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ABSTRACT: A central challenge in biomaterials design is
developing cross-linking reactions that are fast, selective, syntheti-
cally accessible, and compatible with the nucleophile-rich environ-
ments required for cell encapsulation. Native chemical ligation
(NCL) offers an attractive route to amide-linked hydrogels under
mild aqueous conditions, yet its implementation in biomaterials has
been constrained by slow kinetics, free-thiol byproducts, and
inhibition in complex media. Here, we demonstrate that deliberate
electrophile design through incorporation of a strain-encoded β-
thiolactone enables rapid and selective NCL-mediated hydrogel
formation through rapid recyclization of off-target intermediates. A
penicillamine-derived β-thiolactone cross-linker synthesized directly
on four-arm polyethylene glycol (PEG, 10 kDa) exhibits fast
gelation in complete cell culture media while maintaining orthogonality to embedded human dermal fibroblasts. Relative to a
conventional alkyl thioester and a γ-thiolactone analogue, the strained β-thiolactone displays accelerated gelation and enhanced
tolerance to competing endogenous thiols. Mechanistically, geminal dimethyl substitution promotes rapid β-thiolactone
recyclization, suppressing unproductive thiol exchange while productive NCL proceeds through an irreversible S-to-N acyl shift.
Because unreacted β-thiolactones persist under physiological conditions, the network remains chemically addressable after gelation,
enabling temporally delayed functionalization with N-Cys-containing molecules. This combination of rapid network formation and
postgelation addressability enables direct peptide incorporation, hydrogel microfiber fabrication, and long-term three-dimensional
cell encapsulation.

1. INTRODUCTION
Extracellular matrix (ECM) mimetic hydrogels increasingly
require cross-linking chemistries that do more than form
networks under mild conditions.1−5 For cell encapsulation and
biofabrication, the underlying reaction must support rapid
network formation, high biocompatibility, synthetic tractabil-
ity, and orthogonality in chemically complex biological media.
At the same time, next-generation scaffolds must enable direct
biochemical functionalization, postgelation modification, and
dynamic mechanical behavior, including stress relaxation and
viscoelastic remodeling. Existing platforms often satisfy some
of these criteria while sacrificing others. For example, highly
specific bioorthogonal ligations, such as strain-promoted azide-
alkyne cycloaddition (SPAAC), can enable rapid gelation,
precise ligand installation, and postgelation control, but often
require complex multistep synthesis and generate non-native
linkages.6−11 Conversely, synthetically accessible thiol−ene
and thiol−Michael chemistries are easier to implement but can
be vulnerable to competing reactivity in nucleophile-rich
biological media. Moreover, neither approach inherently

couples permanent covalent cross-linking with dynamic
exchange, making it challenging to independently integrate
rapid network formation, biochemical addressability, and
viscoelastic remodeling within a single chemistry.

This challenge is particularly relevant for thiol-based
biomaterials, which remain attractive because thiols are readily
installed on synthetic polymers, peptides, and proteins and
react under mild aqueous conditions. However, the same
nucleophilicity that makes thiols useful for hydrogel formation
also makes these systems vulnerable in complete cell culture
media, where endogenous thiols, amines, serum proteins, and
other nucleophiles can participate in competing reactions that
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slow network formation, alter viscoelastic properties, and
consume reactive handles needed for postgelation functional-
ization (Figure 1a).6,12−15 Thus, rather than abandoning thiol-
based reactivity, an ideal strategy would redesign the
electrophile to retain the accessibility and biological familiarity
of thiols while improving selectivity, suppressing off-target
reactivity, and enabling both permanent and dynamic cross-
linking modes.

In this context, we considered native chemical ligation
(NCL) as a potential solution. NCL is a chemoselective
reaction in which a C-terminal thioester and an N-terminal
cysteine (N-Cys) undergo transthioesterification followed by
an S-to-N acyl shift to form a native amide bond under mild

aqueous conditions (Figure 1b).16,17 This reactivity is
attractive for biomaterial fabrication because it combines
several features that are difficult to access in a single
hydrogelation chemistry: thioesters provide persistent and
exchange-capable electrophiles, N-Cys ligation converts
productive reactions into stable peptide linkages, and thiol-
only exchange can provide a route to dynamic network
rearrangement. In principle, these features could enable
permanent amide cross-links, postgelation functionalization,
and viscoelastic remodeling within one synthetically accessible
platform. NCL is also appealing because it employs
inexpensive and readily available functional groups and relies
on cysteine, an amino acid widely used to integrate both

Figure 1. Selective hydrogel formation through PBET-mediated native chemical ligation (NCL) in complex biological environments. (a) Schematic
depiction of the chemically complex environment present during cell encapsulation, including cross-linkers, adhesion peptides, serum proteins,
salts, and competing nucleophiles such as free thiols. (b) Limitations of conventional thioester-mediated NCL gelation, where thiols present in
serum or cell culture media compete with N-terminal cysteine residues, promoting off-target transthioesterification that slows network formation
and generates diffusible thiol byproducts. (c) Penicillamine-derived β-thiolactone (PBET) enables rapid and selective N-Cys ligation. Strain-
activated ring opening and gem-dimethyl-promoted recyclization kinetically outcompete auxiliary thiols, while irreversible S-to-N acyl shift forms
stable amide cross-links without releasing free thiols, enabling rapid gelation and direct incorporation of N-Cys-containing ligands in complex
media.
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synthetic and biological macromolecules into covalent net-
works.18,19 Despite these advantages, the application of NCL
and N-Cys-specific reactions to ECM-mimetic hydrogel
formation has remained limited to only a few examples due

to slow gelation kinetics and poor performance in biologically
complex environments (Figure 1b).20−27

The mechanistic origins of these limitations can be traced to
the classical implementation of NCL in peptide synthesis,

Figure 2. (a) Synthesis of X-PBET from four-arm PEG (10 kDa). Reagents and conditions: (i) DSC, pyridine, CHCl3, rt, 16 h (ii) D-penicillamine,
TEA, CHCl3, rt, 16 h (iii) DIC, PFP, CHCl3, 40 °C, 2 h. (b) Structures of PEG-bound electrophiles (X-PBET, X-γTBL, and X-EMPSA) and (c)
X-PEG-bound nucleophiles (X-Cys, X-Amine, and X-Thiol) used in this study. (d) Representative time sweep rheology in DMEM (pH 7.4, 37
°C) comparing the gelation kinetics of X-PBET, X-EMPSA, and X-γTBL with X-Cys (5% w/v). (e) Representative time sweep rheology
comparing X-PBET with X-Cys versus X-Amine (5% w/v), consistent with an NCL-mediated pathway. Curves in (d) and (e) show individual
measurements. Full data sets are provided in the Supporting Information.
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where relatively slow reaction times and thiol-containing
additives are often acceptable. To accelerate transthioester-
ification, aromatic thiol additives such as MPAA are commonly
used, and conventional thioester substrates release a
stoichiometric thiol leaving group during ligation.16−18 In
biomaterial settings, however, this strategy is poorly suited for
direct cell encapsulation. Endogenous thiols and thiol-
containing proteins in complete media can disrupt catalyst-
mediated exchange and slow ligation, while aromatic thiol
additives can be cytotoxic and membrane-disruptive. In
addition, diffusible thiol byproducts released during classical
thioester-mediated NCL can perturb extracellular redox
balance.28,29 When aromatic thiol additives are omitted to
avoid these complications, reaction rates decrease substantially,
leading to slow network formation.

To overcome the kinetic and thiol-tolerance limitations of
classical NCL, we turned to strained β-thiolactones derived
from cysteine (Cys) and penicillamine (Pen), which accelerate
transthioesterification through ring-strain release while avoid-
ing small-molecule thiol byproduct formation (Figure 1c).30−32

Although β-thiolactone-mediated NCL has been used in
peptide synthesis, the resulting Cys−Cys or Cys−Pen
junctions require desulfurization to restore native protein
sequences, limiting broader adoption in that context.18,30 For
biomaterial cross-linking, however, these stable and biodegrad-
able linkages are well suited for network formation. Addition-
ally, penicillamine-derived β-thiolactones are particularly
attractive because geminal dimethyl substitution promotes
rapid intramolecular reclosure of ring-opened intermediates
through conformational bias and Thorpe−Ingold-type effects
(Figure 1c).33,34 This rapid recyclization provides built-in
kinetic control in which off-target thiol exchange can revert to
the strained β-thiolactone, whereas productive N-Cys ligation
is driven forward by the irreversible S-to-N acyl shift.17,18,35

When paired with thiol-functional cross-linkers lacking an N-
terminal amine, the same exchange pathway can also introduce
reversible thioester exchange, enabling viscoelastic mechanics
alongside permanent amide cross-links.28 The kinetic control
behavior arising from recyclization and its consequences for
selectivity, thiol tolerance, and use for dynamic exchange in
materials has not been explored.30

Here, we report a penicillamine-derived β-thiolactone cross-
linker, X-PBET, synthesized directly on four-arm polyethylene
glycol (X-PEG), and establish electrophile strain and
recyclization kinetics as design parameters for ECM-mimetic
hydrogelation. X-PBET enables rapid, catalyst-free network
formation in complete cell culture media while suppressing
diffusible thiol byproducts and maintaining tolerance to
competing biological nucleophiles. Direct comparison with a
conventional linear alkyl thioester and an unstrained γ-
thiolactone analogue demonstrates that β-thiolactone strain
and penicillamine-mediated recyclization accelerate network
formation and improve performance in complex media.
Beyond network formation, the hydrolytic persistence and
exchange-capable thioester chemistry of X-PBET enable direct
ligand incorporation, temporally delayed postgelation function-
alization, viscoelastic stress relaxation through thiol-only
exchange, and fabrication of continuous hydrogel microfibers.
These combined capabilities support long-term three-dimen-
sional (3D) cell encapsulation and establish penicillamine-
derived β-thiolactones as a synthetically tractable platform for
rapid, thiol-tolerant, and dynamically exchangeable biomaterial
formation.

2. RESULTS AND DISCUSSION

2.1. Synthesis of X-PBET, Thiolactone Cross-Linkers, and
Four-Arm Nucleophiles

We constructed a panel of cyclic and linear thioester cross-
linkers on X-PEG (MW = 10 kDa) to enable direct
comparative studies (Figure 2a). Thioester electrophiles were
prepared from penicillamine (X-PBET), ethyl 3-mercaptopro-
pionate−succinic acid (X-EMPSA), and γ-thiobutyrolactone
(X-γTBL) to assess potential improvements in gelation
kinetics and synthetic tractability (see Supporting Information
for synthetic details, Figure 2b). X-PEG nucleophiles were also
prepared with N-terminal cysteines (X-Cys), primary amines
(X-Amine), and sulfhydryl groups (X-Thiol) for use in
comparative studies (Figure 2c). The synthesis of a cross-
linker containing a thioester derived from cysteine was
attempted but could not be isolated due to spontaneous
cross-linking during purification.32 In contrast, the similarly
strained penicillamine-derived analogue, X-PBET, was ob-
tained in ∼70% isolated yield and required simple precipitation
and dialysis for final purification. The high-yielding synthesis
and minimal purification requirements underscore the
synthetic accessibility of X-PBET, contrasting with many
alternative bioorthogonal cross-linking strategies that rely on
synthetically specialized electrophiles.
2.2. Evaluation of β-Thiolactone Gelation Performance

We next measured the gelation performance of thioester cross-
linkers and nucleophiles under physiologically relevant
conditions using shear rheology. Although the crossover
point, defined as the time at which the storage modulus (G′)
exceeds the loss modulus (G″) following mixing, is commonly
used to compare gelation rates under similar conditions, high
instrument noise at low moduli (<10 Pa) and the rapid rates of
gelation limited the reliability of this approach for the present
systems (Figures S1−S11).36,37 Therefore, gelation kinetics
were quantified using the characteristic gelation time, θt,
obtained by fitting the time-dependent storage modulus to the
following expression:

=
+

G t
G t

t
( )

t

The fitted parameter G′∞ represents the fitted long-term
storage plateau modulus, while G′max denotes the maximum
experimentally measured storage modulus within the time
sweep. θt represents the time required to reach half of G′∞, and
α describes the rate or sharpness of network development at
constant θt.

38 We use these fitted parameters as comple-
mentary descriptors of network formation kinetics, not as
definitions of the formal gel point (Table S1). Due to the large
number of acquired data points, a subset of data points is
displayed for visual clarity, while all data were included in the
analysis. To ensure reproducibility, polymer solutions were
precooled to 0 °C prior to mixing and equilibrated at 37 °C
during measurement.

When X-PBET was combined with X-Cys in Dulbecco’s
Modified Eagle’s Medium (DMEM, pH 7.4, 37 °C) at 5% w/v,
θt occurred within ∼630 ± 30 s (Figure 2d). By comparison,
X-EMPSA/X-Cys formed more slowly (θt ∼ 1520 ± 20 s), and
X-γTBL/X-Cys exhibited weak or incomplete network
formation under identical conditions. The maximum measured
storage moduli (G′max) were ∼3−4 kPa for both X-PBET and
X-EMPSA, placing these networks within the stiffness range
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characteristic of soft tissues.39 Frequency sweeps showed that
largely elastic materials were obtained. Amplitude sweeps
confirmed that frequency sweep measurements were con-
ducted within the linear viscoelastic regime (Figures S1, S2).
At 10% w/v, X-PBET/X-Cys gelation occurred immediately
upon mixing motivating the use of ≤5% w/v formulations for
subsequent rheological and cell-encapsulation studies.
Although X-PBET and X-EMPSA ultimately reached similar
G′ values under these conditions, the time-dependent
evolution of G′ and G″ differed between the two systems,
suggesting that the pathways by which the networks approach
their final mechanical state may not be identical. While the
present rheological measurements do not permit direct
assignment of the underlying mechanism, these differences
may reflect distinct exchange dynamics associated with the
strained β-thiolactone relative to the linear alkyl thioester
analogue.

To place these kinetic values in the context of standard cell-
encapsulation workflows, we compared the measured network-
formation times with commonly used natural ECM matrices. A
practical encapsulation platform should remain handleable
long enough to allow homogeneous mixing and dispensing, but
begin developing measurable elasticity before ∼5 min to
reduce the risk of uneven cell distribution.40,41 Network
formation should also approach completion in the subsequent
tens of minutes to limit cellular exposure to soluble precursors
and to minimize the time over which cells experience a
dynamically evolving matrix. These practical time scales are
reflected in collagen I and Matrigel protocols, where cell-
containing precursor solutions are typically dispensed within
∼5 min before gelation proceeds, followed by incubation at 37
°C for ∼30 min to complete network formation. We therefore
use a <5 min window for the onset of measurable increases in
G′ and near-complete network formation within ∼30 min as
additional operational benchmarks for evaluating encapsula-
tion-relevant gelation kinetics. Viewed against these bench-
marks, X-PBET formulations fall within the practical handling
and network-formation window, whereas X-EMPSA ap-
proaches these operational thresholds under the simplest
conditions.1,23

2.3. Mechanistic Investigation of β-Thiolactone-Mediated
NCL

To confirm that X-PBET cross-linking proceeds through the
expected NCL mechanism rather than direct aminolysis, we
first examined its chemoselectivity. Because an N-Cys contains
both a thiol and a nucleophilic amine, the increased strain of
the β-thiolactone could, in principle, enable direct amine attack
and thereby erode the chemoselectivity required for NCL. We
therefore compared gelation of X-PBET with X-Cys to an
amine-functional analogue (X-Amine). Under identical con-
ditions, X-Amine exhibited markedly attenuated network
formation relative to X-Cys (θt ∼ 7200 ± 700 s, Figure 2e),
supporting selective reactivity toward N-terminal cysteine and
consistency with a canonical NCL pathway.

To directly observe β-thiolactone amide bond formation, 1H
NMR experiments were conducted under dilute conditions in
deuterated PBS following addition of Cys·HCl. In the closed β-
thiolactone, the geminal dimethyl groups of penicillamine
appear at 1.82 and 1.70 ppm relative to 1.49 and 1.45 ppm in
the precursor. Upon addition of Cys·HCl, new resonances
emerged at 1.53 and 1.48 ppm, consistent with β-thiolactone
opening and formation of the NCL product (Figure S16).

Time-resolved spectra showed rapid consumption of X-PBET,
with most starting material disappearing within 15 min and
minimal residual signal after 2 h (Figure S17). Formation of
amide cross-links within the bulk hydrogel was further
supported by FTIR spectroscopy. The characteristic thioester
C�O stretch at 1758 cm−1 present in X-PBET was absent in
the dried X-PBET/X-Cys gel, consistent with β-thiolactone
consumption (Figure S18).

Because classical thioester-mediated NCL generates a small-
molecule thiol byproduct, which can complicate biomaterial
formation in biological environments, we next quantified free
thiol release using Ellman’s assay.17,25,42 Gels formed from the
linear alkyl thioester X-EMPSA released free thiols in amounts
consistent with the estimated cross-linker concentration (∼10
mM; Table S4). Unlike X-EMPSA, no diffusible byproduct
was detected from X-PBET under the assay conditions.

1H NMR chaser experiments were performed to probe the
equilibrium behavior of X-PBET following reaction with Boc-
Cys-OMe. Prior to nucleophile addition, X-PBET exhibited
characteristic gem-dimethyl resonances corresponding to the
ring-closed β-thiolactone at 1.83 and 1.70 ppm (Figure S19).
Following equilibration with Boc-Cys-OMe, the ring-closed β-
thiolactone remained the predominant species (∼66%), while
additional resonances at 1.49 and 1.45 ppm emerged
corresponding to a ring-opened transthioesterification product
(∼33%). Subsequent addition of excess Cys-OMe resulted in
redistribution of the ring-opened population, including a
reduction in the resonance at 1.45 ppm associated with the
ring-opened thioester species and the appearance of
resonances at 1.53 and 1.49 ppm consistent with formation
of a distinct ring-opened amide species following productive
NCL. Notably, the ring-closed β-thiolactone remained the
dominant species throughout the experiment, consistent with a
kinetically selective recyclization pathway that limits accumu-
lation of off-pathway transthioesterification products while still
permitting productive NCL.

Finally, the hydrolytic stability of X-PBET was evaluated
under physiologically relevant conditions. The β-thiolactone
exhibited substantial persistence in PBS (pH 7.4) at room
temperature, with an apparent half-life of ∼14 days as
determined by 1H NMR (Figure S20). This stability supports
its practical utility for hydrogel fabrication and subsequent
postgelation functionalization. Gelation kinetics across bio-
logically relevant pH values (HEPES buffer, pH 6.8−8.4) are
summarized in Table S6.
2.4. Kinetic Control Enables Gelation in Thiol- and
Serum-Rich Media

We next evaluated whether the proposed kinetic control
mechanism enables gelation in chemically complex environ-
ments. Such environments present a fundamental challenge for
thiol-mediated hydrogelation, as endogenous thiols and
cysteine-containing proteins can undergo competing exchange
reactions that disrupt network formation.28,29 The geminal
dimethyl substitution of the penicillamine-derived β-thiolac-
tone is expected to promote rapid recyclization of ring-opened
intermediates, thereby suppressing accumulation of unproduc-
tive thiol-exchange products. Conversely, linear alkyl thioesters
such as X-EMPSA can undergo persistent transthioesterifica-
tion with exogenous thiols, generating thioester exchange
products that delay network formation.

We first assessed gelation in the presence of 10% fetal bovine
serum (FBS), a protein-rich component of cell culture media
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which contains multiple cysteine residues and endogenous
thiols. Under these conditions, X-PBET exhibited gelation
kinetics comparable to those observed in DMEM alone (θt ∼
700 ± 200 s, G′max ∼ 3900 ± 700 Pa) with similar maximum
moduli indicating minimal interference from serum compo-
nents (Figure 3a). In contrast, X-EMPSA displayed attenuated
network formation in serum (θt ∼ 2200 ± 100 s, G′max ∼ 3600
± 1100 Pa) and slower modulus development, consistent with
persistent thiol exchange of the linear alkyl thioester placing it
out of the operational threshold defined above (Figure 3b).

To further probe thiol tolerance, dithiothreitol (DTT), a
common reductant used in thiol-based gelation systems, was
added at 2.5, 5.0, and 10 mM, and the resulting gelation
behavior was monitored over a common 2 h observation
window.43 This time-bounded comparison was used to
visualize and compare the overall gelation response to
increasing DTT concentration. Across this range, X-PBET
maintained rapid gelation and reached comparable storage
moduli within the operational threshold, suggesting transient
competition without substantial disruption of network

Figure 3. (a,b) Representative time sweep rheology in DMEM + 10% FBS (pH 7.4, 37 °C) comparing gelation of (a) X-PBET/X-Cys and (b) X-
EMPSA/X-Cys. X-PBET exhibits minimal serum inhibition, whereas X-EMPSA shows delayed gelation. Characteristic gelation time (θt) was
obtained by fitting the time-dependent storage modulus using the gelation kinetics model described in the text. (c,d) Representative time sweeps in
DMEM (pH 7.4, 37 °C) comparing X-PBET/X-Cys and X-EMPSA/X-Cys gelation in the presence of 2.5−10 mM DTT. Time sweep curves in
(a−d) show individual representative measurements, whereas the reported θt values represent the mean obtained from all independent
measurements. Full data sets are provided in the Supporting Information.
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Figure 4. (a) Schematic showing incorporation of the N-Cys-terminated CGRGDS peptide during gelation. (b) Representative time sweeps in
DMEM (pH 7.4, 37 °C) comparing X-PBET/X-Cys and X-EMPSA/X-Cys gelation in the presence of 4 mM CGRGDS. Time sweep curves show
individual representative measurements, whereas the reported θt values represent the mean obtained from all independent measurements. (c)
Fluorescence microscopy of HDFs seeded on CGRGDS-functionalized X-PBET hydrogels spanning a range of Young’s moduli (E), showing
stiffness-dependent cell spreading at days 1 and 3 (actin, phalloidin 488; nuclei, DAPI). Scale bars: 200 μm. (d) Schematic illustrating postgelation
functionalization of X-PBET/X-Cys hydrogels through delayed addition of CGRGDS 24 h after network formation, followed by HDF seeding.
Representative fluorescence image shows HDF attachment and spreading on postfunctionalized hydrogels (actin, phalloidin 488; nuclei, DAPI).
Scale bar: 200 μm.
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formation (Figures 3c, S7). By comparison, X-EMPSA gelation
was strongly inhibited, with prolonged induction periods and
reduced modulus development at higher DTT concentrations
(Figures 3d, S8). Together, these results demonstrate that X-
PBET maintains rapid network formation in both thiol- and
serum-containing environments, with substantially greater
tolerance to increasing DTT concentrations than X-EMPSA.
This behavior is consistent with rapid β-thiolactone recycliza-
tion that limits the accumulation of persistent thiol exchange
products, while productive N-Cys ligation proceeds irreversibly
through the S-to-N acyl shift (Figure 1c).
2.5. In Situ Incorporation of N-Cys Bioactive Ligands

To determine whether X-PBET supports in situ biofunction-
alization, we examined incorporation of N-Cys-containing
ligands during network formation. Cell-adhesion motifs must
be covalently integrated into synthetic matrices to prevent
anoikis and maintain native cell phenotype.44 In many thiol-
mediated gelation systems, adhesion ligands are incorporated
through Michael-type addition of N-Cys peptides (e.g.,
CXRGD) or through adsorption of extracellular matrix
proteins such as fibronectin.1,2,45 In principle, NCL could
enable direct incorporation of N-Cys adhesion peptides
through formation of a native amide linkage (Figure 4a).
However, the relatively slow kinetics of classical thioester-
mediated NCL make simultaneous incorporation of competing
N-Cys ligands during gelation challenging, as peptide ligation
would compete with network formation.23−26 We reasoned
that the rapid kinetics of X-PBET should permit efficient in
situ incorporation of such cysteine-terminated ligands during
gelation, eliminating the need for postprocessing or protein
supplementation.

To evaluate this possibility, 4 mM CGRGDS was added
directly to X-PBET/X-Cys precursor solutions prior to
gelation. Because incorporation of N-Cys additives diverts a
portion of the thioester electrophile from network-forming
ligation, formulations were adjusted to a 1.5:1 X-Thioester:X-
Cys molar ratio to maintain cross-linking efficiency and
network mechanics. Consistent with this reduction in effective
cross-link density, CGRGDS-containing hydrogels exhibited
increased swelling and larger estimated mesh sizes relative to
peptide-free formulations (Table S3). Under these conditions,
X-PBET exhibited a θt ∼ 900 ± 100 s, whereas X-EMPSA
gelation was substantially slower (θt ∼ 2500 ± 200 s), a time
scale less suitable for uniform cell handling and matrix
formation (Figure 4b). These delays further limit the practical
utility of conventional thioesters for in situ ligand incorpo-
ration.

The ability of incorporated N-Cys CGRGDS to support cell
adhesion was evaluated using hydrogels (4−7% w/v polymer, 4
mM CGRGDS) seeded with ∼2.5 × 104 HDFs. Cells were
fixed and stained on days 1 and 3 with fluorescent phalloidin
(F-actin) and DAPI (nuclei) to assess cytoskeletal organization
(Figure 4c). Fluorescence microscopy confirmed robust
adhesion and spreading, consistent with successful peptide
incorporation. Nanoindentation measurements were per-
formed on swollen hydrogels under the same conditions
used for cell culture, providing an effective Young’s modulus
relevant to local cell−material interactions at the hydrogel
surface (Figure S21). Under these conditions, cells on the
softest gels (E = 0.84 kPa) exhibited limited spreading, whereas
those on the stiffest gels (E = 9.14 kPa) displayed extensive
cytoskeletal organization. This behavior aligns with established

mechanotransduction principles in which increased matrix
stiffness enhances cell spreading by providing greater resistance
to traction forces.39 In control gels lacking CGRGDS, no viable
adherent cells were observed, confirming that adhesion arises
from covalently incorporated peptide rather than nonspecific
adsorption (Figure S22).

To demonstrate modularity beyond adhesion peptides, N-
Cys-functional small molecules were also incorporated during
gelation under the same conditions used for 3D cell
encapsulation experiments. For example, addition of 4 mM
Coumarin-Cys to a 5% w/v X-PBET formulation yielded
highly fluorescent gels that retained fluorescence following
overnight soaking in buffer, whereas a cysteine-free Coumarin-
COOH control rapidly diffused from the network (Figure
S23). Quantification of retained Coumarin-Cys using
absorbance analysis of the soaking buffer indicated an apparent
incorporation efficiency of 69.5% for X-PBET/X-Cys gels
(Figure S24). This corresponded to approximately 0.93
incorporated Coumarin-Cys molecules per X-PBET molecule
under the examined conditions. Collectively, these findings
demonstrate that X-PBET ligation enables practical in situ
matrix functionalization, providing a modular route to engineer
cell-interactive hydrogel environments.

To further evaluate whether unreacted β-thiolactones
remain chemically addressable following network formation,
postgelation functionalization studies were performed using
hydrogels prepared under the same 1.5:1 X-PBET/X-Cys
conditions used for the 2D adhesion studies, except CGRGDS
was omitted during initial gelation. Following 24 h incubation,
the preformed gels were treated with 4 mM CGRGDS for 2 h
prior to cell seeding (Figure S26). HDFs seeded onto gels
without postgelation peptide treatment exhibited minimal
spreading, whereas extensive adhesion and cytoskeletal
organization were observed following delayed CGRGDS
addition. These findings demonstrate that residual β-
thiolactones remain sufficiently persistent and chemically
accessible after gel formation to support temporally delayed
biofunctionalization.

Together with the observed hydrolytic persistence of X-
PBET in PBS (Section 2.3) and the kinetically selective
recyclization behavior observed in the NMR chaser experi-
ments, these results further support the unique capacity of
strained β-thiolactone-mediated NCL to combine rapid
gelation with sustained postgelation chemical addressability
in biologically relevant environments.46

2.6. Rapid Interfacial Polymerization Enables Hydrogel
Microfiber Formation

Given the rapid gelation kinetics and serum compatibility of X-
PBET/X-Cys, we then investigated whether this chemistry
could support hydrogel microfiber fabrication through
interfacial cross-linking, a process that requires rapid reaction
kinetics to stabilize fibers during drawing. Hydrogel micro-
fibers provide a means to recreate fibrous ECM architectures
and introduce anisotropic structural cues that guide cell
alignment and migration.47−49 Rapid bioorthogonal ligations
such as tetrazine−trans-cyclooctene coupling have previously
enabled microfiber formation via interfacial polymerization;
however, these approaches often rely on synthetically
specialized reagents.48,50

We hypothesized that the strain-enabled kinetics of X-PBET
would similarly enable fiber formation under biologically
compatible conditions (Figure 5a). At elevated polymer
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concentrations (Section 2.2), where immediate gelation was
previously observed, X-PBET (15% w/v) was dissolved in
isopropanol containing CGRGDS (4 mM) and layered over
DMEM containing X-Cys (10% w/v). Continuous fibers were
readily drawn from the liquid−liquid interface and spooled
onto a sterilized glass rod, where they could be manipulated
into stable topologies prior to imaging (Figure 5b). Optical
microscopy revealed uniform structures approximately 50 μm
in diameter (Figure 5c).

To evaluate cytocompatibility and cell−material interac-
tions, the microfibers were incubated in complete media
containing HDFs and imaged at days 3, 5, and 7. After 3 days,
cells adhered to and proliferated along the fiber surface (Figure
S27). At 5 days, confocal fluorescence microscopy with

phalloidin and DAPI staining confirmed robust cytoskeletal
organization and proliferation (Figure 5d-f). Z-stack recon-
struction further verified direct cell−fiber interaction rather
than passive settling adjacent to the material (Supporting
Video 1). Higher-magnification regions of the images show
actin filaments preferentially aligning along structural features
of the microfiber or spanning corner junctions (Figure 5g-i). X-
PBET/X-Cys gelation enables rapid interfacial hydrogel
microfiber fabrication under conditions compatible with
mammalian cell culture, extending β-thiolactone-mediated
NCL beyond bulk gel formation to structured, anisotropic
scaffolds. Such architectures more closely resemble the fibrillar
organization of native extracellular matrices.

Figure 5. (a) Schematic illustrating interfacial gelation by layering an isopropanol (i-PrOH) solution containing X-PBET and 4 mM CGRGDS
over DMEM containing X-Cys, enabling manual drawing of continuous hydrogel microfibers. (b) Photograph demonstrating manual pulling of a
continuous microfiber from the liquid−liquid interface. (c) Fluorescence image highlighting microfiber topology (phenol red). Scale bar: 200 μm.
(d) HDF attachment along a microfiber after 5 days in culture (actin: phalloidin 488; nuclei: DAPI; merged with transmitted light). Scale bars: 200
μm. (e) DAPI channel of day 5 microfiber. (f) Phalloidin 488 channel of day 5 microfiber. Scale bar: 200 μm. (g) Higher-magnification image of
the dashed region in (d), showing alignment of the actin cytoskeleton with the fiber axis. Scale bar: 100 μm. (h, i) DAPI and phalloidin channels
corresponding to (d) at the original magnification. Scale bars: 200 μm.
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2.7. Dynamic Thioester Exchange Modulates Hydrogel
Mechanics and 3D Cell Spreading

While rapid gelation enables uniform cell encapsulation, long-
term viability in 3D culture is strongly influenced by hydrogel
mechanics and matrix viscoelasticity. In purely elastic PEG-
based networks, limited stress relaxation restricts cell spreading
and cytoskeletal organization, which can ultimately limit
viability over time.51−53 We therefore sought to determine
whether incorporation of dynamic thioester exchange through
partial substitution with X-Thiol could modulate hydrogel
mechanics and stress relaxation behavior while maintaining the

rapid gelation kinetics and long-term 3D cell compatibility of
the β-thiolactone platform.

HDFs were suspended in DMEM and mixed with precursor
solutions containing 5% w/v X-PBET/X-Cys and 4 mM
CGRGDS prior to in situ gelation. The rapid gelation
prevented sedimentation during encapsulation, resulting in
uniform cell distribution throughout the hydrogel (Figure 6a).
Live/dead staining indicated high viability for up to 14 days.
However, in these predominantly elastic networks, cell
spreading was modest, and viability gradually declined at
later time points, consistent with limited cell spreading and

Figure 6. (a) Representative confocal fluorescence images of HDFs encapsulated in X-PBET/X-Cys hydrogels at days 7 and 14 (actin, phalloidin
488; nuclei, DAPI). Scale bars: 200 μm. (b) Proposed exchange pathway between X-PBET and X-Thiol that enables dynamic thioester exchange
within the hydrogel network. (c) Stress relaxation behavior of X-PBET/X-Cys/X-Thiol/CGRGDS hydrogels with varying X-Cys:X-Thiol ratios,
demonstrating increasing relaxation with increasing X-Thiol content. (d) Frequency sweeps comparing X-PBET/X-Cys and X-PBET/X-Cys/X-
Thiol (7:3) hydrogels containing 4 mM CGRGDS. X-PBET/X-Cys/X-Thiol exhibits a decrease in G′ at low frequencies, consistent with
viscoelastic network behavior. (e) Representative fluorescence and three-dimensional confocal reconstructions of HDFs encapsulated in X-PBET/
X-Cys/X-Thiol hydrogels over 14 days (actin, phalloidin 488; nuclei, DAPI), showing enhanced cell spreading and cytoskeletal organization
relative to purely elastic X-PBET/X-Cys networks. Scale bars: 200 μm.
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matrix reorganization within the predominantly elastic network
(Figure S28).54−56

To introduce dynamic exchange, X-Cys was partially
replaced with X-Thiol (see Section 2.1), enabling reversible
transthioesterification within the network while maintaining
permanent amide cross-links formed by N-Cys ligation (Figure
6b). The effect of X-Thiol incorporation was evaluated in
formulations containing 4 mM CGRGDS, consistent with
those used for subsequent cell encapsulation studies.
Relaxation measurements of formulations containing 0%,
20%, 30%, and 40% X-Thiol revealed progressively greater
stress relaxation with increasing X-Thiol content (Figures 6c,
S12−S15). Frequency sweep measurements further confirmed
the introduction of viscoelastic behavior, with the 30% X-Thiol
formulation exhibiting increased frequency dependence
relative to the fully X-Cys cross-linked network (Figure 6d).
The 30% formulation was selected as a representative
viscoelastic condition for subsequent cell encapsulation studies
because it maintained comparatively rapid gelation (θt ∼ 1170
± 70 s) while exhibiting substantial stress relaxation (τ = 27 ±
1 s) and a reduced G′max (∼1100 ± 400 Pa).

The extent of stress relaxation was also influenced by
CGRGDS incorporation. The 30% X-Thiol formulation
exhibited substantial relaxation both with and without
CGRGDS, but greater relaxation was observed in the
peptide-containing network (Table S2, Figures S11, S15).
Peptide incorporation was quantified using Coumarin-Cys as a
model N-Cys ligand. The fully X-Cys cross-linked and 70:30
X-Cys/X-Thiol formulations exhibited apparent incorporation
efficiencies of 69.5% and 62.2%, respectively (Figures S24,
S25).

These incorporation measurements provide a basis for
considering how pendant peptide conjugation affects network
formation. CGRGDS is monofunctional with respect to
network formation, such that each incorporated peptide
consumes one PBET reactive group without forming an
elastically active network bridge. Assuming comparable
incorporation of CGRGDS and Coumarin-Cys, 62.2%
incorporation of the initial 4 mM CGRGDS concentration in
the 30% X-Thiol formulation corresponds to 2.49 mM
incorporated peptide. Because the formulation was prepared
with 1.5 equiv of PBET reactive groups relative to the polymer-
bound nucleophiles to accommodate peptide incorporation,
approximately 10% of the available X-PBET reactive sites are
estimated to be consumed by peptide conjugation rather than
network-forming cross-linking reactions. Together with the
corresponding increases in swelling ratio and calculated mesh
size (Table S3), the greater stress relaxation observed following
CGRGDS incorporation suggests that peptide conjugation
decreases the effective cross-link density and alters network
connectivity. Thus, the rheological behavior of these networks
is governed by both reversible transthioesterification and
changes in network structure arising from peptide incorpo-
ration.

HDFs encapsulated within the CGRGDS-containing X-
PBET/X-Cys/X-Thiol hydrogels exhibited pronounced cytos-
keletal organization, with evident actin branching by day 7 and
extensive cell spreading by day 14 (Figures 6e, S29, Supporting
Video 2). Enhanced spreading relative to fully elastic networks
is consistent with the combined effects of increased stress
relaxation, reduced matrix stiffness, and altered network
structure arising from partial X-Thiol incorporation.54−56

Importantly, long-term 3D growth was achieved without

supplementation with exogenous ECM proteins, and instead,
adhesion was mediated through direct incorporation of N-Cys
CGRGDS during gelation.

While many PEG-based systems rely on degradable peptide
cross-linkers to promote long-term cell spreading and matrix
interaction, the β-thiolactone platform provides an alternative
route to introduce stress relaxation behavior through dynamic
covalent exchange while simultaneously modulating matrix
stiffness, swelling behavior, and effective network density.57−60

These observations demonstrate that the X-PBET platform
enables modulation of hydrogel mechanics, swelling behavior,
and cell spreading through selective incorporation of dynamic
thiol exchange while preserving the rapid gelation kinetics
required for uniform cell encapsulation and biofabrication.

3. CONCLUSION
This work establishes penicillamine-derived β-thiolactones as a
strategically designed electrophile class for rapid hydrogel
formation through NCL under physiologically relevant
conditions. By coupling ring-strain activation with the
geminal-dimethyl effect, X-PBET integrates accelerated trans-
thioesterification with rapid recyclization of off-target inter-
mediates, introducing a built-in kinetic control mechanism.
This molecular design addresses several longstanding limi-
tations of classical NCL in biomaterial settings, including slow
gelation kinetics, generation of free-thiol byproducts, and
inhibition in chemically complex biological media. Relative to
linear alkyl thioesters and an unstrained γ-thiolactone
analogue, X-PBET exhibited substantially accelerated gelation
kinetics, robust network formation in serum-containing media,
and strong tolerance to millimolar concentrations of
competing thiols. Importantly, these advantages arise from
electrophile choice rather than formulation-dependent opti-
mization.

Beyond improving gelation kinetics and thiol tolerance, the
X-PBET platform enables versatile strategies for matrix
engineering. Rapid, catalyst-free ligation allows direct in situ
incorporation of N-Cys-terminated biomolecules during
gelation, supporting cell-adhesive hydrogel formation without
postprocessing or supplementation with exogenous ECM
proteins. The same chemistry also enables interfacial polymer-
ization to generate continuous hydrogel microfibers under
conditions compatible with mammalian cell culture. In 3D
culture, rapid gelation permits uniform cell encapsulation,
while partial substitution with thiol-only cross-linkers intro-
duces reversible transthioesterification that generates viscoe-
lastic stress relaxation alongside permanent amide cross-links.
These viscoelastic networks support enhanced cytoskeletal
organization, cell spreading, and long-term 3D culture relative
to fully elastic PEG matrices. More broadly, these findings
demonstrate how electrophile design can couple molecular
reaction pathways to emergent hydrogel mechanics, phys-
icochemical properties, and biological performance. Penicill-
amine-derived β-thiolactones therefore provide a mechanisti-
cally distinct and synthetically accessible platform for rapid,
thiol-tolerant, and mechanically tunable ECM-mimetic hydro-
gel systems with dynamic stress relaxation behavior and
versatile network chemistry.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c05244
J. Am. Chem. Soc. 2026, 148, 35411−35423

35421

D
ow

nloaded from
 pubs.​acs.​org/​jacsat/​article-pdf/​148/​33/​35411/​66506728/​jacs.​6c05244.​pdf by U

N
IV O

F N
EW

 H
AM

PSH
IR

E user on 03 Septem
ber 2026

https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c05244/suppl_file/ja6c05244_si_003.mp4
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c05244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.6c05244.

Materials and instrumentation, experimental procedures,
synthetic procedures, and characterization (PDF)
Z-stack reconstruction further verified direct cell−fiber
interaction rather than passive settling adjacent to the
material (MP4)
HDFs encapsulated within the CGRGDS-containing X-
PBET/X-Cys/X-Thiol hydrogels exhibited pronounced
cytoskeletal organization (MP4)

■ AUTHOR INFORMATION
Corresponding Author

Nathan J. Oldenhuis − Department of Chemistry, College of
Engineering and Physical Sciences, University of New
Hampshire, Durham, New Hampshire 03824, United States;
orcid.org/0009-0000-1555-5533;

Email: Nathan.oldenhuis@unh.edu

Authors
Matthew E. Currier − Department of Chemistry, College of
Engineering and Physical Sciences, University of New
Hampshire, Durham, New Hampshire 03824, United States

Tran M. Truong − Department of Chemistry, College of
Engineering and Physical Sciences, University of New
Hampshire, Durham, New Hampshire 03824, United States;
orcid.org/0000-0002-4060-9959

Dylan M. Sager − Department of Chemistry, College of
Engineering and Physical Sciences, University of New
Hampshire, Durham, New Hampshire 03824, United States

Kaelin E. Marshall − Department of Chemistry, College of
Engineering and Physical Sciences, University of New
Hampshire, Durham, New Hampshire 03824, United States

Linqing Li − Department of Chemical Engineering and
Bioengineering, University of New Hampshire, Durham, New
Hampshire 03824, United States; orcid.org/0000-0003-
3003-9902

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.6c05244

Author Contributions
#T.M.T., D.M.S., and K.E.M. contributed equally to this work.
Funding
N.J.O. would like to acknowledge the support from CIBBR
(NIH, P20GM113131), the NSF (DMR, 2340569), the NIH
(NIGMS, 1R35GM154998), and the Lyle Endowed Chair.
L.L. would like to acknowledge the support from CIBBR
(NIH, P20GM113131), the NIH (NIGMS, 1R35GM155450),
and the NSF (DMR, 2443187).
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Caliari, S. R.; Burdick, J. A. A Practical Guide to Hydrogels for

Cell Culture. Nat. Methods 2016, 13 (5), 405−414.
(2) Tibbitt, M. W.; Anseth, K. S. Hydrogels as Extracellular Matrix

Mimics for 3D Cell Culture. Biotechnol. Bioeng. 2009, 103 (4), 655−
663.

(3) Hoyle, C. E.; Bowman, C. N. Thiol−Ene Click Chemistry.
Angew. Chem., Int. Ed. 2010, 49 (9), 1540−1573.
(4) Kharkar, P. M.; Rehmann, M. S.; Skeens, K. M.; Maverakis, E.;

Kloxin, A. M. Thiol−Ene Click Hydrogels for Therapeutic Delivery.
ACS Biomater. Sci. Eng. 2016, 2 (2), 165−179.
(5) Sawicki, L. A.; Kloxin, A. M. Design of thiol−ene photoclick

hydrogels using facile techniques for cell culture applications.
Biomater. Sci. 2014, 2 (11), 1612−1626.
(6) Sletten, E. M.; Bertozzi, C. R. Bioorthogonal Chemistry: Fishing

for Selectivity in a Sea of Functionality. Angew. Chem., Int. Ed. 2009,
48 (38), 6974−6998.
(7) Yang, M.; Wang, S. Bioorthogonal Chemistry in Biomolecule

Quantification: A Review of Reactions and Strategies. Chem. - Eur. J.
2026, 32 (1), No. e02315.
(8) DeForest, C. A.; Kirkpatrick, B. E.; Anseth, K. S. Engineering

Native Biological Complexity from the inside−out and Outside−In.
Nat. Chem. Eng. 2024, 1 (1), 2−5.
(9) Gharios, R.; Francis, R. M.; DeForest, C. A. Chemical and

Biological Engineering Strategies to Make and Modify Next-
Generation Hydrogel Biomaterials. Matter 2023, 6 (12), 4195−4244.
(10) Ghosal, K.; Bhattacharyya, S. K.; Mishra, V.; Zuilhof, H. Click

Chemistry for Biofunctional Polymers: From Observing to Steering
Cell Behavior. Chem. Rev. 2024, 124 (23), 13216−13300.
(11) Schauenburg, D.; Weil, T. Not So Bioorthogonal Chemistry. J.
Am. Chem. Soc. 2025, 147 (10), 8049−8062.
(12) Turell, L.; Radi, R.; Alvarez, B. The Thiol Pool in Human

Plasma: The Central Contribution of Albumin to Redox Processes.
Free Radical Biol. Med. 2013, 65, 244−253.
(13) Shannon, D. A.; Weerapana, E. Covalent Protein Modification:

The Current Landscape of Residue-Specific Electrophiles. Curr. Opin.
Chem. Biol. 2015, 24, 18−26.
(14) Scinto, S. L.; Bilodeau, D. A.; Hincapie, R.; Lee, W.; Nguyen, S.

S.; Xu, M.; Am Ende, C. W.; Finn, M. G.; Lang, K.; Lin, Q.; Pezacki, J.
P.; Prescher, J. A.; Robillard, M. S.; Fox, J. M. Bioorthogonal
Chemistry. Nat. Rev. Methods Primers 2021, 1 (1), 30.
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