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Thiol-Michael addition reactions are widely used for forming cytocompatible and well-defined hydrogels.
Numerous types of Michael acceptors have been implemented in these reactions; while maleimides enable
rapid crosslinking under physiological conditions and are commonly used for their simplicity, slower-reacting
electrophiles such as vinyl sulfones and acrylates offer distinct advantages including improved network
homogeneity and ease of handling because of the slower reaction rates. Additionally, thiol-acrylate adducts
are hydrolytically labile, whereas thiol-vinyl sulfone adducts are comparably more stable in aqueous environ-
ments. Building on our previous work demonstrating radical-mediated degradation of thiol-maleimide
hydrogels, we sought to determine whether other thiol-Michael adducts are similarly susceptible to cleavage
by radical species. Using both linear and network-forming polymer systems, we found that both Michael-
adduct types undergo radical-mediated degradation to varying extents. Furthermore, acrylates are far more
prone to radical homopolymerization, enabling semi-orthogonal degradation modes in hydrogels, wherein
hydrolytic and radical responses are independently programmed according to the chemical structure and
stoichiometric excess of the Michael acceptor. Extending the results of these findings in networks
synthesized via thiol-Michael addition, we also observed similar radical-mediated degradation behavior in
thiol-norbornene networks formed via thiol-ene photopolymerization, suggesting that even electron-rich
thioethers are degradable under sufficiently aggressive initiation conditions where the concentration of
radicals exceeds that of the crosslinks. Together, these results extend the chemical space for engineering
hydrogels with variable degradation profiles and illustrate design principles for tuning material responses to
multiple chemical stimuli.
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Introduction

Degradable hydrogels provide powerful platforms for designing
materials with user-defined temporal control over polymer
network structure. Degradability is often leveraged in soft
material systems for a wide range of applications, from tem-
plated fabrication and the release of embedded cargo to
the removal of sacrificial elements and dynamic modulation
of matrix mechanics."”> Among the strategies for hydrogel
formation, thiol-Michael addition reactions are particularly
attractive due to their compatibility with aqueous environ-
ments and high efficiency with a wide range of commercially
available monomers. The versatility of this chemistry has led to
its widespread use in the design of polymer networks with
tailored mechanical, chemical, and degradation properties.®
However, the long-term stability and stimuli-responsiveness
of these networks depend on the substituents of the Michael
adduct and the surrounding chemical environment.*
Maleimides, acrylates, and vinyl sulfones are all electrophilic
alkenes commonly used to form thiol-Michael hydrogels, each
offering distinct advantages with respect to reactivity, stability,
and practical handling. Maleimides react rapidly with thiols
under physiological conditions, enabling fast gelation but often
leading to network heterogeneity because of the limited working
time for mixing.>” In addition, the diverse reactivity of malei-
mides can lead to a variety of side reactions depending on
environmental conditions.® In contrast, acrylates and vinyl sul-
fones react more slowly and selectively with thiols, which can
improve homogeneity and user control over the timing of network
formation. However, dissimilarities in alkene substitution can
also influence long-term adduct stability: thiol-maleimide
adducts are susceptible to retro-Michael and thiol exchange
reactions,” while thiol-vinyl sulfone adducts are comparatively
more stable in aqueous environments and thiol-acrylate adducts
are most prone to hydrolytic cleavage.'® Harnessing these differ-
ences, previous work utilized rational combinations of acrylate
and vinyl sulfone crosslinkers to form thiol-Michael hydrogels
with highly predictable degradation profiles for dynamic cell
culture applications.'>'> While the formation kinetics, relative
selectivity, and hydrolytic stabilities of these adducts have been
well-studied,"® less is known about how structural differences
between Michael acceptors influence their susceptibility to radical
cleavage, a stimulus class that offers a temporally controlled
mechanism and complements other conventional degradation
cues like hydrolysis. Recently, we demonstrated that thiol-mal-
eimide adducts undergo cleavage in the presence of photoini-
tiated and redox-generated radicals, revealing a surprising new
method for degrading these widely used hydrogel systems in an
on-demand manner."* Motivated by these findings, we sought to
investigate degradation behavior of other thiol-Michael adducts -
specifically, those formed from acrylates and vinyl sulfones.
Herein, we investigate the susceptibility of thiol-acrylate
and thiol-vinyl sulfone hydrogels to radical-mediated degra-
dation. Using linear polymers linked by Michael adducts, we
identify chemical signatures consistent with thioether bond
cleavage and the formation of new adducts incorporating
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radical initiator fragments. Rheological analysis of hydrogels
crosslinked by Michael addition reveal that vinyl sulfone-based
networks degrade more efficiently than their acrylate-based
counterparts when exposed to photoinitiated radicals and
exhibit more pronounced concentration-dependent responses
to radical dose in bulk systems. Leveraging these material
chemistries, we next show spatiotemporal control over gel
degradation, and then exploit differences in the hydrolytic
stability between acrylates and vinyl sulfones and their capacity
for homopolymerization to selectively stabilize or erode gels
with orthogonal stimuli (ie., redox-initiated radicals and
sodium hydroxide). Extending our findings from the Michael
addition-based systems, we further show that this radical-
mediated cleavage behavior applies to thioether bonds formed
via radical thiol-ene addition. Collectively, these experiments
demonstrate an orthogonal and pathway-independent strategy
for programming material degradation and cargo release in
synthetically simple and commonly used hydrogel formula-
tions. Our results highlight important structure-reactivity con-
siderations for polymer networks subjected to radical stimuli.

Results and discussion

There are important structural and electronic distinctions between
various electrophilic alkenes commonly used in thiol-Michael
reactions. Maleimides contain a cyclic imide flanking the
Michael acceptor, whereas acrylates and vinyl sulfones present
terminal alkenes adjacent to electron-withdrawing ester or
sulfone groups, respectively. These differences influence not
only reaction kinetics and hydrolytic stability but also the
chemical reactivity of the resulting thioethers and, therefore,
their susceptibility to radical-mediated bond cleavage. Specifi-
cally, thiol-maleimide adducts contain a thiosuccinimide that
may be especially susceptible to radical-mediated cleavage due
to the formation of a relatively stable secondary carbon-
centered radical upon C-S bond homolysis. In contrast,
cleavage of thioethers formed from acrylates or vinyl sulfones
generate less stable primary carbon-centered radicals, poten-
tially reducing their susceptibility to degradation. Additionally,
as acrylates and vinyl sulfones are distinguished by their
electron-withdrawing groups, the associated electronic effects
are likely to influence their comparative reactivity toward
radicals. In our previous report,™* we showed that thiosuccini-
mide crosslinks formed by Michael addition are readily cleaved
by radicals, prompting the exploration of this reaction with
acrylate and vinyl sulfone-derived thiol-Michael adducts (Fig. 1).
Using a combination of linear polymers and crosslinked networks
encompassing these less-substituted Michael adducts, we per-
formed degradation studies to quantify the extent of radical-
mediated thioether cleavage across different radical sources
and material contexts.

Linear polymers were used to identify radical-mediated
degradation products using well-defined poly(ethylene glycol)
(PEG) monomers reacted in aqueous solutions. Monofunc-
tional 1 kDa PEG macromers functionalized with either acrylate

This journal is © The Royal Society of Chemistry 2025
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Previous work: radical degradation of thiol-maleimide adducts
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Fig. 1 Thiol-Michael adducts are susceptible to radical-mediated degra-
dation. Previously, thiosuccinimides formed by thiol-maleimide addition
were shown to be cleaved by radical initiator species (I*). In this report,
similar radical-mediated degradations are studied in the context of Michael
adducts formed by vinyl sulfones and acrylates.

or vinyl sulfone were reacted with 2 kDa PEG-dithiol at a 1:1
molar ratio of Michael acceptor to thiol and a final adduct
concentration of 10 mM in deionized water. Reactions were
catalyzed using 0.05 or 0.3 M triethanolamine and carried out
in the presence of 2 wt% lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP) as a source of photoinitiated radicals.
All monomer, initiator, and catalyst components were mixed
together to facilitate a one-pot reaction sequence in which the
Michael addition reaction was carried out in the dark and
subsequent light exposure generated radicals to degrade the
Michael addition products. Following a 30-minute reaction
period at room temperature to allow the Michael addition
reaction to reach completion, disappearance of characteristic
alkene and thiol peaks in "H NMR confirmed Michael adduct
formation (Fig. S1, ESIT). Samples were then irradiated with
365 nm light at 20 mW cm > for 20 minutes to generate radicals
and induce degradation.

To identify degradation products, MALDI-TOF mass spectro-
metry was performed before and after photoinitiated radical
generation. Prior to UV exposure, both acrylate and vinyl
sulfone reactions produced the expected bifunctional Michael
adducts at ~4 kDa, with additional signals corresponding to
unreacted 1 kDa and 2 kDa starting materials. After irradiation,
the higher molecular weight species appeared to be partially
depleted, and new peaks emerged in the 1-3 kDa range (Fig. S2,
ESIT). In both systems, we observed products with molecular
weights corresponding to PEG-dithiol capped with LAP-derived
fragments, suggesting homolytic C-S bond cleavage followed by
radical recombination (Fig. 2(A)). A second common degrada-
tion product matched the 1 kDa PEG starting material with two
added hydrogen atoms, consistent with hydrogen abstraction
by the Michael acceptor as a possible radical-terminating path-
way (Fig. 2(B)). Interestingly, we observed peaks in the acrylate
system corresponding to new adducts with the benzoyl-
centered LAP fragments, while vinyl sulfones appeared to favor
recombination with the phosphinate-centered fragments
(assignments shown in Fig. 2(C)). Both the acrylate and vinyl
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Fig. 2 Analysis of radical-mediated degradation products in linear thiol-
Michael polymers. (A) MALDI-TOF spectra highlighting 2 kDa species
(i.e., PEG-dithiol), including starting material (black) and degradation
products (green for vinyl sulfone, blue for acrylate) formed via recombina-
tion with LAP-derived radical fragments. (B) Spectra showing 1 kDa species
(i.e., mPEG-alkene), including starting materials (black) and products
(green for vinyl sulfone, blue for acrylate) consisting of hydrogen-
terminated species and products formed by recombination with initiator
fragments. (C) Representative chemical structures corresponding to major
degradation products assigned in panels A and B.

sulfone-based thioethers resulted in only partial degradation
under these conditions, leaving some products in the range
of ~4 kDa. However, thiol-maleimide bonds appeared to
undergo complete scission based on the disappearance of these
peaks (Fig. S4, ESIt). This result is consistent with the for-
mation of a secondary carbon radical that is significantly more
stable (i.e., more readily generated) than either of the primary
radicals formed from acrylate or vinyl sulfone adducts. These
differences in degradation behavior between the three Michael
addition systems may arise from the relative stabilities of the
transient radical intermediates.

Of note, the inclusion of triethanolamine to facilitate the
Michael addition reaction also impacted the degradation profiles.
MALDI spectra revealed degradation products consistent with

J. Mater. Chem. B, 2025, 13,10177-10186 | 10179
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association between triethanolamine and PEG-based frag-
ments. These included masses corresponding to the 1 kDa
starting material combined with triethanolamine, as well as
adducts containing both triethanolamine and LAP-derived frag-
ments. We hypothesize that triethanolamine may participate in
radical quenching reactions and/or form non-covalent adducts
during MALDI. Such behavior is commonly observed with
ionizable species, highlighting the complexity of interpreting
degradation products in radical-rich environments where other
side reactions may be taking place. Notably, these peaks were
less pronounced compared to non-complexed peaks when the
triethanolamine concentration was reduced to 0.05 M (Fig. S3,
ESIt). Taken together, these linear polymer studies suggest that
while thiol-acrylate and thiol-vinyl sulfone adducts are less
susceptible to radical-mediated cleavage than thiol-maleimide
adducts, both undergo bond scission under sufficiently a high
radical generation rate. The chemical nature of the alkene and
the identity of the initiator fragments likely influence both the
efficiency and the pathways of degradation, implying that
different Michael acceptors might be used to tailor the stability
and responsiveness of network-forming materials.

To evaluate radical-mediated degradation in crosslinked
materials, hydrogels were formed by reacting 4-arm 20 kDa
PEG macromers functionalized with acrylate or vinyl sulfone
endgroups with 2 kDa PEG-dithiol in a 6 wt% polymer solution
(10 mM Michael adducts) and a 1:1 stoichiometric ratio of
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thiol to alkene. Hydrogel formulations also contained 0.3 M
triethanolamine and varying concentrations of LAP (1-4 wt%).
Network formation was monitored by in situ oscillatory shear
rheology before and during irradiation with 365 nm light at
10 mW cm™ 2. The gels were first allowed to crosslink in the
dark via thiol-Michael addition for 10 minutes, then exposed to
light to initiate radical-mediated degradation (Fig. 3(A)). Both
acrylate- and vinyl sulfone-based hydrogels formed robust net-
works within seconds after combining the thiol and alkene
macromers, exhibiting similar network formation profiles
(Fig. 3(B)). After 10 minutes, both systems reached comparable
plateau storage moduli (G’) of 1630 + 360 Pa for vinyl sulfone
gels and 1760 + 200 Pa for acrylate gels (Fig. 3(C)), consistent
with the similar initial macromer functionality and molecular
weight.

Upon UV exposure, the storage modulus decreased in all
networks (Fig. 3(D)). At all tested LAP concentrations, acrylate
gels showed moderate degradation (30-60% reduction in sto-
rage modulus), while vinyl sulfone gels softened substantially
more than acrylate gels at matched concentrations of initiator.
For example, at 1 wt% LAP, vinyl sulfone gels partially degraded,
exhibiting >80% reduction in storage modulus, while acrylate
gels reached ~ 30% reduction in modulus. At 2 wt%, vinyl sulfone
gels reached >90% reduction in modulus, and acrylate gels
approached 50% softening. When 3 wt% LAP was included,
the vinyl sulfone materials reached the reverse gel point while
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Fig. 3 Radical-mediated degradation of thiol-Michael hydrogels formed by vinyl sulfones and acrylates. (A) Schematic of network formation via thiol—
Michael addition and subsequent degradation by radical species (I*). (B) In situ rheology during gelation shows similar crosslinking kinetics for vinyl
sulfone (green) and acrylate (blue) hydrogels with (C) comparable plateau storage moduli. (D) In situ photodegradation profiles at varying LAP
concentrations (1-4 wt%) reveal dramatically increased radical susceptibility in vinyl sulfone gels. For the 2 wt% condition, a matched thiol-maleimide gel
(black) is included. The change in degradation profile between 3 and 4 wt% LAP for the vinyl sulfone hydrogels may relate to the optical thickness of these
samples. (E) A summary of degradation extent at 2 and 4 wt% LAP demonstrates the increased resistance of thiol-acrylate gels to radical-mediated
softening. (F) Pulsed light exposure of a vinyl sulfone gel (4 wt% LAP) confirms that degradation proceeds only during illumination (gray time regions),
illustrating temporal control.
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the acrylate gels did not degrade further. Increasing the initiator
concentration to 4 wt% LAP resulted in consistent reverse gelation
of vinyl sulfone gels, but the acrylate gels only exhibited marginal
increases in degradation over other LAP concentrations (Fig. 3(E)).
These results emphasize the importance of alkene structure and
its influence on degradation efficiency in response to high radical
doses. This network degradation behavior suggests that differ-
ences between the ester moiety of the acrylate and the sulfonyl
of the vinyl sulfone make the vinyl sulfone more susceptible to
carbon radical formation and bond cleavage, which could relate to
electron-withdrawing effects.">'® However, since some reports
suggest similar Hammett values (a metric for assessing the
electron-withdrawing or donating effects of a substituent)
between the ester and sulfonyl functionalities of the acrylate
and vinyl sulfone, respectively, these findings indicate that local
radical stability and reactivity may be influenced by factors beyond
simple inductive effects."” Relating these findings to previous
results, maleimide-based gels (included as a reference at 2 wt%
LAP, with lower concentrations characterized in prior studies'?)
expectedly showed rapid and complete degradation upon light
exposure, demonstrating greater susceptibility to radical-mediated
bond cleavage than the other two alkenes.

Expanding on these observations, measurement of photo-
induced creep in acrylate and vinyl sulfone networks contain-
ing 4 wt% LAP further revealed that vinyl sulfone gels exhibit
greater time-dependent strain during irradiation (Fig. S5, ESIt),
corroborating the previous photodegradation studies focused
on tracking modulus. Considering the distinct differences in
the susceptibility of these crosslinking chemistries to radical
cleavage, we also verified that combining equal proportions of
each alkene-bearing macromer in a thiol-Michael gel resulted
in an intermediate degradation profile (Fig. S6, ESIt), further
endorsing the proposed structure-reactivity relationship
wherein each component additively contributes to the overall
extent of degradation. Importantly, these studies suggest the
ability for user-controlled temporal degradation of hydrogels by
simple modulation of light. To demonstrate this, the light was
toggled on and off during irradiation of a vinyl sulfone gel
containing 4 wt% LAP while following changes in the material
properties. Under these conditions, the storage modulus only
decreased during illuminated intervals with no appreciable
change in the dark (Fig. 3(F)), supporting that degradation
proceeds only in the presence of photoinitiated radicals.

To assess potentially confounding effects from light inten-
sity, optical density, and the presence of unreacted functional
groups, several additional rheological analyses were performed.
First, while the rate of degradation changed in correspondence
with 10-fold higher or lower light intensities, the final extent of
softening remained unchanged (Fig. S7, ESIT), suggesting that
radical-mediated C-S bond homolysis is not strongly depen-
dent on the rate of radical production (as controlled by light
intensity) under these conditions. High LAP concentrations
(34 wt%, corresponding to 102-136 mM) led to ~40% attenua-
tion in light at a depth of 200 um (Fig. S8, ESIt), but this did not
preclude network degradation in 200 pm-thick hydrogels when
sufficient radicals were generated. Further, hydrogels with half

This journal is © The Royal Society of Chemistry 2025
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the thickness of these samples showed similar degradation
profiles (Fig. S9, ESIf). Additionally, to determine whether
degradation could be tuned by the presence of unreacted
functional groups, off-stoichiometry gels were prepared with
either excess thiol (2:1 thiol:alkene) or excess alkene (1:2).
In the presence of 4 wt% LAP, excess thiol did not substantially
increase degradation (Fig. S10A, ESIf), suggesting that thiyl
radicals do not play a dominant role in promoting cleavage or
exchange of thiol-Michael adducts, distinct to prior work
of other thioether-based polymer networks and disulfide and
allyl sulfide linkages.'®* In contrast, gels with excess alkene
showed different behavior. Acrylate-based systems stiffened
following irradiation, while vinyl sulfone gels exhibited their
typical degradation profile (Fig. S10B, ESIf). This result is
consistent with the known tendency of acrylates, but not vinyl
sulfones, to undergo radical homopolymerization under these
conditions. To validate this assumption, we irradiated acrylate
and vinyl sulfone macromers under the same conditions as
before (10 mM alkene, 4 wt% LAP) but without thiol to
eliminate the possibility of Michael addition; only the acrylate
samples showed gelation upon light exposure, confirming
selective homopolymerization compared to vinyl sulfone gels
(Fig. 11, ESI%).

We evaluated if the differences in radical susceptibility
suggested by photorheology would influence the fidelity of
spatial patterning by rastering a laser across the acrylate and
vinyl sulfone hydrogels using a confocal microscope. Both
materials were modified with sharply defined features with
minimal degradation in the unpatterned regions (Fig. 4(A)). The
pattern precision was comparable between the two gel types, as
determined in a resolution test (Fig. 4(B) and Fig. S12, ESI}).

>

Alkene structure

Microscale resolution

Fig. 4 Microscale patterning of thiol-Michael hydrogels. (A) Photopat-
terns of alkene structure formed by rastered laser exposure in vinyl sulfone
(left) and acrylate (right) gels containing 4 wt% LAP. (B) Resolution test
demonstrating high-fidelity formation of both positive and negative
features at the micron scale for both systems (vinyl sulfone left, acrylate
right). Quantification shown in Fig. S12 (ESI).
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Although bulk rheological degradation differed significantly
between formulations, both supported consistent and high-
quality microscale patterning, with & > 0.99 for both positive
and negative features from 1-50 um, indicating a strong correlation
between the intended and actual pattern sizes. This unexpected
similarity in patterning fidelity, despite pronounced differences in
bulk degradation, suggests that local, micron-scale effects may
play an important role during photodegradation.

We next explored whether the degradation behaviors observed
with photoinitiated radicals extended to redox-initiated systems,
using ammonium persulfate (APS) in the presence of N,N,N'.N'-
tetramethylethylenediamine (TEMED) as initiator, as we pre-
viously found that maleimide-crosslinked gels also degraded
under these conditions."* To monitor degradation, fluorescent
beads were encapsulated in both acrylate and vinyl sulfone gels,
which were released upon APS addition over the time course
of the 10 minutes (Fig. 5(A) and Movie S1, ESI), consistent with
radical-mediated degradation. Motivated by the rheological

Fold change in
fluorescence outside gel

100 mM APS/TEMED

acrylate

Fold change in
fluorescence outside gel

100 mM APS/TEMED +10 mins
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results showing acrylate stiffening under excess alkene conditions,
we hypothesized that acrylate and vinyl sulfone gels could be
selectively stabilized or degraded using redox radicals. Using off-
stoichiometry networks (2:1 alkene : thiol), we found that radical
exposure selectively degraded vinyl sulfone gels while leaving
acrylate gels structurally intact (Fig. 5(B) and Movie S2, ESIt). This
divergent response is consistent with acrylate radical homopoly-
merization, which preferentially stabilizes these gels under radical-
rich conditions while vinyl sulfones, which lack efficient homo-
polymerization pathways, remain vulnerable to C-S bond cleavage.
These findings underscore the potential for exploiting inherent
chemical differences between Michael acceptors to tune network
architecture under identical radical stimuli.

To expand upon this principle of selective reactivity, we
demonstrated radical-mediated degradation and hydrolytic
cleavage in a sequence-independent and functionally orthogonal
manner. Given the known relative hydrolytic lability of acrylates
compared to vinyl sulfones, we posited that selective degradation
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Fig. 5 Orthogonal degradation of thiol-Michael hydrogels by redox-initiated radicals and hydrolysis. (A) Fluorescent microbeads embedded in thiol—
Michael hydrogels are rapidly released upon introduction of redox initiator (APS/TEMED), confirming radical-mediated degradation of both vinyl sulfone
(green) and acrylate (blue) gels. (B) In gels formed with excess alkene (2:1 alkene: thiol), redox-initiated radicals selectively degrade vinyl sulfone gels
while acrylate gels remain intact 40 minutes after the addition of APS/TEMED, consistent with acrylate homopolymerization-based network stabilization.
(C) Sequential treatment with radicals