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Mechanophoric hydrogels undergo visible color changes or alterations in optical properties in response
to mechanical stimuli. Achieving mechanophoric features in hydrogel materials involves careful control of
the polymer microstructure, as well as the incorporation of mechanoresponsive molecular entities known
as mechanophores. Upon mechanical activation, mechanophores undergo reversible or irreversible mole-
cular rearrangements, leading to a visual response. This review serves as a practical reference for selecting
and designing mechanophores, and classifies their mode of action. By consolidating key information on
molecular and materials design criteria, it focuses specifically on mechanophoric responses within hydro-
gel networks and provides insight into pioneering contributions, as well as some of the most recent
advances and literature examples. The multidisciplinary nature of this rapidly growing research field
requires expertise in organic synthesis, physical polymer chemistry and photophysics, making this review a
valuable resource for researchers interested in the fundamental developments or applications of mechan-
ophoric hydrogel materials.
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Introduction

Hydrogels are three-dimensional networks of hydrophilic poly-
mers that can absorb and retain large amounts of water, typi-
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them resemble biological tissues, and they are used in various
applications, including biomedical, pharmaceutical, and
environmental fields." Hydrogels are formed through either
covalent bonds, supramolecular interactions or a mixture of
both depending on the nature of the forces between the poly-
meric chains and the intended applications. While covalent
hydrogels possess higher stability and better mechanical pro-
perties, they also show limited adaptability and response to
external stimuli.>* Supramolecular hydrogels are build based
on the “self-assembly” of the molecular units.>® In contrast to
covalent hydrogels, supramolecular hydrogels are known to be
more dynamic due to the reversible interactions of the poly-
meric network, which led to increased external stimuli respon-
siveness, and adaptable behavior.” Due to this characteristic,
their scope of applications is directly related to the engineer-
ing of those individual units®® and their mode of
crosslinking."’

Mechanophoric hydrogels are designed to be sensitive to
mechanical stress, i.e. compression, tension, shear, bending or
torsion.”! The usefulness of the response can be attributed to
specific mechanisms within the hydrogel network, like a
visible color change, alteration in its optical or catalytic pro-
perties, and release of cargo molecules as a response to the
mechanical stimuli. Mechanophoric hydrogels have a broad
scope of applications in wearable electronics, biomedical
devices, sensors, robotics, or controlled release of therapeutic
agents making them a promising field of research.'?
Mechanophoric hydrogels can be either covalent or supramole-
cular hydrogel types, depending on the applications. They are
obtained through careful control of the microstructure, i.e. by
the arrangement of the polymer chains with specific structural
features (mechanophoric structural-colored materials) or by
the incorporation of inorganic or organic mechanoresponsive
molecular entities called mechanophores.'®'* The activation
of mechanophores leads to changes in their molecular struc-
ture, electronic configuration, or chemical properties.”™"” The
ability to undergo a mechanical response makes them valuable
tools in the field of materials science, providing a way to visu-
alize and quantify mechanical pressure, stress or damage not
only at the macroscopic, but also at the microscopic level.®

Although the development of hydrogels with mechanopho-
ric properties is still challenging due to the hydrophobicity
mismatch between most mechanophores and the hydrophilic
network, it occurs in a multidisciplinary context, requiring
expertise from organic and polymer synthesis, combined with
photophysical and macromolecular chemistry. The consider-
able amount of information available is often challenging for
newcomers to the topic, and the demand for the compilation
of strategies combining such aspects is critical for successful
designing of new materials. This review aims to serve as a prac-
tical reference for incorporation of organic mechanophores
into the synthesis of hydrogels specifically, and we refer to
more extensive reviews for mechanophores in polymer net-
works wherever appropriate.””'*! It achieves this by consoli-
dating information on molecules, materials, and method-
ologies that have been explored and utilized in this context.
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The scope of the review specifically focuses on the utilization
of organic molecular mechanoresponsive units within covalent
and supramolecular hydrogels. The examples discussed are
limited to these classes of soft materials containing mechano-
phores and where the mechano-response was studied systema-
tically. Mechanochromism within other polymeric materials
was only indicated as a guide to the state of the art of specific
mechanophores. Mechanophores based on metal exchange
and inorganic nanomaterials as well as photonic hydrogels,
i.e. hydrogels with periodically ordered structures were not
included and have been recently reviewed elsewhere,'**%21:22

The present review is structured following the classical
grouping of mechanophores depending on the nature of their
activation.>® Before the introduction of the different types of
mechanophores, a brief section with conceptual design fea-
tures will be presented. The second part of the review focusses
on type I mechanophores, i.e. materials where the rupture of
covalent bonds occurs, including reversible and bond scission
materials. The third part will be dedicated to type II mechano-
phores, materials that do not require bond scission to feature
a color change or fluorescence emission. The final section will
conclude the review by presenting an outlook and future
perspectives.

Response types for mechanophores

Mechanophoric probes or mechanophores are molecular units
specially designed to respond with visual color changes to
mechanical forces like compression, tension, bending, torsion
or shearing forces. As a response to these forces, the material
exhibits a visual color change that is often related to altera-
tions at the molecular or supramolecular level. At the mole-
cular level, mechanophores can respond to mechanical stress
through the cleavage of bonds, conformational changes, shifts
in the fluorescence emission, metal complexation or formation
of radicals.”*'”** Within a hydrogel network, mechanophores
can act as molecular reporters for damage, chain mobility,
swelling ratios, structural integrity or environmental changes.
Beyond the more general classification of type I and II for
mechanophores mentioned above, mechanophores can also
be categorized according to their response into mechanochro-
mic, mechanoluminescent or mechanofluorescent probes
(Fig. 1).

Mechanochromic mechanophores are molecules which
show changes in the absorption spectrum upon mechanical
activation, i.e. an intense color change is observed. In general,
the changes are caused by expansion or compression of conju-
gation systems which can also be reflected in molar absorptiv-
ity coefficients. Most type I mechanophores show a mechano-
chromic type response and spiropyran is the most studied
mechanophore of this class.”> In contrast, mechanochemical
activation of chemiluminescent mechanophores are com-
pounds that emit light upon covalent bond scission, i.e. when
light is emitted due to an irreversible chemical reaction in a
process known as chemiluminescence.”® An important para-
meter for these mechanophores is the threshold force required
for activation. It represents the force necessary to activate one

This journal is © the Partner Organisations 2025
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Fig. 1 Schematic classification of mechanophores and summary of main characteristics of each group.

single molecular mechanophore. Experimentally, this can be
measured using optical tweezers or single-molecule force spec-
troscopy (SMFC).>”>° The threshold forced can also be pre-
dicted theoretically with theoretical calculations like
Constrained Geometry simulating External Force methods.>%*"

Mechanofluorescent/-phosphorescent probes are specific
types of mechanophores designed to exhibit a change in their
photoluminescence properties in response to mechanical
forces. Note, that these are processes where light emission
occurs as a relaxation process upon photon absorption from
an external light excitation source, which is fundamentally
different from chemiluminescence. The terms mechanolumi-
nescent and mechanofluorescent are sometimes used synony-
mously in the literature; however, for didactic purposes, we
distinguish between the two to emphasize to the reader that
the origins of their light emissions are fundamentally
different.

Mechanofluorescent probes are often incorporated into
materials or molecules to serve as sensors for detecting
mechanical stress or damage with much faster response com-
pared to traditional mechanophores.”® The change in fluo-
rescence can be visually observed and quantified, providing a
convenient and non-destructive means of monitoring mechan-
ical forces at the molecular level.*> One of the advantages of
using fluorescent mechanophores relies on the possibility to
monitor stress and mechanical constraints with high spatio-
temporal resolution and high sensitivity. Molecularly, the fluo-
rescence changes can originate from the disruption of conju-
gated systems, heterolytic or concerted cleavage/formation of
chemical bonds that can either release fluorophores or that

This journal is © the Partner Organisations 2025

will directly result in changes of the electronic structure of the
fluorophore.**

Fluorescence changes can arise from a series of different
mechanisms like the formation of exciplexes, ie. heterodi-
meric complexes in the excited state,>* or based on the restric-
tion of large amplitude molecular motions. In this case, the
mechanophores exhibit enhanced fluorescence upon
reduction of internal motions in an opposite behavior to
typical fluorophores that tend to quench the fluorescence
emission when the n-systems are tightly packed.>®> More
complex mechanisms of fluorescence like the Forster
Resonance Energy Transfer (FRET) or more recently the
Excited State Intramolecular Proton Transfer (ESIPT) are also
encountered. The FRET process involves the transfer of energy
between an excited state donor to a nearby ground state accep-
tor. To efficiently occur, the FRET pair needs to be located
around 10 to 100 A in proximity to each other.>® In contrast,
the ESIPT process involves the transfer of a proton from one
part of a molecule to another within the excited state, leading
to changes in molecular structure and optical properties.’”
The ESIPT mechanism induces a strong structural reorganiz-
ation of the electronic structure of the material, leading to a
fluorescence emission largely red-shifted compared to the
absorption. This way, ESIPT fluorophores emission is not
impaired by self-absorption and inner filter effects, resulting
in good photostability over time.*® Although most of ESIPT-
related research focuses mainly on pure organic materials,
some examples of ESIPT and supramolecular chemistry are
emerging.>® Throughout the next sections several examples
exploring the diverse types of mechanophores will be dis-
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cussed and thereby the key aspects of each mechanophore,
like activation mode, photoluminescence mechanism and
structural design will be highlighted.

Type I: covalent mechanophores

Covalent mechanophores or type I are a large group of
mechano-responsive materials in which the response arises
from the reversible or non-reversible scission of covalent
bonds. These types of sacrificial bonds largely determine the
applications of the mechanophores. Reversible mechano-
phores where the covalent bonds are restored upon light
irradiation or heat can be found in self-healing materials*’
and in smart systems like write-and-erase or encryption
systems.*"** Although nonreversible mechanophores are pre-
ferred for some specific monitoring,' the loss of activity after
the activation might also result in changes of the material
properties.

Reversible bond scission

Spiropyran and spirooxazine derivatives. Spiropyran (SP) and
spirooxazine compounds are known for their mechanochromic
properties, were one of the first class of organic materials to be
explored as mechanophores.**** The SP is one of the most
explored mechanophores encountered in the literature due to
its ability to undergo a force-induced, 6-t electrocyclic ring-
opening reaction that is accompanied by an intense color

White light
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change.”® The resulting merocyanine (MC) has a strong
absorption around 580 nm and a weak fluorescence emission
around 650 nm." Besides the poor fluorescence, one of the
key aspects of the SP popularity as a mechanophore is related
to the reversibility of the system under visible light. Moreover,
when incorporated into polymeric matrices, the SP changes
from light yellow/transparent to a dark purple color in a direct
a visual response to mechanical force.*®*” SP was successfully
employed as a mechanophore to a wide variety of materials
like elastomers,””*° glassy materials,*>**>" thermoplastics
like polyurethane,® amphiphilic block copolymers of poly(tert-
butyl acrylate-b-N-isopropylacrylamide),”® composites of poly
(ethyl acrylate) elastomers reinforced with fractal silica nano-
particles,* and coating for metallic surfaces like aluminum.>®

SP was also largely explored the preparation of soft
materials like hydrogels, either as a “in chain” component®®®’
or, more recently, as a crosslinker. Following this second
approach, Zheng and coworkers developed a multi-stimuli-
responsive hydrogel based on hydrophobic poly(methyl acry-
late) (PMA) and hydrophilic polyacrylamide (PAAm).”® The
hydrogel was designed to respond to photo-, thermo- and
mechanostimuli. The double functionalized SP moiety was
placed in the crosslinks through micellar copolymerization
due to the low water solubility of the SP molecules (Fig. 2).
Under mechanical stress, i.e. by applying tensile strain, the
hydrogel changed from yellow to purple due to the conversion
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Fig. 2 Synthetic procedure for mechanoresponsive poly(AM-co-MA/SP) hydrogels via micellar copolymerization of acrylamide (AM), methyl acry-
late (MA) and a spiropyran dimethacrylate crosslinker. The hydrogel exhibits color change from yellow to purple upon force, UV light, and heat
stimuli and color reversion from purple to yellow upon white light. Both color change and reversion are triggered by a reversible structural trans-
formation between spiropyran (SP, yellow) and merocyanine (MC, purple) states. Reproduced with permission.>® Copyright 2017, John Wiley and

Sons 2017.
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of the SP into the MC. The SP-crosslinked hydrogels could
reversibly alternate between force-induced network damage
state (MC state) and light-induced network recovery state (SP
state). Moreover, the final material containing from 0.09 to
0.36 mol% of SP in relation to MA polymer, showed appreci-
able mechanical properties with tensile strength of 1.45 MPa,
tensile strain of approximately 600%, and fracture energy
around 7300 J m~2. The high strength and toughness of the
SP-crosslinked hydrogels was mainly attributed to the covalent
bond breakage of SP mechanophore via SP to MC conversion.

In a similar approach, Qiao and coworkers reported on a
multi component network organogel elastomer consisting of
double (DN) and triple polymeric network (TN) layers contain-
ing a SP moiety cross-linked in the first network to investigate
their mechanochromic performance.’® For the preparation of
the first network, the SP was trifunctionalized with methyl-
acrylate groups and polymerized with butyl acrylate (BA). The
second network of acrylate polymer was obtained through
photopolymerization of the monomers swelled into the first
network. The first network was pre-stretched during the
second polymerization, to facilitate the orientation of the SP
mechanophores. The triple network was introduced following
the same swelling-curing procedure. To characterize the color
change during the mechanical tests, the red-green-blue color
intensity analysis was used. The tensile strength of the DN
material was 7.57 MPa, while the first network alone showed a
tensile strength of 0.24 MPa. For the TN hydrogel, the tensile
strength was not measured due to necking phenomenon, i.e.
when the tensile strain is not dispersed uniformly through the
sample, generating heterogenous areas.

With relation to the mechanochromic properties of the
samples, the authors observed that the effect of the concen-
tration of the SP on the onset strain of the DN hydrogel was
negligible. As expected, under a given deformation, the color
intensity increased with the SP concentration. The cyclic
tension tests indicated a notable hysteresis loop during the
initial loading, and the intensity of the blue color gradually
decreased with an increase in the number of cycles. A compari-
son between the conversion of SP to MC induced by stretching
and UV irradiation revealed a significant enhancement in
mechanical activation compared to simple-structure polymers
containing mechano-active SP. While the DN hydrogel showed
a color reversibility even after rupture, the same did not
happen to the TN hydrogel, suggesting a rupture of the first
network.”®

As mentioned before, one of the challenges related to the
incorporation of SP mechanophores is the low hydrophilicity
of the SP moiety. In order to increase the compatibility
between SP and water, Jeong and coworkers recently reported
on the preparation of chameleon like hydrogels employing SP
functionalized with acrylate terminated polyethylene glycol
(PEG) chains.®® This SP containing crosslinker was copolymer-
ized with sodium acrylate. The resulting material containing
10 wt% of crosslinks transitioned from the SP form to the MC
form in response to internal stress during the swelling
process, enabling monitoring through UV-Vis spectroscopy.

This journal is © the Partner Organisations 2025
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The increase of the absorption peak at A,,s = 549 nm corres-
ponding to the open MC form, indicated the ring opening of
the SP due to swelling of the material.

The SP is considered by many as an efficient mechano-
phore, whereby the reversibility is conditioned to the exposure
of the MC to white light. In the context of mechanophoric
hydrogels, the reversibility is a unique feature of the SP
mechanophore which can be determining for its applications,
like precise control of hydrogel shrinking and swelling and the
possibility to reset the system back to its original state.®
Depending on the polymeric matrix, the exposure times can be
up to 6 hours.”> Moreover, the formation of aggregates of SP,
although slow, can also impact the kinetics of the SP/MC inter-
conversions.®" Despite the SP popularity as a mechanophore, a
range of compounds with faster reversibility to the initial state
was explored as will be discussed in the following sections.

Xanthene derivatives. Xanthenes are oxygen containing het-
erocycles and their intense color and biocompatibility provide
a large scope of applications.®” The most studied representa-
tives of this class of materials are fluorescein and rhoda-
mine.®® Rhodamine derivatives can undergo an electrocyclic
ring-opening upon application of mechanical force or
photoexcitation.**> The off-on mechanofluorescent behavior
arises from a ring-closed spirolactam structure to a planarized
ring-opened zwitterionic form. Moreover, compared to SP
derivatives, the fluorescence emission efficiency of rhodamine
is much more pronounced,®® which makes them useful
mechanophores to monitor the impact of forces or motion in
real time.®®®” Despite their bright fluorescence, most rhoda-
mine derivatives show great dependence of the emission wave-
length on the environment, which means that the same
mechanophore might show fluorescence emission shifts
depending on the matrix. In addition to the mechanochro-
mism, rhodamine derivatives are also known to respond to pH
changes, and are used for the preparation of multi-responsive
systems.®*%®

Based on the advantages of xanthene compounds, Yang
and coworkers reported on the development of a double
network (DN) hydrogel containing a rhodamine derivative.®’
DN hydrogels, like the name suggest, are hydrogels composed
by two intercalating polymeric networks, which, in general,
yields a material with improved mechanical properties when
compared with micellar hydrogels.”” The rhodamine derivative
HPR (Fig. 3a) was combined with poly(2-acrylamido-2-methyl-
1-propanesulfonic acid) (PAMPS) to form the first hydrogel
network. The second hydrogel network was composed of
PAAm which was formed under UV irradiation in the swelled
PAMPS. The resulting material is transparent, however, when
stretched a pinkish color appears. The mechanochromic effect
is much more pronounced under UV light (A = 365 nm)
since the fluorescence changes from blue (4ey, = 426 nm) to
orange (Aem = 566 nm). The system was reported to revert to
the initial state 2 hours after being relaxed. When submitted
to uniaxial tensile stress, the DN showed a fluorescence emis-
sion at Aemy = 574 nm. The redshift compared to the emission
on the tensile tests was attributed to a higher planar confor-
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Fig. 3 Xanthenes derivates and their respective closed and open forms. (a) HPR derivative, (b) semirhodamine coumarin (Rh—Co) and (c) aminoben-

zopyranoxanthene (ABPX).

mation of the mechanophore. To investigate the effect of the
pH on the mechanochromic response, the authors prepared
hydrogels with different pH values. The variation of pH
showed negligible effects on the mechanical properties of the
hydrogel, but at lower pH the fluorescence emission at 566 nm
in the pristine material becomes more intense. This variation
implies that a shift between the ring close and the ring open
forms of the HPR mechanophore takes place. In addition, at
lower pH the authors also observed that the fluorescence emis-
sion increased faster upon uniaxial stretching.®’

Another example of HPR incorporation as a mechanophore
into hydrogels was recently described by Wang and co-
workers.”" Inspired by the cephalopods ability to change their
skin colors and patterns, the author produced DN hydrogels
with arbitrary shapes by using direct ink writing as printing
method. The printing ink was composed of the microgels pre-
viously prepared containing the mechanophores and swelled
with polymerizable monomer, like AM, solution. UV
irradiation while printing yielded materials with different
shapes, like stars or shells. The printed hydrogel showed a
tensile strength of 0.56 MPa and the HPR mechanophores
were activated after compression. The samples showed simul-
taneously = mechanochromic and  mechanofluorescent
responses, a red color and increase of fluorescence emission at
Aem = 566 nm, respectively. By varying the structure of the
mechanophore in the ink, samples showing different colors
upon mechanical stress were also prepared (Fig. 4).

Still based on DN hydrogels, Zhang and coworkers
employed a rhodamine derivative to prepare a suitable
material based on poly(N-isopropylacrylmide) (PNIPAAm)
hydrogels for application as multifunctional smart windows.”
Smart windows are designed to reversibly regulate the amount
of light passage in response to external stimuli or a combi-
nation of responses like transmittance regulation ability, freez-
ing-/compression-induced mechanochromic and mechano-
fluorescent properties. These hydrogels are known to have a
lower critical solution temperature near room temperature and

3112 | Org. Chem. Front, 2025, 12, 3107-3128
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Fig. 4 Natural and UV-light photographs of the star shaped hydrogel
before and after compression. Scale bars: 1 cm. Reproduced with per-
mission.”* Copyright 2023, American Chemical Society.

can reversibly allow light passage or light reflection, which are
suitable characteristics for designing transparent materials
like windows. The rhodamine derivative was placed as a cross-
linker in the first polymeric network containing NIPAAm and
2-acrylamido-2-methylpropanesulfonic acid sodium (NaAMPS).
The second polymeric network was immersed in an aqueous
solution containing NIPAAm and Irgacure 2959 as photo-
initiator. The second polymerization under UV light was
carried into a glass mold. The incorporation of rodhamine was
confirmed by infrared and UV. The hydrogels containing the
highest amount of NaAMPS showed the best mechanical pro-
perties and higher transparency. The hydrogels showed revers-

This journal is © the Partner Organisations 2025
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ible color change from transparent to pink when frozen to
—25 °C and heated up to 25 °C. Upon increasing compression,
the hydrogels concomitantly showed color change from trans-
parent to pink and redshift of the fluorescence emission from
Aem = 460 nm to A, = 575 nm. Although the material showed
good reversibility after heating/cooling, the reversibility after
compression was conditioned to the preservation of the first
network containing rhodamine.””

Although most examples discussed so far are related to DN
or TN hydrogels, micellar hydrogels displaying mechanochro-
mic properties containing rhodamine derivatives are also
found in the literature. Chen and coworkers developed a micel-
lar hydrogel using a semirhodamine and coumarin (Rh-Co)
hybrid (Fig. 3b) in order to explore both mechanochromic and
mechanofluorescence response.”? The ring open form of the
Rh-Co shows simultaneously high molar extinction coefficient
(9.43 x 10* L mol™ e¢cm™") and intense near infra-red (NIR)
emission (dem = 722 nm) with high quantum yield in dichloro-
methane (&r = 73.45%). The mechanochromic behavior was
initially evaluated with sonication experiments. For these, the
Rh-Co was incorporated in the center of PMA chains using
single-electron transfer living radical polymerization resulting
in a PMA-Rh-Co-PMA polymer. As a control, a single end func-
tional PMA-Rh-Co polymer was also prepared. As the solution
changed from slight yellow to green during the sonication, the
fluorescence at Ay, = 722 nm gradually increased, revealing the
mechanochromic response.

To obtain the micellar hydrogels, the Rh-Co, methyl acry-
late (MA) and an initiator were dispersed into an emulsion
with Tween 80 and acrylamide was added. After polymeriz-
ation, the resulting composite was swelled and the mechano-
chromic properties of the hydrogels were evaluated through
mechanical tests including tensile strain, compression and
friction. As the strain increased, the chromaticity coordinates
of the hydrogel film followed almost a linear pathway from the
yellow region to the green one. At the same time, a new NIR
emission band around A, = 700 nm gradually increased. The
initial yellow state was recovered after approximately 6 hours of
the strain release. The compression tests showed similar be-
havior to the stretched sample. The fluorescence responded
accordingly, although the emission was around Ze,, = 728 nm,
probably due to a more planar conformation of the ring open
Rh-Co. A plot of the change in the red channel against the
compression stress showed a sigmoidal shape. Similar results
were obtained from the friction tests.”®

Although the vast majority of the mechanophores are
designed to generate one mechanochemical product, which
means one color response, some examples displaying more
responsive modes in the same mechanophore are beginning to
be designed.”*”> Even if the polymeric system employed was
not a hydrogel, it is worth mentioning two examples. First, Ma
and coworkers reported on the development of a dual-color
mechanophore based on a double-spiro-ring structure
(Fig. 3¢).”® The aminobenzopyranoxanthene (ABPX) was func-
tionalized to afford a bifunctional initiator in order to co-
valently link the mechanophore to a PMA network. As a
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control, a one-sided ABPX initiator was also prepared. The
mechanochromism of the resulting systems was evaluated
with sonication experiments, which showed a dependence
with the molecular weight of the PMA for the same ultrasonic
conditions. The system with an average molecular weight of
245 kDa changed from transparent to yellow and finally to
reddish color after 30 min of sonication. For lower molecular
weights systems, the mechanochromic response was not sig-
nificant.”® Second, Chen and coworkers concomitantly
employed the same strategy to build four ABPX dyes with
different configurations (trans-ABPX; cis-ABPX; iso-trans-ABPX;
iso-cis-ABPX).”” The isomeric mechanophores were employed
to evaluate the geometry-controlled ring opening reactivity
using sonication, SMFS and CoGEF calculations. The materials
displayed greatly varied mechanochromic and mechanofluor-
escence behavior, which was attributed mainly to the different
force-coupled geometry changes alongside the polarity
enhancement. The results from these two studies indicated
the significance of exerting control over both the geometric
and polarity aspects, emphasizing the role of thermodynamic
equilibrium in mechano-responsive polymers.

Other reversible type I mechanophores. Similarly to the spir-
opyran and xanthenes derivatives which promote chromic
response through a ring opening mechanism, another class of
compounds known as donor-acceptor Stenhouse adducts
(DASA) has recently gained attention.”® Firstly, reported by
Read de Alaniz and coworkers, this class of compounds was
initially developed as photo-switches that changed from a con-
jugated, colored, and hydrophobic structure to a ring-closed,
colorless, and zwitterionic form upon irradiation with visible
light (Fig. 5a).”>%" The mechanism of the photo-switch was
elucidated by Feringa and coworkers, which found it proceeds
by photoinduced Z-E isomerization, followed by a thermal,
conrotatory 4x-electrocyclization.®' Opposite to the spiropyran
and to the xanthene compounds, the open structure of the
DASA is neutral, while the cyclic form is zwitterionic.
Moreover, the color strength and photo-switching behavior of
DASA derivatives are strongly affected by the characteristics of
the secondary amine as well to the electron-withdrawing accep-
tor group of the activated furan precursor.®>

DASA compounds were used in several applications, like
targeted drug release, photothermal actuators and as photo-
switches in polymeric materials.”®®* Although the applications
in hydrogels are still limited a few important concepts can
already be highlighted. Recently, Overholts et al. published the
first example of DASA derivatives as mechanophores embed in
a PMA network.®® Since the properties of the DASA compounds
are highly controlled by the amino substitution, the authors
used one single DASA precursor as a mechanophore which
could be differentiated after its activation, in order to produce
a wide range of functionally diverse DASA (Fig. 5b). After the
mechanochemical activation of the DASA precursor, different
amines were added, which upon reaction with the activated
DASA precursor resulted in distinct colored products (Fig. 5¢).

The mechanochemical activation of the DASA precursors
was firstly confirmed in DCM/HFIP solution. For this, PMA
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Fig. 5 DASA examples. (a) general structure of the DASA adduct, (b) activation of the DASA adduct by mechanical force and (c) distinctly colored

products obtained after contact with different secondary amines.

functionalized with DASA adducts was prepared by polymeriz-
ation of MA with a chain centered DASA precursor bearing two
a-bromoisobutyryl ester groups. As a control, a PMA contain-
ing a DASA precursor at the end of the chain was also pre-
pared. After sonication, a new absorption peak appeared at
Aabs = 378 nm, indicating the formation of the furan activated
product. The addition of different secondary amines resulted
in new absorption peaks and the solution changed from slight
yellow to pink (Aem = 525 nm), purple (Aey, = 570 nm) or blue
(Aem = 609 nm), depending on the nature of the amine. As
expected, the control showed no color change after sonication
and subsequent addition of the amines.®

To demonstrate the mechanophore activation and subsequent
formation of the DASA in bulk, the DASA precursor functiona-
lized with two or one terminal vinyl groups was covalently linked
to polydimethylsiloxane (PDMS) chains. The resulting colorless
films were subjected to tensile force and no color change was
observed. However, after immersion of the mechanically activated
films in a solution containing the secondary amine, the blue
color was visible. The system was reverted to the initial state by
irradiation with white light. The authors also successfully applied
the films for multicolor soft lithography.®*

The main advantages of the DASA building blocks as
mechanophore units are related to the possibility of fine
tuning their optical properties via the amino substitution.
Depending on the acceptor group, the absorption of the open
DASA isomer is tunable between 450-750 nm. Moreover, the
DASA photoswitches can be activated with visible or near infra-
red light, which enhances their compatibility in biological
applications. Despite their many advantages, the main chal-
lenges related to the use of DASA units as mechanophores is
related to their incorporation into the polymeric chains. DASA
precursors typically show limited stability in the presence of
radicals and strong nucleophiles. Moreover, depending on the
synthesis conditions, different ratios of the open and closed
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isomer can be produced, requiring careful control of the
polymerization conditions.”®

Non-reversible mechanophore motifs

Mechanophores using homolytic bond scission. In contrast
to spiropyran and xanthene derivatives that produce a chromic
response upon mechanical stress, some mechanophores can
produce chemiluminescent responses due to homolytic bond
scission. Homolytic cleavage of covalent bonds can be useful
to determine the effect of microscopic events on the macro-
scopic properties. The main advantage of these systems is that
the radicals formed by the homolytic scission of the covalent
bonds can be detected by electron paramagnetic resonance
spectroscopy (EPR), which can give a quantitative evaluation of
the activation of the mechanophores.®* The main disadvantage
of this group of mechanophores is related to the irreversibility
of the response, i.e. the mechanophore can be activated only
once. Two well-known mechanophores that undergo homolytic
bond scission are the bis(adamantyl)-1,2-dioxetane (bis-Ad)
and difluorenylsuccinonitrile (DFSN).

The bis(adamantyl)-1,2-dioxetane mechanophore under-
goes an irreversible homolytic bond scission with production
of luminescence (A, = 420 nm).>® The luminescence results
from the rupture of the four-membered ring and subsequent
relaxation through radiative emission of the excited adamanta-
none to the ground state. Bis-Ad was successfully employed as
a mechanophore to a series of polymeric materials like elasto-
mers,®” composites®® and more recently into hydrogels.®®

Chen and coworkers produced a micellar hydrogel contain-
ing the bis-Ad as crosslinker agent. Since one of the biggest
challenges related to the application of bis-Ad as a mechano-
phore in hydrogels is related to the weak luminescence of the
adamantanone in aqueous media, the authors used TWEEN
80 micelles loaded with bis-Ad to overcome this issue. In order
to characterize the bond scission in real time, a fluorescent
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dye was also physically incorporated to the micelles previously
to the polymerization. After polymerization under UV light,
the resulting material MA-bis-Ad-AM formed a transparent
film which was subsequently swelled for different times. The
confirmation of the mechanophore activation in the hydrogels
was done using a rheometer equipped with a high-speed
camera. All the three different dyes employed with absorption
around A,,s = 420 nm acted as FRET pairs, showing fluo-
rescence emission at different regions like red (Aep = 614 nm),
green (e, = 502 nm), and blue (4ey, = 430 nm). The same be-
havior was also observed during stretching experiments. In
addition, the damage distribution and bond-breakage
mapping of the deformed hydrogel and the notched sample
was described with high spatial-temporal resolution.®®

Unlike the bis-Ad the homolytic cleavage of the C-C bond
in DFSN results in a relatively stable pink cyanofluorenyl
radical.®*®” In addition to the mechanochromic response, the
DFSN was also reported to improve the mechanical properties
when used as a crosslinker.®® However, to the date of prepa-
ration of this review, no examples were found in the literature
of DFSN applications in hydrogels.

Release of chromophores or small molecules. Another
common strategy to produce mechano-responsive materials is
the introduction of mechanophores which can release a small
molecule as a response to the mechanical stress.®*°° Such
systems are often based on colorless Diels-Alder adducts,
which can unmask an active photoluminescent molecule
which remains attached to one end of the polymeric chains.
Diels-Alder adducts containing anthracene are among the
examples found in the literature, due to its high fluorescence
efficiency.”” Following this strategy, Gostl, Sijbesma and co-
workers developed hydrogel networks of PNIPAAm with Diels-
Alder adducts of m-extended anthracenes as mechanofluoro-
phore crosslinkers.”” The mechanophore consisted of an
anthracene coupled with phenyl-ethynyl group linked to the
polymeric chain and maleimide as a dienophile linked to
another polymeric chain (Fig. 6). In general, n-extended

OO
Z OE iO
Fig. 6 Force-induced elimination of n-extended anthracenes through

retro Diels—Alder reaction.
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anthracenes show high photostability and elevated quantum
yield (&r = 72%) producing a good signal to noise ratio due to
its turn-on characteristics. The activation of the mechano-
phores was monitored by confocal laser scanning microscopy
(CLSM). The released anthracene molecules upon force appli-
cation showed a characteristic fluorescence with two peaks at
Aem = 440 nm and Aen, = 460 nm. The mechanical properties of
the PNIPAAm hydrogel were highly dependent on the degree of
swelling (ds) and showed a direct relationship with the fluo-
rescence emission. The high sensitivity of the system allowed
the monitoring of low levels of mechanical forces. For low dj
(10 to 22%), no fluorescence emission was observed. For inter-
mediate ds (28%) the fluorescence emission propagated
through the cracks of the material. When the gels were
hydrated with excess of water, the fluorescence intensity would
maximize as a result of extensive bond scission within the
brittle and fragile materials. The authors suggested that
H-bonds significantly contributed to stress-distribution in the
PNIPAAm hydrogel and could assist to scatter covalent bond
scission throughout the material.”*

Employing the same mechanophoric system, the group of
Gostl and coworkers reported on a series of microgels and
their associated physicochemical transformations under shear
force.”*°® The poly(N-vinylcaprolactam) (PVCL) microgels (d ~
400 nm) were cross-linked with a force-responsive mechano-
fluorophore, based on the Diels-Alder adduct of a 9-
n-extended anthracene and maleimide. The authors employed
fluorescence spectroscopy and CLSM to analyze the extent of
covalent bond scission within the microgels after different
times of sonication (0-120 min). An increase of the fluo-
rescence was observed with progressing sonication time, indi-
cating that the shear force reached the dense mechanophore
rich core. Moreover, upon shearing, the microgel size
decreased rapidly and the number of cleaved covalent bonds
in the network increased.” In a similar approach, the group
investigated the effects of supramolecular bonds between the
network and (+)-catechin (+C) hydrate on the microgels. As the
content of +C increased, resistance against shear force exerted
by ultrasonication also increased, becoming comparable to the
resistance of covalent microgels. The presence or absence of
mechanical energy dissipation through the sacrificial +C
bonds was visualized by the absence or presence of a fluo-
rescence signal from the mechanophore. While the +C
H-bonds were cleaved easily and dissipated the mechanical
energy, they protected the covalent bonds of the colloidal
network as sacrificial bonds. In this sense, the microgels con-
taining +C showed no significant fluorescence at Aen, =
430 nm, indicating the efficiency of +C in dissipating the soni-
cation energy, while microgels without +C showed intense
fluorescence emission at A.,, = 430 nm after 10 seconds of
sonication.’*

Robb and coworkers reported a strategy using a mechani-
cally triggered cascade reaction to release a cargo molecule.”®
The release a hydroxycoumarin over time could be monitored
via fluorescence (4em = 380 nm). To achieve this, a furan-male-
imide Diels-Alder adduct was included at the center of PMA
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polymeric chains. The mechanoactivation with ultrasound
pulses (1 s on/2 s off, 0 °C, 20 kHz, 8.2 W cm™?) induced a
retro Diels-Alder reaction, revealing a metastable furfuryl car-
bonate that quickly decomposed in polar protic media (3:1
MeCN:MeOH) to release carbon dioxide and the
hydroxycoumarin.

The mechanoactivation for the release of small molecules
was also successfully reported by Herrmann, Gostl and co-
workers using ultrasound to activate drugs from inactive
macromolecules or nano-assemblies through the controlled
scission of mechanochemically labile covalent bonds.”
Herrmann and Gostl also expanded the applications of sono-
chemistry for the release of bigger cargo molecules like DNA-
and RNA-based oligonucleotides.’® More recently, the authors
reviewed the applications of mechanochemistry for biomacro-
molecular systems and genetics.’ Lately, the authors reported
on the ultrasound sonication of network core-structured star
polymers (NCSPs) containing disulfide bridges as mechano-
phores.’® The NCSPs of poly(ethylene glycol) methyl ether
methacrylate (PEGMEMA) with a molecular weight of
~109 kDa were submitted to sonication. The efficiency of the
system was initially quantified by ‘turn on’ sensor molecules
leveraging the Michael addition of the mechanochemically
generated thiol groups and subsequent retro Diels-Alder reac-
tion to release a fluorophore, in a similar approach as
described above in the work of Robb and coworkers.’® By com-
paring linear polymer functionalized with the disulfide
mechanophore and NCSPs, the latter enabled faster mechano-
phore scission and were responsive to lower sonication powers
compared to linear chains. The result highlights the impor-
tance of polymer architecture in the mechanoactivation. In
addition, as a proof-of-concept the authors prepared a fury-
lated derivative of Doxorubicin (Dox), as anticancer agent. The
release of furylated Dox after mechanoactivation was con-
firmed with in vitro experiments. The ICs, of the sonicated and
defurylated Dox-loaded NCSPs was significantly lower com-
pared to the control samples and similar to pristine Dox.
These systems highlight the potential of mechanophore strat-
egies in biomedical applications and represent significant
milestones in the research field of mechanochemistry and
more specific to sonopharmacology, which was also recently
reviewed. o1

Type II mechanophores: supramolecular mechanophores

So far, we have discussed examples of mechanophores that
require reversible/non-reversible covalent bond rupture to
show a response. In this section, we collected some examples
of mechanophores that do not require such sacrificial bonds.
This second class of mechanophores encompasses a wide
range of molecules that can undergo conformational changes,
form/disassemble aggregates or respond to changes of inter-
molecular interactions and secondary structures. Those supra-
molecular interactions are important for the detection of low
mechanical stress and strain. In general, these kinds of
mechanophores show good reversibility and high sensitivity.
In the following sections, some examples of supramolecular
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mechanophores which can form supramolecular assembly of
n-systems, FRET and NRET pairs, and ESIPT are discussed.

Supramolecular assembly of w-systems. Pyrene is a well-
known fluorophore due to its ability to form excimers. Since
the excimer emission strongly depends on the distance
between the two molecules involved in the emissive pair, it
can be employed as a distance-based probe to monitor stress
and strain in polymeric materials.**'%® Rasch and Gostl
reported a series of pyrene-based macrocrosslinkers (PyMCs)
with supramolecular mechanoluminescence.'® The PyMCs
were incorporated into hydrogels of star-shaped poly(ethylene
glycol). In order to establish the best relationship between
fluorescence signal and solubility, the pyrene concentrations
varied from 1 to 40 mol%, and the PyMCj;, with 32% of pyrene
load showed the best balance between the two parameters.
The mechanofluorescent behavior of the final hydrogels were
tested through compression experiments, which presented
good reversibility after several cycles of uniaxial compression
(Fig. 7). The emission spectra were collected by exciting the
samples at Aexe = 340 nm and the rate of excimer emission
band at 4., = 480 nm and the third vibronic monomer emis-
sion band at Aey, = 396 nm (Ig/Iy3) was directly correlated with
the concentration of pyrene. The results showed a clear
reduction of the Iy/Iy; rate during compression ranging from
20 to 50%. The authors related the changes in the Ig/ly; to the
uncoiling and gliding of the PyMC during the hydrogel com-
pression, therefore intra-and intermolecular pyrene aggregates
are broken, resulting in an increase of the pyrene monomer
emission.'*

Following a similar strategy, Sagara and coworkers prepared
a cyclophane based mechanophore where the aromatic portion
consisted of a pyrene derivative core.'®® The cyclophane
mechanophore was expected to show excimer emission in the
pristine state and monomeric emission under mechanical
stress. In fact, the photophysical characterization of the
material showed a single emission band at ., = 530 nm
which is characteristic of the excimer emission of 1,6-bis(phe-
nylethynyl)pyrene. The fluorescence spectra of the monomeric
species display clear vibronic structures with peaks at Ay, =
449 and A, = 469 nm. The hydrogels of AM, ethyl acrylate
(EA), and N,N-methylenebisacrylamide with the cyclophane
mechanophore as crosslinkers showed dependence of the
excimer/monomer emission rate with the content of water.
When the ratio of water increases from 10% to 50% the fluo-
rescence spectra showed a blue-shift and the samples become
opaque, as an indicative of a phase separation phenomenon in
the hydrogel. During the mechanical tests the excimer emis-
sion gradually decreased, but was restored after release, con-
firming that the distances between the pyrene derivative cores
increased during strain.

Another excimer forming dye is the perylene diimide (PDI).
Depending on the chemical substituents, PDI can emit fluo-
rescence in a wide range of wavelengths making them attrac-
tive platforms for the design new supramolecular mechano-
phores.'® Recently, Draper and coworkers prepared a series of
ten water soluble PDI derivatives containing amino acids.""’”
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The authors investigated the PDI derivatives monomers and
aggregates in water and the formation of hydrogels. Despite
the amino acid substituent, the fluorescence emission was
around Ae,, = 550 nm. Although the goal of the study was not
related to the mechano-response of the PDI derivates, the
authors found a clear relationship between the quantum yield
and aggregation/monomer emissions. These observations
directly point to the PDI derivatives as promising supramolecu-
lar mechanophores in hydrogels.

Some mechanophores are designed with molecular struc-
tures that prevent efficient non-radiative decay pathways when
in the aggregated state, i.e. when in close interaction with
other mechanophores in the surrounding. In the dispersed (or
in solution) state, these molecules may have limited fluo-
rescence, but in more viscous environments or due to supra-
molecular interactions, the non-radiative decay pathways like
intramolecular motions and twisted intramolecular charge
transfer (TICT), for example, are restricted, playing a construc-
tive effect on the emission process and therefore leading to
enhanced fluorescence.’>'*®'% From the supramolecular per-
spective, the enhancement of fluorescence can be achieved by
supramolecular polymerizations of individual weakly fluo-
rescent monomeric units."'® In practice, the same principles
of molecular motion restriction and TICT are applied.

Tetraphenylethene (TPE) derivatives are commonly used as
mechanophores where the combination of phenomena like
molecular rigidification and TICT play an important role in
the aggregate state.”® A TPE-based mechanophore may have a
molecular structure that allows intramolecular rotation in the
dispersed state, generally leading to weak fluorescence in solu-
tion. Upon aggregation, it becomes more planar and the intra-
molecular motions are restricted, leading to increased fluo-
rescence intensities. Although TPE was extensively explored as
a mechanophore in diverse polymeric systems,>® its mechano-
fluorescent behavior remains quite unexplored within hydro-
gels. Recently, two studies have employed TPE derivatives to
monitor the aggregation of polymeric chains in hydrogels. The

This journal is © the Partner Organisations 2025

molecular motions were induced either by cationic surfac-
tants'™" or by variations on the pH and temperature.'** In
both studies the TPE derivatives acted as crosslinkers and were
covalently linked to the polymeric matrix during the polymer-
ization step. The fluorescence intensity of the TPE derivatives
increased as the mechanophores showed increased proximity,
i.e. where the polymeric chains showed small amplitude of
molecular motions or shrinkage of the hydrogel network.

In contrast to type I mechanophores that need to be co-
valently link to the polymeric matrix, type II mechanophores
do not require this covalent attachment and can be incorpor-
ated in polymeric matrix via physical interactions to form com-
posites. As an example of this strategy, Saengdet and Ogawa
developed a bionanocomposite hydrogel based on gelatin and
a cyanine dye, 1,1-diethyl-2,2"-cyanine (PIC), which was
adsorbed in smectite (a layered clay mineral).'™® The tensile
strength of the bionanocomposite hydrogel was 0.18 MPa,
with reversible mechano-response through the fluorescence
emission from red to blue. The PIC aggregates showed a fluo-
rescence emission around Aen,, = 570 nm. When the samples
were stretched, this fluorescence signal decreased and a peak
at Aem = 520 nm increased, suggesting that the aggregates were
broken into the monomeric species. More recently, the same
authors reported the mechanofluorescent response of the
same bionanocomposite hydrogel to different swelling
ratios.'** To investigate the effect of swelling ratio, the authors
employed hydrogel beads which possess higher interfacial
area per unit compared to hydrogels with anisotropic shape.
The swelling in water and deswelling in ethanol triggered the
mechanofluorescence behavior between monomers and
J-aggregate of the cyanine dyes due to solvent-induced polymer
chains untangling (Fig. 8a). In addition, the hydrogel beads
showed mechanofluorescent response upon uniaxial stretching,
and the phenomena was explained by the formation and disrup-
tion of PIC J-aggregates on the smectite surface (Fig. 8b).

Although in the literature a wide variety of supramolecular
n-systems and materials were developed, their applications as
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supramolecular mechanophores into hydrogels remain sparse.
Several examples of mechanophores able to monitor the rigid-
ity of the environment and polymer chain flexibility like the
push-pull papillons,’*®> norborn-2-en-7-one derivatives,"*®
naphthalimide derivatives,"'” among others,"'® has already
been studied along other polymeric systems than hydrogels.
Besides the limited examples, mechanophores based on mole-
cular motion restrictions have the advantages of reversibility
and intense fluorescence emission, with moderate to high
quantum yields, which facilitates the use of high precision
techniques. Moreover, the photoluminescence spectrum can
cover a broad spectral range, going from blue emitters, like the
pyrene based mechanophores, to near infrared regime using
perylene diimide derivatives. However, one of the main chal-
lenges to bring together this group of mechanophores and
hydrogels, is still related to their low solubility in aqueous
media due to their highly hydrophobic structures.
Supramolecular assembly of FRET and NRET probes. In
general, mechanophores are employed simultaneously as a

3118 | Org. Chem. Front, 2025, 12, 3107-3128

force sensor and a signaling molecule. With FRET, it is poss-
ible to separate both aspects. The high dependence of the
FRET process to the distance between the dye pairs is useful to
monitor quantitatively the chromic response caused by
mechanical stimuli. At the same time, the dyes individually
can serve as optical labels. In this context, Walther and co-
workers used FRET as tunable DNA tension probes.''***° The
FRET pair was composed of the commercially available Attoses
and Atto,gs dyes, and Iowa Black RQ as a quencher. The FRET
probes were attached covalently to weak DNA duplexes able to
form sacrificial bond patterns (Fig. 9). In the pristine state, the
FRET process between the donor and the quencher. Upon
stretching the DNA duplex unfolds and the FRET pair is separ-
ated, allowing the emission of fluorescence. The DNA hydrogel
films showed an intense fluorescence emission at Aey =
629 nm upon mechanical stress. The quantitative strain moni-
toring revealed that the fluorescence increase is mainly con-
trolled by the topology of the hydrogel network than the
mechanophore structure. This way, the great advantages of
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such material are related modularity, spatiotemporal resolu-
tion, programmable sensitivity and DNA encoding.""*’
Although most of the known FRET pairs are composed of
organic dyes, fluorescent proteins (FP) can also actively partici-
pate in the FRET process.*® The ability of FP fold and unfold
under mechanical stress can be useful to monitor, for
example, cell-generated mechanical forces in living systems.
Vogel and coworkers developed a hybrid hydrogel where the
proteins were covalently linked to the polymeric network
through click-reactions."”*
tionalized with

Dimeric fibronectin (Fn) was func-
donors (Alexa,gs) and acceptor
(Alexas,e) fluorophores, in order that sufficient conformational
changes could be read out by FRET. After the functionali-
zation, the Fn was covalently attached to the polymeric chain
of PNIPAAm through strain-promoted azide-alkyne -cyclo-
addition (SPAAC) reaction. The four arm star-shaped polyethyl-
egycol functionalized with dibenzocyclooctyne was used as a
crosslinker. The conformation dependent FRET was primarily
confirmed by protein denaturation where the secondary struc-
ture of the protein is lost, therefore generating the FRET
signal. The final material was gently stretched over a PDMS
surface, and the fluorescence was monitored by confocal
microscopy. At a stretching strain around 90% the hydrogel
fluorescence emission changed from green to blue, confirming
the activation of protein chains.

Another exciting class of supramolecular compounds able
to show mechano activation using FRET as probe are rotax-

several

This journal is © the Partner Organisations 2025

anes. Rotaxanes are molecular interlaced structures where the
relative position of the modules can be reversible controlled by
an external stimulus.'*” Recently, Sagara and coworkers devel-
oped a rotaxane-based supramolecular mechanophore with
reversible on/off FRET emission.'® The rotaxane was com-
posed by a cyclic molecule equipped with a green light emit-
ting fluorophore which is connected through a short spacer to
a red acceptor BODIPY fluorophore (Fig. 10). Due to its good
photophysical properties, the donor was 9,10-bis(phenylethy-
nyl)anthracene (An) and the quenching pair was 1,4,5,8-
naphthalenetetracarboxylic diimide (NplI). The red fluorophore
was a BODIPY derivative (4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene) which also possessed high emission efficiency. The
rotaxane mechanophore was covalently incorporated in a poly-
urethane-urea (PUU) matrix to form the hydrogel. In contrast
with common polyurethanes, the presence of carboxyl groups
on the main chain of the PUU polymer improves the hydrophi-
licity of the material. In the pristine state, the green emitter is
positioned in close proximity to the quencher. This spatial
arrangement hinders green emission and inhibits FRET from
the green emitter to the red emitter due to charge transfer
interactions or photo-induced electron transfer between the
two moieties. Following the deformation of the PUU hydrogels,
the intensity of the red fluorescence (e, = 660 nm) rises due
to the force-induced separation of the emitter from the
quencher, in a turn on of FRET. Upon subsequent removal of
the force, the fluorescence intensity gradually decreases,
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Fig. 10 (a) Schematic illustration of FRET control by forces on the rotaxane-based supramolecular mechanophore in stretchable hydrogels. In the

force-free state (left), the green emission is quenched because of CT complex formation or PeT. On the right, during stretching the distance
between the 9,10-bis(phenylethynyl)anthracene (green) and the 1,4,5,8-naphthalenetetracarboxylic diimide increases (blue), resulting in energy
transfer from the anthracene to the red-emitting BODIPY dye. (b) Molecular structures of cyclic compound rotaxane-based supramolecular
mechanophore. Reproduced with permission.'?*> Copyright 2023, American Chemical Society.

showing the reversibility of the system. As showed by Sagara
and coworkers, rotaxanes as supramolecular mechanophores
are powerful tools, since by modification of the acceptor,
the emission color can be tuned, and a wide range of colors
can be achieved. Moreover, the development of redshifted
emitting mechanophores is highly desirable for biological
applications."*?

Similarly to FRET, NRET is a distance dependent non-
radiative process. It is employed as potent spectroscopic nano-
metric ruler to measure the distance between a NRET fluoro-
phore pair. With the use of a (9-phenanthryl)methyl methacry-
late (Ph), and (9-anthryl)methacrylate (An) as a NRET pair,
Saunders and coworkers developed a nanogel probe for the
quantitative fluorescence sensing of pH and strain in hydrogel
matrices.'®* The nanogel particles containing Ph and An were
prepared by emulsion polymerization and showed pH
response. The fluorescence emission of the Ph donor band (Ip)
at lem = 366 nm increased, whereas the intensity of the An
acceptor band (I) at Aep = 414 nm decreased when the pH
increased from 4.5 to 9.0. By incorporating the nanogel par-

3120 | Org. Chem. Front,, 2025, 12, 3107-3128

ticles in a host hydrogel, the ratio In/I, was also employed to
monitor the swelling rate. The decrease of the An emission
was a direct result of the separation between the donor and
acceptor pair during the swelling indicating the chain move-
ment inside the hydrogel.

By changing the NRET pair, the same group reported the
development of a nanogel probe which could sense a series of
environmental stimuli affecting the swelling of the hydro-
gel.'”® The (9-anthryl)methacrylate and BODIPY FL amine
NRET pair showed reversible and quantitative response to pH,
temperature, presence of divalent cations, gel degradation and
tensile strain. A third study aiming biological applications was
also reported."””® Due to the high complexity of the local
environment in living cells, the author chooses a NRET pair
able to emit fluorescence at NIR. To prepare the microgels the
commercially available sulfo-cyanine fluorophores Cy5 (donor)
and Cy5.5 (acceptor) were employed. Compared to the pre-
viously reported systems, the new probes showed few major
advantages: they enable ratiometric fluorescence intensity
detection of particle swelling over much higher volume ratios

This journal is © the Partner Organisations 2025
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(from 1-90). The excitation and the emission occur at NIR
which represent an important feature for applications in living
systems where the background absorption is high. In addition,
the fluorescence emission maxima provided a second microgel
size-dependent parameter to monitor changes in microgel
swelling.

As highlighted in the beginning of the section, the main
advantages of employing FRET pairs as mechanophores are
the combination of photoluminescent detection of the individ-
ual components as well as the force probe, the high spatiotem-
poral resolution of the response and tuning of the emission
color.

ESIPT mechanophores. As previously discussed in section
Response types for mechanophores (vide supra), ESIPT is one
type of fluorescence emission mechanism where a proton is
transferred in the excited state from a proton donor (in general
an OH or an NH, group) to proton acceptor (an =N- or
—-C=0). The two species are usually referred as enol (E) and
keto (K) forms and have distinct photophysical properties. The
proton transfer between the E and K is dependent on a series
of factors, like the polarity of the environment, the presence of
substituents and the close proximity and orientation between
the acceptor and donor groups. The control over the distinct
emission of the E and K species is well understood in solution
and solid state.?” Several examples of hydrogels exploring the
fluorescence properties of ESIPT molecules can also be found
in the literature.'*”*3' However, when it comes to mechano-
cromism, only a few studies are available in the literature,
suggesting that this control is much more difficult to achieve
in swollen polymeric matrices. In fact, only two studies were
published by Ma, Sijbesma and coworkers proposing the
control of the dihedral angle between the donor and acceptor,
so the ESIPT compounds could act as mechanophores.>**** In
both cases, although it was possible to detect variations
between the ratios of E and K emission, these changes were
not intense enough to produce an intense variation in the
emission color with the naked eye. The pre-existence of inter-
molecular hydrogen bonds with the polymeric matrix strongly
supported the E emission instead of the K emission in the
pristine state."*?

In order to overcome such issues, another study employing
an ESIPT-rhodamine mechanophore was recently published by
the same group.”®® The ESIPT-rhodamine derivative was
designed to show a multicolor mechano-response in addition
to mechanochromic behavior. The samples showed no acti-
vation of the rhodamine spiro-lactam and the mechanofluores-
cence response was solely related to the conformational
changes on the ESIPT unit.

Also founded on ESIPT, but using a slightly different strat-
egy, Weder and coworkers reported on a mechanofluorophore
based on an aliphatic ester of 2-(2-hydroxyphenyl)benzoxa-
zole."** In the mechanofluorophore proposed by the authors,
the hydroxyl group able to perform ESIPT is masked with an
ester group, which was then polymerized into PMA chains as a
crosslinker. Upon sonication, the functionalized polymer that
presented a blue fluorescence emission, showed not only a sig-
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nificant decrease in the molecular weight, but also pro-
nounced changes in the fluorescence emission. The fluo-
rescence emission at A, = 500 nm showed a mirroring behav-
ior of the molecular weight decrease as a function of the soni-
cation time, indicating the activation of the mechanofluoro-
phore by breaking the ester bond masking the hydroxyl group
and restoring the 2-(2-hydroxyphenyl)benzoxazole motif.
Although the ratiometric signal produce is advantageous, the
system is irreversible, since the ester bond cannot be restored
after the force is removed.

From the examples above, it is clear that ESIPT materials
still need further development to be successfully employed as
mechanophores. Although systems showing ratiometric acti-
vation of ESIPT mechanophores were already described, the
main challenges are related to intermolecular interactions
between the matrix and the ESIPT molecules and the E/K emis-
sion ratio, as well as to the achievement of a more intense fluo-
rescence color variation. This leaves room for synthetic che-
mists and polymer scientists to investigate new structures and
polymeric materials in which the ratio between E and K tauto-
mers can be controlled, or systems were the hydroxyl group
can be reversibly masked and unmasked.

Perspectives

Although most of the examples presented in this revision are
related to mechanophores embedded in covalent hydrogels
networks, we further highlight two examples based on supra-
molecular hydrogels. First, Li and Du reported on the use of
SP as a crosslinker in a host-guest system with cucurbit[8]uril
(CB[8]).** For the preparation of the hydrogel, the authors
employed two SP derivatives containing a polymerizable meth-
acrylate group (Fig. 11). After attaching the SP derivates to the
acrylamide (AM) and 2-hydroxyethyl methacrylate (HEMA)
copolymer, 0.5 equivalents of CB[8] were added and the system
went through a fast sol-gel transition indicating the complexa-
tion. The formed supramolecular hydrogel was found to
recover to a fluidic solution upon irradiation with blue light,
indicating that the uncharged and ring closed SP species left
the CB[8] complexation decrosslinking the system. For the
rheological properties the authors prepared samples with solid
contents of 10 wt% to 30 wt% and in all cases observed fast
relaxation. The network relaxation time consistently decreased
across hydrogels with variable solid contents upon irradiation
with e, = 450 nm. The hydrogels with 30 wt% exhibited an
elongation of 790% and 910% before breaking upon
irradiation with blue and UV light, resulting in a toughness of
43.805 k] m™ and 70.867 k] m™3, respectively. In addition to
the mechanical properties the authors also evaluated the
shape remolding and self-healing properties of the supramole-
cular hydrogels. The photoswitching properties were also
explored for color-changeable patterning and information
storage applications, preparation of photoresponsive inks and
light-assisted fabrication of conductive supramolecular hydro-
gel fibers. These properties would indeed be relevant for
future applications and evaluation in mechanoresponsive
hydrogels. In addition, we highlight one example aiming for
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applications of mechanochemical release of encapsulated
small molecules. The group of Schmidt in collaboration with
Gostl reported on a supramolecular coordination cage Pdf
(TPT), for the release of its nanoconfined guests."*> To build
the modular cage, the authors employed the 4-bromomethyl-
4’-methyl-2,2"-bipyridine which was further functionalized with
poly(ethylene glycol) methyl ether (PEG, M, = 10 kDa) and
complexed to Pd"™. The walls of the cage were build using four
equivalents of 2,4,6-tris(4-pyridyl)-1,3,5-triazine (TPT) and the
loading of the system was performed with progesterone or ibu-
profen, by adding excess drug to an aqueous solution of the
cage. The release of the cargo was induced by sonication and
monitored by "H NMR. The major advantage of the strategy
presented by Schmidt, Gostl and coworkers is related to the
universality of the supramolecular encapsulation system. This
system is the first reported example of a supramolecular
coordination cage able to form star-shaped, water-soluble
polymer structure which responds to ultrasonication-induced
shear forces in solution, enabling the use of its hydrophobic
cavity for drug release.

Conclusions

Mechanophoric hydrogels represent an exciting area of
research, and ongoing efforts are focused on developing new
materials with enhanced performance and tailored responses
for specific applications. However, many challenges still need
to be overcome like the durability, biocompatibility and the
sensitivity of the materials. In addition, it is worth mentioning
that the incorporation of mechanophores that have a predomi-
nantly hydrophobic nature into the hydrophilic network of

3122 | Org. Chem. Front, 2025, 12, 3107-3128

hydrogels remains a big challenge. Even if the desired network
structure is successfully achieved, the network’s rupture force
is reduced because the mechanophore introduces a weaker
bond that breaks before the other covalent bonds in the
3% Ensuring the durability and repeatability of the
mechanophoric response is essential for practical applications.
In the case of biomedical applications, ensuring biocompat-
ibility is crucial to avoid adverse effects and only a few studies
are addressing this issue during the preparation of the
material. Only few examples propose practical applica-
72119120137 pyrther progress on shaping and printing the
hydrogels is still necessary in order to overcome this gap and
the development of printable inks is appealing.**”*

Regarding the combination of hydrogels and mechano-
phores, some generalizations can be made so far. First, type I
mechanophores, i.e. bond scission mechanophores are more
often employed in hydrogels with higher mechanical pro-
perties, like DN hydrogels.®® In contrast, type II mechano-
phores are often combined with hydrogels that do not require
improved mechanical properties, but require higher sensitivity
to stress and/or strain. This is also reflected in the appli-
cations. While mechanchromic and mechanoluminescent
mechanophores are more often employed to monitor the
propagation of the external mechanical forces effects in the
polymeric matrix, supramolecular fluorescent mechanophores
are employed to monitor molecular movements with pre-
cision."*® Second, the mode of introduction of the mechano-
phore into the polymeric matrix is crucial. In most of the cases
discussed throughout this review, mechanophores functiona-
lized either with methylacrylate or bromoisobutyrate are poly-
merized together with the monomers to yield either the linear
backbone chain or a crosslinked material. In general, mechan-

network.

tions.
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ophores positioned at the crosslinks tend to show more
intense color changes. Solvent exchange methods and micellar
polymerizations are often used as a strategy to overcome the
compatibility barriers between hydrophobic mechanophores
and hydrophilic polymeric networks.>”””> And third, still most
of the examples encountered in the literature refer to covalent
hydrogels. To date, very few studies have pointed out mechano-
chromism in supramolecular hydrogels.

So far, most of the examples encountered in the literature
rely on rhodamine derivatives as mechanophores. Not only the
chromic and emissive response of rhodamine is well known,
but also its biocompatibility and hydrophilicity are detrimental
for applications in highly polar media like hydrogels.
Designing new mechanophores with specific chromic and/or
emissive responses can be a complex task, requiring a deep
understanding of both photochemical and mechanical prin-
ciples. The use of multi-activation systems and rotaxanes, for
example, can inspire chemists to develop new structural
motives.”®"”* Changes in the fluorescence emission upon
mechanical activation are the most frequent type of response.
In some cases these changes are not intense or easy to detect
without rigorous analytical procedures.>®> Moreover, achieving
precise control over the activation of mechanophores is essen-
tial for their successful application.''® Supramolecular
mechanophores which are able to perform FRET-type emission
are among the most successful mechanophores due to the
modular response, spatiotemporal resolution and sensitivity.
It is worth noting that the specific choice of a mechanophore
or the development of a full new mechanoresponsive molecule
highly depends on the magnitude of the forces to be moni-
tored and on the polymeric context that it is inserted.

Mechanochromic hydrogels are a blooming area of research
which require a multidisciplinary approach, involving expertise
in organic and physical polymer chemistry, materials science,
and photophysics. Throughout this review we pointed to some
key aspects beyond the types of mechanophores, their mode of
action, the architecture of mechanochromic hydrogels, strat-
egies of incorporation of the mechanophores and some useful
characterizations that might guide new researchers into this
topic. While the design of mechanochromic hydrogels pre-
sents challenges, it also offers opportunities for creating versa-
tile materials with tailored luminescent properties and
applications.
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