps of dehydration,
tautomerization, and heterocyclization. (B) Photorheology data (semilog plots of G’ vs. time) highlight the influence of polymer concentration (1),
light intensity (I1), pH (1), ratio (IV), and polymer functionality (V) on thiol-oNBA and amine-oNBA photocrosslinking. Synthetic hydrogels formed by
step-growth (thiol-norbornene, thiol-yne, thiol-oNBA and amine-oNBA) exhibit higher loss moduli, G" and higher yield shear stress compared to
those generated by chain-growth (methacrylate) photocrosslinking (VI).

216 | Biomater. Sci,, 2025, 13, 210-222 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm00849a

Open Access Article. Published on 12 November 2024. Downloaded on 3/14/2026 9:09:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

shown to confer oNBA excellent reactivity towards primary
amines via the formation of an indazolone bond.** As high-
lighted by Zhu et al.,** indazolone formation can proceed via
condensation at the nitroso group to form a diazine intermedi-
ate or, although not thermodynamically favored, at the benz-
aldehyde to form a hemiaminal intermediate (Fig. 2A). Both
intermediates then undergo heterocyclization (and dehydra-
tion and tautomerization in the case of hemiaminal) to form
the more stable indazolone.

Next, we investigated the influence of different parameters
on the performance of S-nitrosylation and indazolone photo-
crosslinking (Fig. 2B). As expected, hydrogel stiffness increases
with polymer concentrations (Fig. 2B-1, ESI Fig. S20 and 217).
Increasing the irradiation light intensity from 10 to 30 mW
em™? significantly accelerated the photoresin gelation (from
~180 s to 60 s for thiol-oNBA, and from ~330 s to 120 s for
amine-oNBA), while leading to similar mechanics (Fig. 2B-II,
ESI Fig. S20 and 217).

The pH of the reaction mixture also influences photocros-
slinking (Fig. 2B-III, ESI Fig. S20 and 21%). In particular, the
reaction proceeds significantly faster in an alkaline environ-
ment (pH 8), in good agreement with the proposed reaction
mechanisms. For thiol-oNBA, as with thiol-Michael addition,
increasing the pH results in the presence of a higher ratio of
reactive, deprotonated thiols (thiolate anions). Conversely, in
an acidic environment (pH 6), the lower thiolate ratio limits
the crosslinking rate resulting in a significantly lower hydrogel
stiffness. A decrease in crosslinking efficiency in acidic environ-
ment (pH 6) is also observed for amine-oNBA, in agreement
with the nucleophilic addition first step, and in contrast to the
possible formation of an unstable imine (favored at pH 5-6).
Importantly, physiological pH 7.4 results G’ values comparable
to those observed under alkaline conditions. Finally, the molar
ratio of oNBA:SH/NH, plays a key role, with 1:1 and 1.5:1
ratios resulting in faster gelation relative to hydrogels with excess
thiols or amines (1 : 1.5) (Fig. 2B-IV, ESI Fig. S20 and 21%).

It is well known that increasing polymer functionality (reac-
tive groups per polymer chain) is an effective way to accelerate
the onset of gelation.”*** When using thiolated PEGs with the
same distance between two functional groups (10 kDa) and
concentration, the thiol/amine-oNBA crosslinking kinetics
improve with increasing thiol/amine functionality (2, 4, and 8)
(Fig. 2B-V, ESI Fig. S20 and 21%). To gain further insight, we
compared their behavior to hydrogels obtained via step-growth
(thiol-norbornene, thiol-yne) and chain-growth (methacrylate)
chemistries (Fig. 2B-VI). Each photoresin contains the same
molecular weight, concentration, and functionality, resulting
in the same G’ values. The thiol-oNBA network exhibits a loss
modulus G” of 16.97 + 2.54 Pa which lies between that
observed for thiol-norbornene, G” = 9.24 + 0.63, and thiol-yne,
G" = 25.15 + 2.48, and it is roughly 5-fold higher than the
heterogeneous chain-growth methacrylate network, G” = 3.42 +
0.47, suggesting a step-growth mechanism. Moreover, the
thiol-oNBA network exhibited a 2-fold higher yield shear strain
compared to the more brittle chain-growth system. Together,
these observations support our hypothesis that S-nitrosylation
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leads to homogeneous (step-growth) synthetic hydrogels with
improved mechanical properties compared to the established
methacrylic systems. The amine-oNBA gelation also proceeds
via a step-growth process, in which a significantly higher
(2-fold) yield strain is observed for these hydrogels compared
to chain-growth methacrylic hydrogels (Fig. 2B-VI).

Overall, we observed similar trends between the two chem-
istries (thiol-oNBA and amine-oNBA), consistent with their
similar nucleophilic addition process and step-growth network
formation. However, due to the intrinsically less efficient
amine-oNBA reaction, the crosslinking kinetics are signifi-
cantly slower (~1.5-2x) than thiol-oNBA for the conditions
tested. In particular, the decrease in polymer concentration
and functionality had a more drastic effect on their storage
modulus compared to those based on thiol-oNBA chemistry,
suggesting that proximity of functional groups plays an impor-
tant role in ensuring the desirable performance of amine-
ONBA photoresins.

Dynamic hydrogel networks

To create biocompatible hydrogels, thiolated hyaluronic acids
(HA-SH) with the same degree of substitution (DS ~ 10%) and
varying molecular weight (100 kDa, 250 kDa, 2 MDa) are syn-
thesized, resulting in functionalities ranging from ~25 to
~500. As expected, increasing thiol functionality dramatically
increases gelation kinetics (Fig. 3A), enabling gelation at low
polymer content (1% HA-SH). Interestingly, no improvement is
observed using 2 MDa HA-SH. We hypothesize that this arises
due to the rapid formation of intramolecular disulfide bonds
(not involved in S-nitrosylation), as supported by their gelation
in air (spontaneous oxidation of thiols). The swelling behavior
of soft thiol-oNBA hydrogels with optimized photoresin (1.3%
PEG40NBA/1% HA-SH 250 kDa) was also characterized (ESI,
Fig. S227).

For applications of interest, thiol-oNBA must be biocompa-
tible. To first confirm that the thiol-oNBA reaction proceeds
via a radical-free process, the optimized photoresin composed
of 1.3% PEG40NBA/1% HA-SH (250 kDa) is used to perform a
ROS assay in the presence of human dermal fibroblasts
(Fig. 3B-I). Photoresins composed of 1.3% PEG4NB/1% HA-SH,
1.3% PEG4yne/1% HA-SH, and 1.3% PEG4MA/1% HA-MA are
used as radical-mediated controls in the presence of 0.035%
LAP. Alginate is used as a radical-free control (ionic cross-
linking mechanism). After exposure to 365 nm light (20 mwW
cm™?) for 5 min, the formation of ROS in the photoinitiator-
based system resulted in a significant increase in intracellular
fluorescence. Likely due to chain propagation during the
chain-growth process, the methacrylate resin exhibited ROS
levels 2x and 10x higher than the more efficient step-growth
thiol-yne and thiol-norbornene chemistries, respectively. By
contrast, the thiol-oNBA system exhibits a fluorescence level
comparable to that of alginate, indicative of a radical-free
process. Confocal imaging further highlights the presence or
absence of ROS-positive (fluorescent) cells in these samples.
The accumulation of intracellular ROS is known to harm cells,
altering their redox state and proliferative capacity, and poten-
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Fig. 3 (A) Photocrosslinking and photorheology of thiolated hyaluronic acid (HA-SH) via thiol-oNBA, in which crosslink kinetics increase with
increasing functionality. [Note: the use of 2 MDa HA-SH did not lead to significant improvement compared to 250 kDa HA-SH, possibly due to the
formation of disulfide bonds that are inactive towards S-nitrosylation.] (B) Fluorescent reactive oxygen species (ROS) assay confirms the radical-free
nature of the thiol-oNBA crosslinking compared to free-radical chemistries, i.e., thiol-norbornene, thiol-yne, and methacrylate. The methacrylate
resin showed significantly higher ROS-derived fluorescence, possibly due to the intrinsic nature of the chain-growth mechanism (kinetic chain
propagation). Alginate is used as a negative control (radical-free, ionic crosslinking process) (l). Live/dead assay reveals good biocompatibility of the
thiol-oNBA resin upon printing (day 0) and improved cell viability over a 2- and 7-day culture period compared to other photochemistries (ll). (C)
N-semimercapal hydrogel (1.3% PEG4oNBA/1% HA-SH 250 kDa) exhibits characteristic mechanical properties of a dynamic hydrogel network,
including stress relaxation (I), shear thinning (l1), flow point (lll), and shear recovery (IV). This shear-induced bond dissociation enables extrusion-
based printing of thiol-oNBA photo-ink. Scale bar: 1.5 cm (V). Hydrogels with dynamic bonds exhibit on-demand dissolution in the presence of

excess monofunctional thiol (m-SH), as reflected by the decrease in G’ as a function of time (or visually with rhodamine-grafted hydrogels).

tially inducing differentiation.'™*> Importantly, these results

are in agreement with recent studies that indicate low intensity
(£50 mW cm™?), near-UV (=365 nm) irradiation is safe for
cells, and oxidative damage arises from radical initiating
species.'”*®> Hence, the radical-free nature of the
S-nitrosylation reaction represents a distinct performance
advantage over existing alternatives. Moreover, in agreement
with the ROS assay results, excellent cell viability (>95%) is
achieved for the radical-free thiol-oNBA hydrogel, while among
the free-radical photoinitiator-based systems, the methacrylate
resin showed the lowest viability over one week of culture
(~50%), followed by thiol-yne (~75%) and thiol-norbornene
(~87%) (Fig. 3B-1I and ESI, Fig. S237).

The dynamic nature of the N-semimercaptal covalent bond
confers additional performance advantages (Fig. 3C). Unlike

218 | Biomater. Sci, 2025, 13, 210-222

covalent gels,
migration, spreading and tissue development.
stress-relaxation behavior of N-semimercaptal hydrogels is of
interest for biomimetic dynamic hydrogel matrices (Fig. 3C-I).
These hydrogels also exhibit shear thinning (Fig. 3C-II), shear
recovery (Fig. 3C-IV), and the presence of a shear-induced flow
point (Fig. 3C-III) and can be therefore exploited as photosen-
sitive inks (photo-inks) for extrusion printing. When the thiol-
oNBA hydrogel is extrusion-based printed through a fine
nozzle, the induced shear stress disrupts the N-semimercaptal
bonds facilitating the photo-ink flow. Upon deposition, the
photo-ink returns to a quiescent (shear-free) state and these
bonds rapidly reform within the N-semimercaptal hydrogel
(Fig. 3C-V). These dynamic bonds can also be exploited to
induce a gel-to-fluid transition in the presence of monofunc-

their dynamic bonding can facilitate cell
22,24,46-48 pa
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tional thiols (m-SH). m-SH can compete with the thiolated
polymer for the addition to the nitroso group of the activated
oNBA without contributing to network formation, promoting
hydrogel dissolution over time (Fig. 3C-VI). One potential
application that we envision for these biocompatible, visco-
elastic hydrogels is the encapsulation of human cells, spher-
oids, and organoids and their subsequent release via on-
demand dissolution (ESI, Fig. S247).

Pristine protein networks

A major advantage of amide oNBA resides in its reactivity
towards primary amines, which are abundant in native extra-
cellular matrices. We investigated whether oNBA-based cross-
linkers can be used to form hydrogels from pristine proteins
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containing lysine residues (Fig. 4A). As an example, unmodi-
fied fish gelatin (fGel) is used to form hydrogels in the pres-
ence of PEG40NBA and light exposure. Despite the relatively
high polymer concentration (5% fGel + 5% PEG40NBA), photo-
crosslinking results in soft hydrogels (G’ = 378 + 19 Pa) due to
the low efficiency of amine-oNBA reaction combined with low
lysine content and accessibility in fGel. To improve their perform-
ance, we synthesized oNBA-modified HA (HA0oNBA) and increased
the functionality of the oNBA crosslinker from 4 (PEG40NBA) to
25 (HAoNBA 100 kDa) and 62.5 (HAoNBA 250 kDa), which dra-
matically improved both gelation kinetics and mechanical pro-
perties (Fig. 4A-II). The swelling behavior of amine-oNBA hydro-
gels with optimized photoresin (2.5% HAoNBA 250 kDa, 10%
fGel) was also characterized (ESI, Fig. S257)
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(A) Photocrosslinking and photorheology of fish gelatin (fGel) via amine-oNBA, in which increasing PEG4oNBA crosslinker concentration

improves gelation kinetics and hydrogel stiffness (I). Enhanced crosslinking kinetics and stiffness is observed when using oNBA-modified HA
(HAONBA) as high-functionality crosslinker even at a low concentration (1.25%) (II). Photorheology of hydrogel networks composed of amine-
bearing proteins, including unmodified bovine serum albumin (BSA) and fibrinogen (lll). (B) Fluorescent reactive oxygen species (ROS) assay confi-
rming the radical-free nature of the amine-oNBA crosslinking compared to tyrosine oxidation chemistry based on the use of the bimolecular photo-
initiator systems Ru/SPS. Alginate is used as a negative control (radical-free, ionic crosslinking process). Possibly due to the low abundancy of tyro-
sine residues, Ru/SPS-based crosslinking was shown to be much less efficient than amine-oNBA yielding ultra soft hydrogels (G' < 100 Pa) (I). Live/
dead assay showing excellent biocompatibility of the amine-oNBA resin at day 0 (>90%), day 2 and day 7 (>95%) (ll). (C) Projection-based printing via
photo-masks (flower, H, and logo) showing spatio-temporal control over photocrosslinking of amine-oNBA photoresin (2.5% HAoNBA/10% fGel).
Close up of flower petal reveals a resolution ~250 pm at its tip. Scale bars: 10 mm, close up 1 mm. (D) Bioadhesive oNBA photoresins exploit reactiv-
ity with amine-rich porcine skin tissue. Photoresin composed of 2.5% HAoNBA/10% fGel exhibits shear (I) and tensile (Il) adhesive strengths on
porcine skin (dermis) comparable to a clinically used commercial fibrin sealant. The use of thiolated fGel (fGel-SH) gives rise to a 3- to 4-fold
increase in adhesive strength, outperforming a commercial fibrin sealant.
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Exploiting the high reactivity of HAoONBA (250 kDa), we
explored crosslinking of other amine-rich polymers (Fig. 4A-III),
demonstrating unprecedented ease and versatility in photo-
crosslinking unmodified proteins for potential biological
applications. Importantly, nitrobenzyl-based crosslinkers are
used to generate hydrogels in the presence of amine-contain-
ing polymers via imine formation. However, since imine cross-
linking is generally slow and results in soft, unstable gels, it
has often been coupled with a more robust crosslinking strat-
egy (i.e., methacrylate).**" We showed that due to the amide-
grafted oNBA residue, the favored indazolone linkage ensures
hydrogel stability over time. Photocrosslinked hydrogels (2.5%
HAONBA, 10% fGel) maintain a stable storage modulus over
time in the presence of excess monofunctional amine (1 M
Glycine, m-NH,), comparable to control hydrogels left in PBS
(ESI, Fig. S26t).

An alternate photocrosslinking strategy for unmodified pro-
teins is based on photooxidation with a ruthenium type II
bimolecular photoinitiator composed of tris(2,2-bipyridine)
ruthenium(n) and co-initiator sodium persulfate (Ru/SPS).**~*
Since the photooxidation of the Ru/SPS system drives the
dimerization of tyrosine residues, it works with tyrosine-rich
polymers, including both silk sericin/fibroin*® and other extra-
cellular matrices.”® However, when used to crosslink 10% fGel,
Ru/SPS yields ultrasoft gels (G’ < 100 Pa) at high concentration
(2 mM Ru, 20 mM SPS) and lightly crosslinked networks (G’ <
10 Pa) at low concentration (0.5 mM, 5 mM SPS) (Fig. 4B-I).
Unlike the radical-free amine-oNBA mechanism, the Ru/SPS
system generates initiating radical species upon light exci-
tation, as confirmed by the ROS assay (Fig. 4B-I).

Importantly, the optimized amine-oNBA photoresin (2.5%
HA0NBA/10% fGel) is biocompatible. For example, human
neonatal dermal fibroblasts (HNDFs) encapsulated within this
hydrogel exhibited excellent cell viability (>95%) during a
7-day culture period (Fig. 4B-II and ESI Fig. S2771).

To demonstrate spatio-temporal control over the photocros-
slinking process, we designed photo-masks for projection-
based printing of three motifs. Higher magnification imaging
of the flower tip reveals a minimum resolution of ~250 pm
(Fig. 4C). These initial findings demonstrate the feasibility of
using amine-oNBA chemistry for photolithographic-based
methods, such as digital light processing (DLP). Finally, to
assess bioadhesion, we carried out lap-shear and tensile tests
on porcine skin (dermis) for the 2.5% HAoNBA/10% {Gel for-
mulations. These matrices exhibit an adhesive strength com-
parable to a commercially available fibrin sealant, which is
widely used in sutureless surgical procedures (Fig. 4CI-II).
Remarkably, the bioadhesive properties of thiolated fGel (fGel-
SH) are 3-4 fold higher than this fibrin sealant.

Conclusions

In summary, we have demonstrated that amide oNBA can be
used as a photoinitiator- and radical-free moiety for creating
synthetic and biological hydrogels via light-mediated cross-
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linking. Our approach enables an unprecedented combination
of performance advantages over traditional photochemistries,
including synthetic hydrogels with dynamic bonds (thiol-
oNBA) and those composed of pristine proteins (amine-oNBA)
with high cell viability and bioadhesion. This radical-free
chemistry reveals that radical species leading to cellular oxi-
dative stress are primarily responsible for cell death, not low
dose, near-UV light. Our work paves the way for myriad appli-
cations ranging from cell/organoid encapsulation to bio-
printed human tissues.
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