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ABSTRACT: We report a photomediated disulfide cross-linking
strategy for the generation of adaptable hydrogels from telechelic
network precursors containing strained cyclic disulfides. Exploiting
the intricate stereoelectronic properties of 1,2-dithiolanes arising
from the unfavorable four-electron interaction in the disulfide
scaffold, amphiphilic poly(ethylene glycol)-1,2-dithiolane conjugates
formed free-standing adaptable hydrogels at 10 wt % polymer
content upon disulfide photolysis under UV irradiation (4., = 365
nm). Cross-linking was achieved in less than 10 min with tunable
network moduli depending on irradiation time. Investigations into

the gelation mechanism suggest the formation of free thiols during light exposure accounting for the dynamic nature of the gels.
Furthermore, we successfully expanded this gelation strategy to green light (4,,,, = 515 nm) by employing the photosensitizer eosin

Y, allowing for hydrogel formation open to air.

B INTRODUCTION

Hydrogels are widely used in the biomedical field, for example,
as material for contact lenses and wound dressings." The
recent convergence of dynamic-covalent chemistry” with
hydrogel systems has resulted in a considerable expansion of
potential hydrogel applications.” Adaptable cross-links" impart
dynamic mechanical behavior to hydrogels, which renders
these materials as promising platforms for drug delivery or 3D
cell encapsulation and culture.">°

The use of light as a stimulus in macromolecular
transformations has been an important strategy in the
development of adaptable hydrogels.” Photomediated reac-
tions can alter gel properties via selective de-cross-linking,*~""
postgelation patterning,''~"* or network stiffening.'*~'® Light
can also be employed for the formation of adaptable hydrogels,
for example, via photoinduced thiol—ene additions'”'® or
copper-catalyzed alkyne—azide reactions'® between monomers
and presynthesized cross-linkers containing dynamic linkages
or functional groups susceptible to dynamic bonding.'’
However, most of these approaches require photoinitiators,
posing potential biocompatibility concerns. Furthermore, only
a few gelation approaches exist where the dynamic cross-links
that constitute the network are generated directly upon
irradiation in one step. For example, Anseth and co-workers
recently reported the additive-free formation of adaptable
hydrazone hydrogels via the condensation of multiarm
hydrazine-terminated poly(ethylene glycol) (PEG) with
photoliberated 2-nitrosobenzaldehyde macromonomers.”
Herein, we aim to expand the toolbox of dynamic bond-
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forming photochemistry for the generation of additive-free
photocurable disulfide-cross-linked hydrogels (Figure 1).
With a bond strength of approximately 63 kcal/mol,”" the
disulfide bond is among the strongest homonuclear single
bonds; however, disulfides readily exchange with thiols** and
undergo redox reactions,”’ making them an attractive dynamic
bond for adaptable hydrogels. 1,2-Dithiolanes, five-membered
cyclic disulfides, have been recognized for their versatile
reactivity arising from a strained disulfide ring system.”*~** For
example, Waymouth and co-workers incorporated the 1,2-
dithiolanes methyl asparagusic acid and lipoic acid into
amphiphilic triblock copolymers prepared by ring-opening
polymerization of cyclic carbonates.””*® Under selective
solvent conditions, the addition of a small molecule thiol
induced cross-linking of the polymer-tethered 1,2-dithiolane
groups via thiol-initiated ring-opening, generating disulfide-
cross-linked hydrogels with viscoelastic properties governed by
a dynamic polymerization-depolymerization equilibrium. Apart
from their increased reactivity, 1,2-dithiolanes exhibit unusual
photoelectronic properties compared to other disulfides, as
evidenced in a red-shifted UV—vis absorbance. Photolysis of
linear disulfide bonds typically requires UV light at wave-
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Figure 1. Exploiting 1,2-dithiolane photochemistry for disulfide hydrogels. (A) The gelation strategy includes the generation of latent telechelic
PEG-PhDL aggregates in water with hydrophobic 1,2-dithiolane-rich cores and poly(ethylene glycol) chains in the corona. Light irradiation
generates thiyl radicals that covalently cross-link the network either via ring-opening of unreacted 1,2-dithiolane units or recombination with other
thiyl radicals. (B) The Fischer projections along the disulfide bond of the unstrained six-membered 1,2-dithiane with a CSSC dihedral angle (¢)
between 60 and 70° and a strained five-membered 1,2-dithiolane with ¢ lower than 35° reveal the sulfur 3p, orbital overlap in 1,2-dithiolanes. Both
3p, orbitals are fully occupied, thus, the asymmetric splitting into bonding 7 and antibonding 7* is overall destabilizing. The HOMO energy is
raised, which gives rise to a bathochromic shift of the first electronic transition (7*— %), rendering 1,2-dithiolanes susceptible to photolysis with
UV irradiation at 365 nm.
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Figure 2. PEG-PhDL network precursor synthesis and characterization. (A) Schematic reaction sequence for the synthesis of PEG-PhDL starting
from PEG-diamine (PEG-NH,). (B) The evolution of a high-molecular weight shoulder during the Michael addition of phenyl-1,2-dithiolane
acrylate (PhDLA) with amidoamine PEG (PEG 1.0) at 125 mg/mL in DMF was attributed to the formation of amides via aminolysis of
unhindered single PhDLA-Michael adducts with unreacted free amines. (C) Deconvolution of the final molecular weight distribution indicated
formation of dimers and tetramers as the coupling products. Peak molecular weights (M,) were obtained relative to polystyrene standards.

lengths below 300 nm.’' 1,2-Dithiolanes, however, can be In this report, we exploited the unique electronic properties
photolyzed with milder UV irradiation at wavelengths around of 1,2-dithiolanes to photo-cross-link telechelic polymers into
350 nm and above,’” a characteristic used in small molecule adaptable disulfide hydrogels (Figure 1A). Specifically, we
studies’ " and the cross-linking of assembled polymer modified PEG with a hydrophobic phenyl-substituted 1,2-
structures® and networks.*® dithiolane derivative generating the amphiphilic network

4039 https://dx.doi.org/10.1021/acs.macromol.0c00604
Macromolecules 2020, 53, 4038—4046


https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00604?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00604?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

A 10 . ; . B .
-==1wWt% é
Y ek 2 wt% | .
—mm 4 W% e
(A - Py g
,é‘ sl ) ’[ \_‘
0 10\ T
c ' l -
7] IR . §o o e
£ I T -
2l T A Gy
B A 7\ e
¢ IR IR ! L 4
[F ik ! |
2 i ANy \
LT ol e \
NG L5 L% \
LN ~ \ \]K \ —
e . Y 200 nm 5
7
1 10 100 1000 10000
Size (nm)

o -
‘. ; —
B S
P\t 8
4 [ ]
_, o
*T s &
Q
: g2
o
" 17
§ Q
* <
i
e
00 1 1 1 1
300 320 340 360 380 400

Wavelength (nm)

Figure 3. Investigation of PEG-PhDL aggregation and photolysis. (A) Dynamic light scattering of PEG-PhDL in aqueous solution showed the
formation of polymer aggregates. Larger clusters of aggregates formed at higher PEG-PhDL concentrations. (B) Transmission electron microscopy
of a 1 wt % solution of PEG-PhDL in water confirmed the presence of nanoparticles. (C) UV—vis spectroscopy of PEG-PhDL in water at 2 wt %
after various irradiation times showed the gradual disappearance of the 1,2-dithiolane absorbance band around 330 nm due to photolysis.

precursor, denoted here as PEG-phenyl-1,2-dithiolane (PEG-
PhDL). Immersion of PEG-PhDL in water promoted the
formation of 1,2-dithiolane aggregates interlinked by PEG
chains. 1,2-Dithiolane photolysis upon UV irradiation (4, =
365 nm) induced radical-mediated cross-linking, most likely
via ring-opening or radical recombination (Figure 1A). To
further demonstrate the versatility of this hydrogel system, we
developed a photocuring strategy with green light under air.
The covalently cross-linked, free-standing hydrogels were
shapeable, stimuli-responsive, and cell-compatible.

B RESULTS AND DISCUSSION

1,2-Dithiolane Photochemistry. The absorbance red-
shift of five-membered disulfide ring systems can be
rationalized with simplified molecular orbital (MO) theory.*”
The Bergson model’” invoked here involves significant
simplifications; however, detailed molecular orbital calculations
have verified the results qualitatively.”” Linear disulfides usually
reside in a gauche conformation with a CSSC dihedral angle
() around 90°, minimizing the overlap of the fully occupied
sulfur 3p, orbitals.’”*” When the disulfide bond is incorpo-
rated into a cyclic structure, ¢ decreases, and the sulfur 3p,
orbitals begin to overlap. While six-membered disulfides (i.e.,
1,2-dithianes) are flexible enough to maintain an almost
unstrained conformation with ¢ around 60°, the 3p, orbitals in
1,2-dithiolanes are forced into a nearly eclipsed conformation
at ¢ values lower than 35° resulting in significant orbital
interaction (Figure 1B).”" Due to the asymmetric splitting of
the fully occupied sulfur 3p, orbitals into bonding z and
antibonding 7* MOs, the destabilization of the electrons in 7*
dominates, thus weakening the S—S bond. Additionally, the
first electronic transition shifts to lower energies (i.e., to longer
wavelengths) due to the raised HOMO energy, enabling 1,2-
dithiolane photolysis with UV irradiation around 365 nm
(Figure 1B),””** which we aim to leverage for photoinduced
network formation.

Network Precursor Synthesis. PEG-PhDL was synthe-
sized via Michael addition between phenyl-1,2-dithiolane
acrylate (PhDLA) and amidoamine poly(ethylene glycol)
(PEG 1.0). PEG 1.0 was readily obtained from poly(ethylene
glycol) diamine (PEG-NH,) after a Michael addition-
aminolysis reaction sequence with methyl acrylate and
ethylene diamine (Figure 2A). Successful 1,2-dithiolane
conjugation was confirmed via 'H NMR, UV-vis, and
Raman spectroscopy (Figures S2—S4 of the Supporting
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Information, SI). When the reaction was conducted at
moderate polymer concentrations (25 mg/mL) in N,N-
dimethylformamide (DMF) with methanol (MeOH) as a
cosolvent for better solubility of PEG 1.0, only the single
acrylate-amine Michael adduct was obtained even after
elongated reaction times (30 h) at elevated temperature (50
°C). We attributed this observation to the steric hindrance
around the secondary amine after the first addition (Figure
SS). Increasing the concentration to 125 mg/mL and switching
to DMF as the only solvent resulted in a faster conjugation
reaction and higher 1,2-dithiolane incorporation, which should
further promote assembly due to the enhanced hydrophobic
character of the chain ends and thus facilitate subsequent
network formation. However, the formation of high molecular
weight species was observed by size exclusion chromatography
(SEC) at longer reaction times (Figure 2B). Peak deconvo-
lution of the SEC trace indicated that dimers and tetramers
with the doubled and 4-fold molecular weights relative to the
unimer PEG-PhDL were causing the high molecular weight
shoulder (Figure 2C). Treatment with the disulfide reducing
agent tributylphosphine”' resulted in no significant change of
the molecular weight distribution (Figure S6), which led us to
the conclusion that intermolecular disulfide formation via 1,2-
dithiolane ring opening is not occurring. Instead, we
hypothesize that irreversible amide bond formation via
aminolysis of PhDLA-amine Michael adducts and unreacted
primary amines resulted in polymer chain coupling (Figure
2B). Notably, the formation of high molecular weight species
was relatively insensitive to polymer concentration, as
indicated by similar SEC patterns observed for reactions
carried out at 25 and 125 mg/mL in DMF (Figures 2B and
S7A). Alternatively, monomodal SEC traces were observed in
DMF/MeOH at 25 mg/mL (Figure S7B), suggesting that
aggregation of PEG 1.0 in DMF, also evident from a hazy
reaction mixture, is a determining factor for interchain
coupling.

We found that multimodal PEG-PhDL network precursors
obtained from DMF generally yielded hydrogels at much lower
polymer loadings than the monomodal PEG-PhDL from
DMEFE/MeOH. This is likely due to the dimeric and tetrameric
1,2-dithiolane-conjugates acting as multifunctional bridging
units between multiple smaller polymer assemblies, thus
lowering the network percolation threshold (Figure S8). For
consistency, all hydrogels in this report were formed from the
same PEG-PhDL network precursor containing dimers and
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tetramers synthesized from DMF with a number-average
molecular weight (M,) of 22200 g/mol, a dispersity (D) of
1.40, and 68% 1,2-dithiolane incorporation (Figures 2, S3, and
S4).

Aggregation and Photolysis of PEG-PhDL. The
accumulation of 1,2-dithiolane moieties in the hydrophobic
regions of assembled networks is critical for efficient disulfide
cross-linking.”® To assess the assembly behavior of PEG-PhDL,
we performed dynamic light scattering (DLS) on aqueous
solutions of PEG-PhDL at 1, 2, and 4 wt % (Figure 3A). At the
concentrations tested, DLS showed the formation of PEG-
PhDL aggregates with multiple size distributions. Transmission
electron microscopy (TEM) of aggregates formed at 1 wt %
showed spherical and elongated nanoparticles with diameters
ranging from 20 to 70 nm (Figures 3B and S9), matching with
the first major size distribution observed by DLS. These results
suggest that the hydrophobicity of the tethered 1,2-dithiolane
moieties is sufficient to induce aggregation into nanoparticles
with 1,2-dithiolane units in the core and hydrophilic PEG
chains in the corona. Higher concentrations of PEG-PhDL led
to larger structures, which can be attributed to the increased
clustering of PEG-PhDL aggregates via bridging PEG chains.™

To investigate 1,2-dithiolane photolysis in PEG-PhDL
aggregates, we monitored the disappearance of the 1,2-
dithiolane absorbance band around 330 nm by UV-vis
spectroscopy after regular time intervals of UV light exposure
under argon atmosphere (Figure 3C). The decreasing
absorbance with increasing irradiation time confirmed photo-
induced cleavage of the strained disulfide bond.”””> The
evolution of a new absorbance band above 300 nm, which
most likely arises from the formation of new linear disulfide
linkages, prevented absolute quantification of 1,2-dithiolane
photolysis. However, we tried to mitigate the impact of this
band overlap by determining the relative 1,2-dithiolane
absorbance (A,/A,) after various irradiation times at a
wavelength (i.e., 380 nm) that is separated from the overlap
region (Figure $10). Both PEG-PhDL concentrations (i.e., 2
and 4 wt %) showed comparable rates of 1,2-dithiolane
absorbance decrease, which we believe is due to a similar local
concentration of 1,2-dithiolane units inside the cores of the
PEG-PhDL aggregates.

UV Photocuring of PEG-PhDL. Having established a
protocol for 1,2-dithiolane cross-linking at low PEG-PhDL
concentrations, we increased the polymer concentration to 10
wt %, resulting in macroscopic gelation after 2 min irradiation.
The minimum polymer content for gelation was found to be
around 7 wt %, and solutions containing less—albeit showing
an increase in viscosity—failed to form macroscopic networks,
most likely due to insufficient percolation of PEG chains
between the amphiphilic polymer assemblies. In this report, all
hydrogels discussed below were formed at 10 wt % PEG-PhDL
in water. No gelation could be observed in nonselective
solvents such as methanol or dimethyl sulfoxide, which agrees
with the findings by Waymouth and co-workers that assembly
of 1,2-dithiolane units is necessary for network formation.””*

To characterize the cross-linking process, we studied the
mechanical properties of PEG-PhDL hydrogels as a function of
irradiation time using small-amplitude oscillatory shear
rheology (Figure 4).*” In oscillatory shear measurements, a
small sinusoidal deformation is applied to the sample, resulting
in a complex response, which can be separated into a storage
modulus (G’) and a loss modulus (G”). Conceptually, G’ is
related to the energy stored reversibly in the network (i.e., the

4041

A 10000 . . ; : .

1000 ¢

—o— 1 min
—e—2 min
—e—3 min
—8—5 min
—— 10 min

s L s

0.1 1 10 100

0.1 >
0.01

Angular Frequency (rad/s)

B 10000 ' : . - :

1000 ¢ E

100

G" (Pa)

0.1

0.01 0.1 1

Angular Frequency (rad/s)

Figure 4. Oscillatory shear rheology of UV-cured PEG-PhDL
hydrogles at 25 °C and 1% strain. (A) Evolution of storage modulus
(G") and (B) loss modulus (G") with increasing irradiation time. The
more pronounced increase of G’ over G” is indicative of covalent
network formation.

elastic response), and G” represents the amount of energy
being dissipated as heat (i.e., the viscous response). After
determining the linear viscoelastic region for each sample with
strain sweep experiments (Figure S12), we studied the
viscoelastic properties of the hydrogels at different irradiation
times at 1% strain and 25 °C via angular frequency (@) sweeps
(Figure 4). Prior to UV exposure, G” was found to be higher
than G’ until the high-frequency limit (w0 ~ S0 rad/s),
indicating predominantly viscous behavior (Figures 4 and
S13). After 1 min of irradiation, G’ and G” were congruent and
exhibited similar frequency scaling (G, G” ~ @"%), two
characteristics that are typically observed at the gel point of a
network (Figure S13)."> Upon further UV irradiation, G’
continued to increase more than G”, indicating successful
covalent network formation. We also tested thiol-induced
cross-linking via the addition of 10 mol % (with respect to 1,2-
dithiolane units) of 2-mercaptoethanol, analogous to the report
by Waymouth and co-workers.”® The hydrogels obtained via
this method showed almost the same viscoelastic properties as
the photocured gels (Figure S14), supporting our hypothesis
that ring-opening and subsequent disulfide cross-linking caused
network formation.

Generally, dynamically cross-linked materials exhibit time-
dependent viscoelastic behavior.** At time scales longer than
the terminal relaxation time (7,,,), network rearrangements
enabled by bond exchange can effectively dissipate energy,
resulting in a predominantly viscous response upon deforma-
tion (i.e, G’ < G”). If the deformation is applied on time scales
shorter than 7,,,,, then the lifetime of the dynamic bond is too
long to contribute significantly to the relaxation spectrum and
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Figure S. Shape adaptivity of PEG-PhDL hydrogels. (A) Photographs of PEG-PhDL in water before and after UV irradiation (top); the free-
standing transparent hydrogels could be shaped into plates (bottom). (B) Step creep experiments at different temperatures indicated temperature-
dependent bond exchange. (C) Ellman’s reagent dithionitrobenzoic acid (DTNB) exchanges with thiols forming the colored 2-nitro-5-
thiobenzoate. UV—vis spectroscopy of Ellman’s assay on PEG-PhDL hydrogels after varying irradiation times showed an increasing absorbance at

412 nm, indicative of thiol formation.

the viscoelastic response becomes mostly elastic (i.e., G' > G”).
Therefore, in an ideal dynamically cross-linked material, we
expect the viscoelastic spectrum to be separated into a
predominantly viscous region at lower frequencies and a
mostly elastic region at higher frequencies with a moduli
crossover at 7.,. For hydrogels prepared from PEG-PhDL
after 10 min UV irradiation, G’ stayed fairly constant, around
1300 Pa across the probed frequency range, and G” remained
approximately at 200 Pa (Figures 4 and S13). Such a time-
independent mechanical response is usually associated with
elastic materials. However, the free-standing PEG-PhDL
hydrogels showed self-healing behavior and could be readily
shaped into plates (Figure SA), indicating dynamic bond
exchange in the material. Furthermore, assuming a Maxwell
model to calculate the ratio of energy stored and dissipated per
unit volume (SI $4),"*° we estimated that about 70% of the
total energy was dissipated via network relaxation at the lowest
frequency measured (0.006 rad/s), suggesting significant
viscous character at this time scale. Additionally, such a
convex shape of G” (Figures 4B and S13) is often observed in
frequency sweep curves of dynamic networks at frequencies
above the crossover frequency, suggesting that dynamic bond
exchange is occurring, but not on the investigated time
scales.”

To confirm this hypothesis, we employed step creep
recovery experiments, probing the viscoelastic behavior of
the PEG-PhDL gel after 10 min irradiation at different
temperatures and longer experimental time scales (Figure SB).
At 5 °C, the hydrogel showed little permanent deformation
(2% over three steps). Upon increasing the temperature, creep
increased significantly, and the permanent deformation
reached 16% at 25 °C and 63% at 45 °C (both over three
steps). We believe that this distinct temperature dependence of
creep (Figure S1S5) is most likely due to thermally activated
bond exchange. Two mechanisms for bond exchange in
disulfide-cross-linked materials can be envisioned: disulfide
metathesis and thiol—disulfide exchange. Metathesis of alkyl
disulfides usually requires higher temperatures™*™>° or UV
light.‘”’52 Thiol—disulfide exchange, however, is known to
occur also at ambient temperatures.””>” Considering the
substantial creep observed at room temperature, we tested the
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gels for thiols after varying irradiation times via Ellman’s assay
combined with UV—vis spectroscopy (Figures SC and S16).
The increasing absorbance around 412 nm clearly indicated
the presence of thiols after irradiation, implying that the
dynamic character of PEG-PhDL hydrogels can likely be
attributed to thiol—disulfide exchange. Early work by
Barltrop™® and Brown™ suggests hydrogen abstraction by
thiyl radicals from C—H bonds in a-position to oxygen atoms,
however, the structure of the proposed products was not fully
determined. Recently, Bertrand and co-workers unambiguously
showed that thiyl radicals undergo hydrogen transfer with a-
C—H bonds in aliphatic amines,”>” benefiting from favorable
polar effects between the electron-poor thiyl radical and the
electron-rich C—H bond in a-position to the nitrogen.*® On
the basis of these reports we propose that in the PEG-PhDL
hydrogel system, some of the thiyl radicals formed via UV-
induced photolysis of 1,2-dithiolane units are reduced to thiols
via a-C—H abstraction from secondary and tertiary amines
present in the polymer structure (Figure 2A).

Green Light Photocuring of PEG-PhDL. Hydrogel cross-
linking strategies that employ UV light can substantially limit
their utility in biological systems.” Moreover, longer-wave-
length light allows for enhanced curing depths. On the basis of
work by Glorius and co-workers, who demonstrated the
photocatalytic activation of disulfides under blue light,”” we
hypothesized that the weakened S—S bond in 1,2-dithiolanes
could undergo cleavage and cross-linking upon photoinduced
electron/energy transfer (PET) from a suitable photocatalyst
combined with visible light. To test this hypothesis, we
employed eosin Y (EY) as a biocompatible’®” and water-
soluble photocatalyst® in 10 wt % PEG-PhDL solution with
green light irradiation (4,,,, = 515 nm). Cross-linked hydrogels
formed with 0.01 mol equiv of EY with respect to 1,2-
dithiolane units under an argon atmosphere (Figure 6A).
Without the addition of EY, no cross-linking was observed
even after elongated irradiation times. Similar to the UV-curing
approach, we observed a gradual modulus increase with
irradiation time, however, the EY gels were significantly weaker
than the UV gels. This suggests that the hydrogels generated
with green light have a lower cross-link density than those
prepared during UV irradiation, which is further reflected in
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Figure 6. Oscillatory shear rheology at 25 °C and 1% strain of
hydrogels formed with 0.01 mol equiv eosin Y (relative to 1,2-
dithiolane units) under green light. (A) Storage (G’) and loss (G”)
moduli increase with increasing irradiation time, showing covalent
cross-linking. (B) Modulus comparison of hydrogels formed under
argon, in a degassed solution but open to air (Degassed), and in a
non-degassed solution open to air (Non-Degassed).

the more pronounced frequency dependence of G’ in these
gels. EY loading had a significant effect on network formation
(Figure S17). Specifically, lower EY loadings failed to produce
a cross-linked network.

We also observed considerable photobleaching of EY, which
does not correlate with a catalytic PET sequence. Since
matching redox potentials of the substrate and the excited state
photocatalyst are crucial for PET reactions,”’ we conducted
cyclic voltammetry experiments on a 1,2-dithiolane small
molecule analog to assess the susceptibility of photoinduced
reductive disulfide cleavage in our system (Figure S18).
Critically, we found that the peak reduction potential (E,.q) of
the 1,2-dithiolane model compound (E,,.q = —1.83 V against
SCE) is substantially lower than the reported reduction
potential of excited state EY* [E.4 (EY*/EY*) = —1.1 V
against SCE],°"** which renders a catalytic PET reaction
between those two reaction partners unfavorable. Instead, we
believe that EY, in synergy with the amines tethered to the
polymer structure, acts as a radical photoinitiator for 1,2-
dithiolane ring-opening.”’ EY-amine photoinitiator systems
have been widely applied for the polymerization of vinyl
monomer-based hydrogel films.”*”°° The mechanism of EY-
amine photoinitiation includes a single electron transfer from
the nitrogen lone pair to the excited state EY* followed by
proton abstraction from the amino radical cation, with the
resulting a-amino radical initiating polymerization.’”*®

The ability to cross-link under ambient conditions (i.e.,
room temperature and air atmosphere) is a highly sought-after
feature in designing novel hydrogel systems. EY is known to
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bestow oxygen tolerance upon radical polymerizations via the
reduction of oxygen to the superoxide anion.’” Therefore, we
tested gelation of PEG-PhDL with EY in a degassed solution
but in an open vial (Degassed, Figure 6B), and in a non-
degassed solution open to air (Non-Degassed). Both
conditions led to the formation of hydrogels with similar
mechanical properties, albeit with lower moduli than hydrogels
cured with EY under argon atmosphere, which is most likely
due to increased oxygen-induced radical termination events.
Dye Release and Cytotoxicity. To further prove the
dynamic nature of the PEG-PhDL networks, we tested the
thiol-triggered de-cross-linking of the gels by monitoring the
release of the dye rhodamine 6G after incorporation into the
hydrogel matrix (Figure 7). Dye-encapsulated gels were
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Figure 7. Thiol-triggered dye release from UV-cured PEG-PhDL gels.
(A) Photograph of rhodamine 6G-encapsulated hydrogels. (B)
Chemical structures of the thiol triggers 2-mercaptoethanol (MSH)
and dithiothreitol (DTT). (C) Photographs of the hydrogels
immersed in 10 mL H,0, aqueous MSH (9 uM), and aqueous
DTT (9 M), after S min (top) and 60 min (bottom). (D) Full dye
release profile of the gels.

generated by mixing rhodamine 6G into a solution of PEG-
PhDL (0.02 wt % rhodamine 6G content), followed by curing
under UV light (Figure 7A). Rhodamine 6G does not absorb
light at wavelengths below 435 nm; thus, no interference with
the photo-cross-linking process was expected, as corroborated
by the similar mechanical properties of gels with and without
rhodamine 6G. In water, the gel swelled substantially (Figure
7B), resulting in mostly diffusive dye release®”’” for the first 30
h (~65% release). After 30 h, we observed gel disintegration
due to slow thiol—disulfide exchange in the network
originating from residual thiols formed during UV irradiation.
In the presence of excess 2-mercaptoethanol (MSH; Figure
7C), which readily exchanges with disulfide cross-links, the gel
completely dissolved in 150 min concomitant with a fast
release of rhodamine 6G (Figures 7D and S19). Notably, the
gel seemed to undergo surface erosion rather than bulk
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swelling (Figure 7C), indicating that network de-cross-linking
through thiol—disulfide exchange with excess MSH is faster
than water diffusion into the gel.”””° Using the highly potent
disulfide reducing agent dithiothreitol (DTT), even faster
network dissolution and surface erosion were observed (Figure
S$19), which is consistent with more rapid disulfide cross-link
cleavage by DTT. These results not only provide further
evidence for the presence of dynamic disulfide cross-links in
photocured PEG-PhDL gels, but also show that network
degradation and cargo release can be triggered upon exposure
to free thiols.

Finally, we investigated the cell-compatibility of PEG-PhDL
hydrogels with NIH-3t3 cells (Figures S20 and S21). When
cells were plated with fully cured PEG-PhDL hydrogels, ~80%
of the cells were alive after 6 h (Figure S20), suggesting that
photocured PEG-PhDL hydrogels could be used in applica-
tions that require triggered de-cross-linking or the release of a
molecular cargo in the presence of living systems such as cells.

B CONCLUSIONS

We have demonstrated that the photophysical properties of
strained cyclic disulfides in conjunction with telechelic polymer
assembly can be leveraged for the design of an adaptable
hydrogel system that undergoes a light-triggered disulfide-
forming cross-linking reaction. Amphiphilic PEG-based poly-
mers, modified with 1,2-dithiolane end-groups, show covalent
network formation under UV light without any additives, or
under green light in the presence of the photosensitizer EY.
The disulfide-cross-linked free-standing hydrogels exhibit
dynamic character at longer time scales due to thiol—disulfide
exchange.

Irradiation time can be used to tune the mechanical
properties of the gels, where longer irradiation times result in
stiffer hydrogels. We believe this spatiotemporal control over
cross-linking and network modulus can be a versatile feature in
the realm of 3D-printing and photopatterning.

Importantly, this report illustrates how the careful design of
macromolecular buildin% blocks enables the development of
advanced soft materials.”"”> For the future, we envision that
molecular manipulations of the 1,2-dithiolane groups,®*””
together with variations of polymer amphiphilicity,”*”* will
lead to a diverse design of hydrogel performance, where
robustness, biocompatibility, and stimuli-responsiveness can be
discretely tuned.
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