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1. Introduction

The growing demand on technologies in our daily lives
requires evermore complex, innovative, and long-lasting
materials. Therefore, scientists are taking inspiration from
biological systems, which often possess the unique ability to
sense, report and, if required, self-heal damages immediately,
often relying on visual indication systems. Prominent exam-
ples are the bioluminescence of marine phytoplankton, falling
leaves next to a color change from green to brown of plants in
the absence of water, the red color of bleeding wounds, or the
color change during the healing process of bruises. Indeed, the
successful transfer of such properties to human-made materi-
als has been reported and a plethora of bioinspired, stimuli-
responsive smart materials has emerged.[1–8] These materials
possess the ability to change their properties triggered by one
or multiple stimuli,[9] for example, mechanical forces, temper-
ature, pH, light, ultrasound, magnetic fields, or chemicals.
Judiciously combining stimuli-responsive elements with suit-
able polymeric structures, fascinating smart materials have
been developed, one important representative class being the
self-healing materials.[10–16] Similar to biological organisms,
such materials are able to repair damaged areas. The
mechanisms of self-healing processes are thereby highly
dependent on the initial design strategy. On the one hand,
the mechanism can be autonomic, meaning the damage itself
triggers the healing process by releasing healing agents
embedded in for example, microcapsules, hollow (glass)
fibers, or vascular systems at the damaged area. On the
other hand, non-autonomic systems require an external
trigger such as thermal, light, or chemical activation to
induce for example (reversible) crosslinking or polymeri-
zation reactions to heal the damage.[17–22] Unfortunately, most
of the self-healing processes are irreversible. Once the healing
agent is released or the polymerization is carried out, it
cannot be used again to heal further damage. Therefore, it is
of critical importance to first report the existence and the

exact location of the damage before
the actual healing process can take
place. Thus, a fast detection of the
damage is enabled and the healing
process can be carefully monitored.
Taking renewed inspiration from bio-
logical systems, the scope of stimuli-
responsive materials has been

expanded with the development of diverse self-reporting
smart materials. Due to the advantages of such self-reporting
properties for load-bearing materials, nanotechnology, bio-
medicine, or theranostics, we submit there is a critical need to
review the self-reporting systems that have been developed
based on the stimuli triggering the operating mechanisms
(such as mechanical forces, temperature, pH, solvation, light,
and chemicals).

Self-reporting smart materials are highly relevant in modern soft
matter materials science, as they allow for the autonomous detection of
changes in synthetic polymers, materials, and composites. Despite
critical advantages of such materials, for example, prolonged lifetime
or prevention of disastrous material failures, they have gained much
less attention than self-healing materials. However, as diagnosis is
critical for any therapy, it is of the utmost importance to report the
existence of system changes and their exact location to prevent them
from spreading. Thus, we herein critically review the chemistry of self-
reporting soft matter materials systems and highlight how current
challenges and limitations may be overcome by successfully trans-
ferring self-reporting research concepts from the laboratory to the real
world. Especially in the space of diagnostic self-reporting systems, the
recent SARS-CoV-2 (COVID-19) pandemic indicates an urgent need
for such concepts that may be able to detect the presence of viruses or
bacteria on and within materials in a self-reporting fashion.
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More specifically, the current Review focuses mainly on
polymer-based smart materials that are able to indicate
changes or damages immediately in a visible manner by
changing color, fluorescence, or chemiluminescence. Further-
more, current challenges and limitations are highlighted along
possibilities how they may be overcome by successfully
transferring self-reporting research concepts from the labo-
ratory to the real world. Finally, the (undervalued) potential
of self-reporting materials as biomedical diagnostic tools will
be discussed with regard to the latest SARS-CoV-2 pandemic.

2. Stimuli-Responsive Self-Reporting Polymeric
Materials

Noting that the plethora of stimuli-responsive triggers is
very broad, we herein critically focus on specifically selected
representatives, which are summarized in Scheme 1. To aid
the reader, we initially start with the most common self-
reporting materials, that is, those featuring mechano-respon-
sive properties. Subsequently, thermo-, pH-, solvation-, light-,
chemically, and multi-stimuli-responsive systems will be
discussed. Throughout, current issues as well as (future)
possibilities are explored.

2.1. Mechano-Responsive Materials

As indicated above, mechano-responsive self-reporting
materials (also known as self-sensing or self-monitoring)[23]

are considered the most prevailing ones based on the
multitude of studies and possible applications (e.g. load

bearing, high performance, aerospace, automobiles, biotech-
nology).[23–28] Mechanical forces apply to all different types of
such materials, thus it is of critical importance to detect
damages as early as possible to prevent catastrophic failures.
In addition, preventive maintenance can be conducted more
precisely (on demand) to increase the reliability and the
lifetime of the materials at lower costs. Indeed, various
techniques have been developed to report mechano-induced
damage in a self-reporting manner. Generally, as illustrated in
Scheme 1, the techniques are based on the incorporation of
dye-filled capsules,[24, 29–34] mechanophores,[35, 36] fibers,[23, 37,38]

or sensor molecules[39–41] into composites, polymer matrices,
or networks/hydrogels in order to mimic the nerve systems
and tissues of biological organisms. Upon mechanical
damage, the self-reporting output is triggered and made
visible by changes in fluorescence, luminescence, or color.

For example, spiropyrans (SPs) have been incorporated
into polymeric materials as the most investigated mechano-
phore to report microscale damages via distinct changes in
color and fluorescence.[23,35, 37, 42–45] Mechanical forces lead to
bond cleavage of the colorless SP, resulting in the isomer-
ization into the fluorescent red colored merocyanine (MC,
Scheme 1). For example, Silberstein and co-workers synthe-
sized a high-performance SP polycarbonate, which responds
to mechanical forces already at ambient temperature.[42] In
another example, a SP-containing graft copolymer of rubbery
poly(butyl acrylate) (PBA) as the backbone and glassy
poly(methyl methacrylate) (PMMA) as comb side chains
was synthesized, as illustrated in Figure 1A.[43] The obtained
polymer with SP (orange dots) as covalently incorporated
connection between the PBA (blue lines) and the PMMA
(red lines) exhibits green fluorescence (lem = 530 nm) due to
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the fluorophore nitrobenzoxydiazole (NBD, green triangles)
located in the PMMA side chains. Upon mechanical stimulus,
the SP is converted into the MC derivative (red dots). Due to
Fçrster resonance energy transfer (FRET), the green fluo-
rescence of the NBD is quenched and the red fluorescence
(lem = 656 nm) of the MC is observed. With increasing strain,
the intensity of the green fluorescence decreases, while the
intensity of the red fluorescence increases, until the material
breaks down (Figure 1B,C). The benefits of such a combina-

tion in one polymer are the high contrast between green and
red fluorescence, the ability to monitor the change via laser
scanning confocal microscopy, as well as the self-calibration of
the ratiometric fluorescent signal. Thus, such SP-containing
materials are promising candidates for sensor applications to
self-report damages on the microscale. However, during the
synthesis of mechanophores-containing polymers it has to be
ensured that the initial high-performance or load-bearing
properties of the desired materials are not depleted. Addi-

Scheme 1. Overview of stimuli (e.g. mechanical, thermal, pH, solvation, photochemical, and chemical) employed to switch on/off self-reporting
properties of human-made materials, which are visualized by a change in color, fluorescence, or chemiluminescence. For each stimulus, selected
representative examples are displayed, which will be further discussed throughout the current Review in the order shown above.
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tionally, mechanophores such as the spiropyrans, are respon-
sive not only to mechanical stimuli, but also to for example,
temperature or light (for more details see Section 2.7).[43, 46,47]

One possible method developed to overcome such multi-
responsiveness of mechanophores is the formation of supra-
molecular complexes. Weder and co-workers successfully
applied rotaxanes as molecular shuttles in polyurethane
elastomers, enabling the non-covalent encapsulation of
mechanophores.[48] The working principle of such a rotax-
ane-based molecular shuttle and the respective molecular
structure are displayed in Figure 2 A,B. A cycle containing the
fluorophore (gray/green) is located around a suitable
quencher (brown) with two stoppers (blue) and anchor
groups (red) for incorporation into polymer chains (e.g.
polyurethanes, PUs). Mechanical force separates the cycle
with the fluorophore from the quencher and the fluorescence
is turned on. Upon relaxation, the molecular shuttle returns to
its former position around the quencher due to charge-
transfer interactions, and the fluorescence is turned off again
as displayed in Figure 2C. These authors also showed that the
turn-on/off process can be repeated several times (20 cycles
tested) and is specific to mechanical stimuli, since no
fluorescence was turned on at elevated temperatures. How-
ever, harsh conditions (temperatures> 150 8C or sonification)
lead to a decomposition of the polymer films or irreversible
cleavage of the mechanophores from the polymer. Never-
theless, the introduced concept of supramolecular shuttles is
ideally suited to visualize mechanical forces in a reversible
and specific manner. Further, the concept can possibly be
fine-tuned by application of other supramolecular systems
(e.g. catenanes, knots) and/or different chromophores to

adjust the color and fluorescence emission, thus allowing the
design of various kinds of mechano-responsive self-reporting
systems.

Indeed, the concept of supramolecular complexes has
been similarly exploited in the field of composites. Such
materials provide light weight in combination with high
mechanical strength and thus, they find application as
structural components in for example, aircraft or automotive
industry.[23, 49] Therefore, it would be highly beneficial for
composites to self-report damages and fatigue to prevent
catastrophic failure. Analogous to the rotaxane-based molec-
ular shuttle,[48] Das et al.[38] introduced a supramolecular host
molecule, namely cucurbit[8]uril (CB[8]), into a carbon fiber
epoxy (CFR) composite matrix. A highly fluorescent per-
ylene monoimide (PER) as fluorophore and either an
azobenzene (AZO) or dibenzofuran (DBF) derivative as
quencher were simultaneously encapsulated by the CB[8], as
shown in Figure 3. Via terminal amino groups, the fluoro-
phore and the quencher were covalently cross-linked into the

Figure 1. A) Schematic illustration of the PBA-SP-P(MMA-co-NBD) and
its fluorescent color switch from green to red upon mechanical force.
B) Fluorescence images of PBA-SP-P(MMA-co-NBD) under uniaxial
tension, lex = 365 nm. C) Fluorescence intensity between the green and
red fluorescence emission peaks and the ratio between them vs.
strain. Reprinted from ref. [43]. Copyright 2019 American Chemical
Society.

Figure 2. A) Demonstration of the rotaxane-based mechano-responsive
working principle. The rotaxane is equipped with anchor groups for
incorporation into polymer chains (red), two stoppers (blue), and
a fluorophore-containing cycle (gray/green) located around a suitable
quencher (brown). Upon exposure to mechanical force, the fluoro-
phore and the quencher are separated, switching on the fluorescence
emission of the fluorophore. B) Molecular structure of the mechano-
responsive rotaxane. C) Images of a PU film, whose fluorescence is
turned on via stretching and turned off again by relaxation of the film.
The films were irradiated at 365 nm and ambient illumination, respec-
tively. Reprinted from ref. [48] with permission from ACS. (https://
pubs.acs.org/doi/10.1021/jacs.7b12405. Further permissions related to
the material excerpted have to be directed to ACS.)
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composite matrix. While no fluorescence is observed if both
the fluorophore and the quencher are encapsulated in the
CB[8], the fluorescence of the PER derivative is turned on
upon mechanical force, which leads to a separation of the
fluorophore and the quencher (Figure 3). Over 1000 cycles,
no changes in fluorescence or stiffness were observed, starting
slightly above 10000 cycles and above 100 000 cycles a stiffness
drop of 40 % and fluorescence along the fibers were detected.
Nonetheless, the supramolecular approach in the field of CFR
composites allows the facile incorporation of self-reporting
units into polymeric materials and can surely be transferred to
other materials and suitable fluorophore–quencher pairs.

An alternative method to obtain mechano-responsive
smart materials is the embedding of hollow microcap-
sules[24, 29–33] or fibers[23, 38] into the respective initial material.
The microcapsules or fibers can be filled with dye molecules,
which are released upon damage of their shell, thus indicating
damaged areas. Not only does this method offer a broad
versatility of applicable dye molecules, but it also enables the
simultaneous incorporation of self-healing agents. If the
stimuli-responsive container is broken by mechanical forces,
the self-reporting as well as the self-healing agent are
released. Clearly, such combined properties would be highly
beneficial to prolong the lifetime and safety and to reduce
warranty costs of human-made materials. Indeed, various
materials with such combined self-healing and self-reporting
properties have been reported, especially in the field of
coatings.[34, 40, 50–54] Yang and co-workers for example synthe-
sized microcapsules with both hexamethylene diisocyanate
(HDI) as self-healing agent and a tetraphenylethylene (TPE)
derivative as self-reporting agent (Figure 4A).[31] Embedded
into polymer coatings, these microcapsules break upon
exposure to mechanical forces and release their content.
The HDI solution initiates the self-healing process with no
need for any additional catalyst, and the damaged areas can
be monitored under UV light by the blue fluorescence of the

TPE, as illustrated in Figure 4B. To prove the applicability of
the dual-function microcapsules as self-reporting and self-
healing coating material, steel panels were coated with pure
epoxy resin (Epolam 5015, E-epoxy), E-epoxy embedded
with microcapsules containing only the self-healing HDI
solution, and E-Epoxy embedded with the dual function
microcapsules. Subsequently, the coated steel panels were
damaged with a sharp blade and soaked in 10 wt% NaCl
aqueous solution. Figure 4C–E clearly shows a strong corro-
sion of the steel panel coated only with the pure E-epoxy
(Figure 4C), while the steel panels coated with HDI- (and
TPE-)containing microcapsules show almost no corrosion
(Figure 4D,E). Under illumination with UV light, a strong
fluorescence in the repaired area is exclusively obtained for
the steel panel coated with the dual-function microcapsules
(Figure 4F–H). Similarly, Song et al. reported the synthesis of
microcapsules with a single aggregation-induced emission
(AIE) fluorophore, that provides different fluorescent colors
in the liquid (intact) or in the solid state (damaged).[32]

There exist many more related dual-function smart
mechano-responsive materials, clearly indicating the impor-
tance, actuality and demand to further investigate such
materials. Yet, more research needs to be conducted to
improve the contrast between the intact and damaged parts
and to make such materials suitable and affordable for
industrial applications. Particularly, the reversibility and the

Figure 3. Operating mechanism of the cucurbit[8]uril (CB[8])-based
damage-reporting CFR composites and the molecular structures of the
applied host molecule (CB[8], gray/red), the fluorophore (PER, yellow),
and the two quencher derivatives (azo and DBF, blue). Reprinted from
ref. [38] with permission from ACS. (https://pubs.acs.org/doi/10.1021/
acsapm.9b00694. Further permissions related to the material excerpted
have to be directed to ACS.)

Figure 4. A) Dual-function microcapsule containing the tetraphenyl-
ethylene (TPE) as AIEgen and hexamethylene diisocyanate (HDI)) as
self-healing agent. B) Self-reporting and self-healing of the coating
containing dual-function microcapsules. Pictures (C–E) of steel panels
coated with C) pure E-epoxy coating, D) E-epoxy coating embedded
with HDI microcapsules, and E) E-epoxy coating embedded with TPE/
HDI microcapsules under white light. Pictures (F–H) of steel panels
coated with F) pure E-epoxy coating, G) E-epoxy coating with HDI
microcapsules, and H) E-epoxy coating embedded with TPE/HDI
microcapsules under UV light. Reprinted from ref. [31]. Copyright 2020
ACS.
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selectivity of the self-reporting output needs to be considered.
As indicated above, the mechano-responsive behavior based
on the cleavage of covalent bonds (e.g. the isomerization of
SPs) can be triggered by multiple stimuli. Microcapsules or
fibers, on the other hand, are able to report damages only
once, since they break upon mechanical deformation and the
self-reporting component is released. Therefore, the most
promising strategy is perhaps the supramolecular approach
based on non-covalent interactions, since they provide
selective and recyclable self-reporting response towards
mechanical forces. Extensive research into such materials
may help to prevent accidents due to material failure or
catastrophes such as the collapse of the motorway bridge in
Genoa, Italy in August 2018 in the future.[55–57]

2.2. Thermo-Responsive Materials

While intensive research has been conducted to design
smart self-reporting (and self-healing) mechano-responsive
materials, polymeric materials and their characteristics can
also be influenced by temperature. Changes in temperature
can lead to a change in for example, the aggregation state,
color, or brittleness, thus it is of the utmost importance to
consider the impact of the temperature and how the material
adapts to alterations.[58–61] Indeed, various thermo-responsive
materials have been developed by synthesizing composites/
polymers/hydrogels (e.g. poly(N-substituted (meth)acryl-
amide)s, polyoxazolines, polyethers, polycaprolactones, poly-
phosphazenes, or polypeptides),[62] which possess a lower or
upper critical solution temperature (LCST or UCST, respec-
tively), thermochromic moieties, a temperature-dependent
self-assembly-behavior, or incorporate thermo-responsive
additives such as (leuco-)dyes, quantum dots, or inorganic
thermochromic complexes.[61]

Especially in the context of energy saving and solar
modulation, thermo-responsive materials are of key inter-
est.[63–70] Heating and cooling systems in any vehicle, storage
place, or indoor space require high amounts of energy, cause
environmental problems (toxic cooling substances, pollu-
tion)[71, 72] or may result in health issues (dry skin, headaches,
colds).[73, 74] Therefore, smart thermo-responsive glazing sys-
tems along window coatings have been developed.

For example, Lin and co-workers mixed dodecanedioic
acid (DDA) with glycerol to obtain a cross-linked polyester
network (PGD) as illustrated in Figure 5A,B.[64] The material
contains both amorphous domains (the cross-linked PGD
network) and semi-crystalline domains (non-cross-linked
DDA side chains, Figure 5B). Below the transition temper-
ature (39.1 8C), the two domains possess different refractive
indices (RI) and thus the material is translucent (left side in
Figure 5C). Above the transition temperature however, the
non-cross-linked DDA units melt and the RI of the semi-
crystalline domain becomes similar to the one of the
amorphous domains. As a result, the material becomes
transparent (right side in Figure 5C). Additionally, the
mechanical strength of PGD-coated glass was up to 10 times
higher than for bare glass, depending on the thickness of the
coating.

On the other hand, a polyurethane (PU)-based ionogel
was synthesized changing from transparent to translucent
properties upon heating.[65] The ionogel consists of ionic
liquids (IL) cross-linked with poly(propylene oxide) (PPO)
via urethane chemistry. At ambient temperature, the ionogel
is homogeneous and transparent, while elevated temper-
atures lead to a phase separation between the IL and the PU
network, which results in light scattering and a reduction of
the optical transmittance. By changing the composition of the
IL, the transition temperature range could be tuned from
below zero to > 100 8C with a gradual change in the trans-
parency below and above the transition temperature. In an
experimental setup of a model house with either a smart
ionogel window or a conventional float glass window, the
house with the ionogel window showed a reduced temper-
ature of 20 8C compared to the conventional one. Addition-
ally, the optical properties were further adjusted by incorpo-
rating organic dye molecules or plasmonic nanoparticles into
the ionogel.

Similar phase transitions from transparent to translucent
(or vice versa) were obtained in liquid-crystal siloxane
polymers,[66] polyacrylamide hydrogels,[67, 68] nanoparticle–
polymer composites,[69] or dynamic porous silicon films.[70]

Clearly, these materials are promising for future develop-
ments of smart, thermo-responsive systems for solar control
coatings and windows, displays, or sensors with tunable
thermal and optical properties.

Another application field for thermo-responsive materials
is biomedicine and drug delivery.[75–79] For example, inverse
optical particles obtained from poly(N-isopropylacrylamide)
(pNIPAM) hydrogels show thermo-responsive characteris-
tics.[80] Depending on the temperature, the particles shrink or
swell accompanied by a color change form red to blue, as
depicted in Figure 6A, making them an ideal system for drug
delivery applications. The particles provide macropores for

Figure 5. A) Esterification of glycerol and dodecanedioic acid (DDA).
B) Polycondensation and network formation of glycerol and DDA.
C) Photographs of PGD-coated glass below (left) and above (right) the
transition temperature. Reprinted from ref. [64], Copyright 2019 Amer-
ican Chemical Society.

Angewandte
ChemieReviews

&&&& www.angewandte.org � 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 2 – 26
� �

These are not the final page numbers!

http://www.angewandte.org


active drug loading, which can be precisely released by
adjusting the temperature. Intriguingly, the drug release was
fine-tuned, hence allowing for the regulation of the drug
delivery and the recovery of the initial particles (Figure 6B).
Since the reflection spectra of the drug-loaded particles
shown in Figure 6C also reveal a blue shift from approx. 650
to 475 nm during the release process, the system becomes self-
reporting and enables the in situ monitoring of the drugs.

Yet, further research is required to improve the drug
loading, since the loading mainly functions for macromolec-
ular drugs. Further, the temperature applied for the drug
release lays between 45 and 55 8C, which needs to be
decreased in order to facilitate in vivo applications. Never-
theless, combined with the non-toxicity and biocompatibility
of pNIPAM, such inverse opal particles are promising for
biomedical applications, especially for drug delivery systems.

Furthermore, thermo-responsiveness has proven to be
a powerful tool in the field of bonding/debonding on demand
polymeric materials.[81–83] The required bonding or debonding
process can be readily induced by heating or cooling of the
material. Certainly, a significant temperature difference is
required to avoid undesired bonding/debonding by coinci-
dence rather than on demand.

One of the most attractive reactions fulfilling such criteria
is the hetero Diels–Alder (HDA) reaction, since various
dienes and dienophiles are available to precisely tune the
range of the thermo-responsiveness.[84–86] For example, cyclo-
pentadienes and dithioesters are able to undergo a HDA
reaction at ambient temperature, while the reaction can be
reversed by increasing the temperature, for example, in the
range of 30–140 8C. Therefore, a HDA-based monomer has
been synthesized from a methacrylic cyanodithioester and

a cyclopentadiene, which allowed subsequent incorporation
of pyrene as fluorophore.[87] By copolymerizing this HDA
monomer with 2,2,6,6-tetramethylpiperidine-4-yl methacry-
late in a free radical polymerization, the statistical copolymer
P1 with strong fluorescent properties is obtained, as illus-
trated in Figure 7. Upon oxidation with meta-chloroperben-
zoic acid (mCPBA), the fluorescence is quenched due to
conversion of the piperidine moiety to a nitroxide radical,
yielding the profluorescent copolymer P2 in Figure 7. Finally,
the debonding process is initiated by heating of the polymer
to 90 8C, when the HDA unit is released and the fluorescence
of the pyrene is recovered in such an intensity that it can be
readily observed with the naked eye (Figure 7). Hence, a self-
reporting thermo-responsive polymer system is obtained
based on HDA chemistry combined with spin fluorescence
silencing, which ideally lends itself to molecular sensing.

In a different, yet related example based on the HDA
chemistry, polymeric methacrylic (HDA-PMA)[88] or dime-
thylcarbonate (HDA-PC)[89] networks have been formed,
consisting of a di- or tricyclopentadiene (Di-/TriCp) and
a phosphoryl dithioester (PDT), displayed in Figure 8A,B.
While the bonding process for the network formation is
carried out at ambient temperatures to avoid early cleavage
of the HDA moieties, the debonding process is conducted at
elevated temperatures between 30 and 140 8C. The processes
were reversible in several cooling/heating cycles, as evident
from UV/Vis (Figure 8C) and 1H NMR (Figure 8D) analysis.
During three heating/cooling cycles from 20 to 100 8C, similar
absorbance spectra are recorded (Figure 8C), clearly evi-
dencing the reversibility of the (de-)bonding process. Specif-
ically, the resonance changes associated with the cyclopenta-
dienyl moiety (6.5–6.5 ppm) and the HDA unit (5.85–
5.6 ppm) in the 1H NMR spectra (Figure 8D) support the
successful (de-)bonding on demand properties. In addition,
the (de-)bonding process can be readily followed by the
naked eye. While the bonded HDA-PC network is solid and
slightly yellow, the cleavage of the PDT moiety during the
retro-HDA results in a liquid, highly red colored material due
to debonding of the polymer chains and the absorption of the

Figure 6. A) Reflection images and spectra of pNIPAM hydrogel
inverse opal particles during a dynamic temperature decrease process.
B) Schematic representation of the particles during drug release.
C) Reflection spectra of a particle at different cycles of triggered drug
release. Reproduced form ref. [80] with permission from the Royal
Society of Chemistry.

Figure 7. Statistical copolymer P1, whose strong fluorescence is
silenced after oxidation with mCPBA, yielding the profluorescent
copolymer P2. Upon heating of P2, the debonding of the HDA unit is
initiated and the fluorescence of the pyrene units is recovered.
Reproduced from ref. [87] with permission from the Royal Society of
Chemistry.
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formed C=S double bond, as depicted in Figure 8E. Since the
properties and thermo-responsiveness can be fine-tuned
depending on the polymerization process, addition of suitable
comonomers, or different HDA pairs, such materials disclose
promising application possibilities in various fields, for
example, adhesives or medical technologies.

2.3. pH-Responsive Materials

The discussion regarding the above pNIPAM particles
already suggests the importance of particle sizes and their
swelling/shrinking behavior. However, the change of the
particle size and state does not have to be solely induced by
temperature, but can also be caused by pH changes.[90–93]

Especially in the fields of drug delivery, bio- or nanotechnol-
ogy, pH-responsive materials are of high interest since certain
pH values are characteristic for either healthy (pH� 7.4) or
diseased tissue (pH< 7).[94–96] Therefore, particles with differ-
ent fluorescent characteristics in their swollen or shrunken
state facilitate the reporting of environmental changes
depending on the pH values.

Wang and co-workers took advantage of such particles to
monitor the microenvironmental pH in the endocytosis
process for the transportation of nanomedicines.[97] A bis-
(pyrene) (BP) moiety was conjugated with poly(amino ester)s
(P) terminated by cyclic peptides to build a pH-sensitive
nanocarrier (P-BP) as displayed in Figure 9A. The BP

enables the formation of J-type nanoaggregates through
hydrophobic and p–p interactions in water, while the tertiary
amine groups of P (blue arrow in Figure 9A) ensure the
reversible protonation and thus the shrinking and swelling of
the particle depending on the pH value. The cyclic peptide
units at the chain ends enable the targeted cell uptake. At
neutral pH, the P-BPs were self-assembled into nanoparticles
with a hydrophilic shell (P) and a hydrophobic core (BP),
which enabled the encapsulation of Nile Red (NR) to
visualize the self-assembly via red fluorescence emission
(Figure 9B). In the presence of NR, the fluorescence of BP is
quenched due to Fçrster resonance energy transfer (FRET)
between NR and BP. If the pH value decreases from 7.4 to 5.0,
the protonation of the tertiary amine groups in the polymer
chains induces swelling of the particles (from 41.7 to
183.2 nm). The NR is released and its fluorescence is
quenched due to aggregation in water, while simultaneously
the fluorescence of the BP moieties is turned on due to
a breaking of the fluorescence-quenching J-type nanoaggre-
gates in the shrunken state and thus, the elimination of the
FRET effect. Thus, the changes in the fluorescence emission
allow the in situ monitoring of microenvironmental pH val-
ues, which is especially useful in the field of biology and
medicine for the precise development of nanomedicine, for
example, for the treatment of (benign/malignant) cancer
diseases. By loading pharmaceutical active molecules into
pH-responsive nanoparticles, these entities are exclusively
released upon uptake of diseased cells within the range of

Figure 8. Schematic representation of A) the HDA-PMA and B) HDA-PC networks, enabling the bonding/debonding on demand process based on
the thermo-responsive (retro) HDA reaction, which is exemplarily shown for A) the methacrylic network. C) UV/Vis analysis of the HDA-PC
network during three heating/cooling cycles from 20 to 100 8C (l = 530 nm, heating/cooling rate= 5 8C min�1). D) Region of interest in the
1H NMR spectra of the cyclopentadienyl moiety on the left (6.5–6.4 ppm) and the resulting HDA unit on the right (5.85–5.6 ppm). E) Behavior of
the HDA-PC network upon 2 heating (+D, 120 8C) and 2 cooling (�D, 25 8C) cycles. Reproduced from ref. [88], copyright � 2016 The authors,
Wiley-VCH GmbH, Weinheim (A) and from ref. [89] published by the Royal Society of Chemistry (B–E).
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suitable pH values. Thus, in contrast to conventional nano-
medicines without pH-responsive properties, the selectivity,
sensitivity, and efficiency of the active compounds were
improved, while simultaneously unwanted cellular cytoxicity
and side effects may be reduced.[98–102]

Similarly, aminobromomaleimide (ABM) has been incor-
porated into particle cores as fluorophore to probe the core
hydrophobicity.[103] The particles were synthesized via emul-
sion copolymerization of a hydrophilic shell-forming mono-
mer (oligoethylene glycol methacrylate, OEGMA), a hydro-
phobic core-forming segment (N,N-diethylaminoethyl meth-
acrylate, DEAEMA), and the respective fluorescent ABM
monomer, represented in Figure 10 A. In the presence of CO2,
the pH decreases due to the dissociation of CO2 into HCO3

� ,
CO3

2�, and H+, which leads to the protonation of the amine
moieties and thus, to a swelling of the particles. The increased
hydrophilicity of the swollen particles results in the quenching
of the former fluorescence, allowing a facile observation of
the swelling process via fluorescence measurements (Fig-
ure 10B) and DLS analysis (Figure 10 C). Importantly, the
swelling can be reversed by simply purging the solution with
N2 and thus the fluorescence is turned on again. However, the
reversibility is highly dependent on the density and stability of
the shell. Although the fluorescence emission intensity
adjusts to a rather constant change after several purging
cycles with CO2/N2 as evident from Figure 10 D, the hydro-
dynamic diameter shows drastic fluctuation (e.g. up to 150 nm
difference between two N2 purging cycles, Figure 10E).
Therefore, intensive research needs to be conducted to
improve the stability of the particles, for example by
alternating the monomers for the emulsion copolymerization
or increasing the amount of crosslinker. Nevertheless, such
self-reporting pH-responsive materials promise great poten-
tial for applications in sensor technology and biomedicine.

Figure 9. A) Nanocarrier P-BP with poly(amino ester)s as the pH-
responsive backbone (blue) terminated by cyclic peptides (green) to
enable cell uptake and a conjugated bis(pyrene) (BP, orange) as
fluorophore. B) Self-assembly of P-BP into nanoparticles with a hydro-
philic shell (P) and a hydrophobic core (BP). Encapsulation of Nile
Red (NR) leads to a red fluorescence, which is blue shifted at lower
pH values due to the elimination of the FRET effect. Reprinted from
ref. [97] with permission from the Royal Society of Chemistry.

Figure 10. A) Synthesis of PDEAEMA particles via emulsion polymerization and their pH/CO2-responsive behavior. B) Fluorescence spectra and
C) DLS analysis of PDEAEMA particles before and after the first CO2 purge. D) Fluorescence intensity at 487 nm and E) hydrodynamic diameter of
the PDEAEMA particles in deionized water after each gas purge. Reprinted form ref. [103] published by the Royal Society of Chemistry.
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2.4. Solvation-Responsive Materials

In addition to temperature and pH as stimuli for self-
reporting properties, polymer nanoparticles and micelles have
been developed that respond to solvation stimuli. Upon
dilution, the self-assembly of copolymers, decorated with both
hydrophilic and hydrophobic segments, into micelles is
induced. Similar to the previously introduced pH-responsive
materials, such self-assembling polymers are of key interest in
the biomedical field, especially for imaging and sensing.[104–106]

Thus, amphiphilic block copolymers have been developed
with integrated fluorophores and dye molecules, to allow the
self-reporting monitoring of assembly and encapsulation
behavior. Most importantly, the synthetic routes have been
optimized so far to not only enable the covalent attachment of
the fluorophore to the materials, but also to position the
fluorophore variably, either in the micelle core or shell. This
variability was achieved by synthesizing copolymers poly(tri-
ethylene glycol acrylate)-b-poly(tert-butyl acrylate) (P-
(TEGA)-b-P(tBA)) with a dithiomaleimide (DTM) fluoro-
phore (green) either in the core forming (P(tBA)) block (red,
CLP) or the shell forming (P(TEGA)) block (blue, SLP) by
reversible addition–fragmentation chain-transfer (RAFT)
polymerization.[106] The structures of the obtained CLP and
SLP are displayed in Figure 11 A. Direct dissolution in water
afforded the desired micelles, either core-labeled (CLM) or
shell-labeled (SLM), as illustrated in Figure 11B. Indeed, the

position of the fluorophore plays a critical role regarding the
fluorescent properties. While the DTM fluorophore in SLMs
suffers from solvent quenching effects, good protection of the
chromophore is provided in the predominantly solvent-free
core of CLMs. Therefore, CLMs show a brighter emission and
a longer fluorescence lifetime in the micellar state than the
SLMs. Furthermore, the CLMs could be used to self-report
the presence of fluorescent hydrophobic guest molecules such
as Nile Red (NR) due to the FRET effect (Figure 11C. On
uptake of the guest molecule into the core of the CLMs, the
DTM emission at 515 nm was quenched, while the emission of
NR at 610 nm was enhanced (the emission being higher than
for non-labeled micelles with only NR present), as can be
clearly seen in the emission spectra in Figure 11 E. The latter
is only possible when the two fluorophores are in close
proximity (generally < 4 nm), which proves that the FRET
occurs in the core of the CLMs. However, in the presence of
a hydrophilic guest molecule, for example, Rhodamine B
(RhB), no FRET is observed (Figure 11F), indicating that the
RhB is not encapsulated into the micelle core, as illustrated in
Figure 11 D. Thus, the CLMs not only self-report on the
formation of the micelles upon dilution of the polymer, but
also on the presence (or absence) of small guest molecules by
simply measuring the changes in the fluorescence emission,
which is of particular interest for drug delivery applications.
Moreover, the fluorescent properties can be readily tuned by
carefully choosing the substituents of the maleimide-based

Figure 11. A) Structures of the core-labeled (CLP) and shell-labeled (SLP) block copolymers. B) Synthesis strategy for core-labeled micelles (CLMs)
and shell-labeled micelles (SLMs). C) Interactions between CLMs and Nile Red (NR). D) Interactions between CLMs and Rhodamine B (RhB).
Emission spectra (E–F) of CLMs at t =0, 1, and 60 min after addition of E) NR (NR in water/0.1% 1,4-dioxane) and F) RhB (RhB in water). All
spectra were recorded at lex = 422 nm, the peaks at 495 nm correspond to the Raman scattering of water. Reprinted from ref. [106] with
permission from ACS. (https://pubs.acs.org/doi/10.1021/acs.macromol.5b02152. Further permissions related to the material excerpted have to be
directed to ACS.)
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fluorophore and the solvent,[107] making such micelles a versa-
tile tool in the fields of biology, medicine, or chemical sensor
applications.

However, solvation-responsiveness can also be applied to
better understand chemical reaction mechanisms and thus, to
develop soft matter smart materials in a more precise and
straightforward manner. Until recently, it was challenging to
gain further insight into the mechanism of precipitation
polymerization, although this reaction is of key interest in
industry due to its surfactant-free nature, size control and
functionality tolerance. While it was only suggested that the
process includes two steps, namely nucleation and the
growth,[108,109] Tang and co-workers were able to monitor the
different stages of the reaction directly in a self-reporting
manner by using fluorophores with aggregation-induced
emission (AIE) properties.[108] A 4-vinylbenzyl-modified
tetraphenylethylene (TPE–VBC) was synthesized with typi-
cal AIE-characteristics, more precisely showing only weak
emission in solution, yet strong fluorescence upon aggrega-
tion in the precipitated polymers. During the precipitation
polymerization with styrene, maleic anhydride and azobisi-
sobutyronitrile (AIBN), the previously transparent solution
becomes turbid, the fluorescence intensity strongly increases
and can be monitored under daylight or UV light, as
demonstrated in Figure 12. Evaluation of the various analyt-
ical results (microscopy (TEM, SEM, CLSM), dynamic light
scattering (DLS) and UV/Vis/Fluorescence spectroscopy)
allows for the detailed characterization of the underlying
mechanism and the precise allocation of the different reaction
steps. Besides the in situ monitoring of the reaction progress,
the obtained polymeric fluorescent particles (PFPs) with
uniform (PDIDLS< 0.15) and tunable sizes possess bio-label-
ing and photosensitizing properties for imaging and therapy
applications. The authors successfully coated the PFPs onto
Natural Killer (NK) cells, which play a crucial role in the
immune system as defense against infection and cancer cells.
Indeed, the coated PFP-NK cells revealed advanced immu-

notherapy efficiency towards cancer cells in comparison to
non-coated NK cells, which can be easily followed by
fluorescence analysis. This enhanced efficiency is attributed
to the photosensitizing behavior of the TPE–VBC. Irradiation
with light induces the generation of reactive oxygen species
(ROS), which in turn triggers the immunotherapy activity of
the NK cells. While native NK cells and PFP-coated NK cells
show similar immunotherapy activity towards cancer cells in
the absence of light, a higher immunotherapy activity was
obtained for the PFP-coated NK cells under light irradiation
(xenon lamp, 1 KWm�2).

Thus, similar to the previously introduced pH-responsive
materials, such solvation-responsive polymeric self-reporting
materials are auspicious for future developments in biomed-
ical and analytical technologies.

2.5. Light-Responsive Materials

The ability to trigger and control chemical reactions by
light is a critical method in various fields in chemistry,
materials science, and biomedicine. This is attributed to the
rather rapid associated process at ambient temperature,
spatiotemporal controllability, and enhanced penetration
depths at low energies in the visible light range (400–
800 nm), which is especially critical for biomolecules to
prevent undesired damage.[110–114] By combining photo-sensi-
tive moieties with self-reporting properties, a powerful tool
for sensing and in situ monitoring applications is created. For
example, Tang and co-workers took advantage of photo-
sensitive aggregation-induced emission fluorogens (AIE-
gens), namely tetraphenylethenethiophene (TPETP) and
tetraphenylsilole (TPS), with different-colored AIE (red for
TPETP and green for TPS).[115] Both AIEgens were incorpo-
rated into a peptide substrate with a caspase-3/-7 responsive
amino acid sequence Asp-Glu-Val-Asp (DEVD) between the
two AIEgens and a cyclic amino acid sequence Arg-Gly-Asp

(cRGD) at the TPS-containing chain end to enable the cell
uptake, as depicted in Figure 13 A.

Upon cell up-take (step 1 in Figure 13 B), TPETP is
cleaved from the peptide substrate by intracellular gluta-
thione, and the red emission (lem = 650 nm) is turned on
(step 2 in Figure 13B). Subsequent irradiation with light
triggers the cleaved TPETP to generate reactive oxygen
species (ROS), which in turn induce cell apoptosis and
activate the caspase-3/-7 enzyme (step 3 in Figure 13B).
The activated caspase enzyme cleaves the DEVD sequence
from the apoptosis sensor and the green fluorescence (lem =

480 nm) of the TPS is turned on (step 4 in Figure 13B). In
this way, a self-reporting system for application as photo-
sensitizer (PS) in photodynamic therapy (PT) is created,
allowing the real-time monitoring of PS activation and
therapeutic response simultaneously by simple color
change of the AIE.

Similarly, the in situ monitoring of cell apoptosis was
recently reported by applying a new, yet related AIEgen
tetraphenylethene–tetraethylpyridinium iodine (TPE-
4EP +).[116] This AIEgen proved to have remarkable
selectivity for cancer cells accompanied by an efficient

Figure 12. Precipitation polymerization of the AIEgen TPE–VBC with sty-
rene, maleic anhydride, and AIBN in isopentyl acetate (IAAC) at 60 8C
under inert atmosphere. The progress of the reaction was monitored
under daylight and UV light in specific time intervals. Reprinted from
ref. [108]. Copyright 2020 Wiley-VCH GmbH, Weinheim.
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ROS (specifically 1O2) generation. The selectivity towards
cancer cells is attributed to electrostatic interactions between
the negative transmembrane potential of the dysfunctional
mitochondria within cancer cells and the positively charged
pyridinium moieties in the TPE-4EP + . Upon cell uptake of
the AIEgens into the cancer cell, an increased fluorescence
emission is measured in contrast to normal cells, which did not
take up the AIEgen. Irradiation with white light
(4.2 mW cm�2, 400–700 nm) induces the formation of 1O2

and thus, cell apoptosis. Since the apoptosis process leads to
a depolarization of the mitochondrial membrane potential
and an increased cell permeability, the AIEgen is cleaved
form the mitochondria and relocated to the nucleus via
electrostatic interactions with the nuclear DNA. Although
the introduced studies are merely a proof-of-concept, they
surely promise to improve therapeutic treatments and
evaluation of therapeutic responses. With future develop-
ments on AIEgens that display prolonged absorption and
emission wavelengths, the way is paved for multifunctional,
self-reporting in vivo applications.

Complementary to the self-reporting output of the
precipitation polymerization introduced in Section 2.4
(Figure 12), methods have been developed to monitor the
progress and monomer conversion during light-triggered
polymerization processes. For example, a porphine zinc

derivative applied in a photo-induced electron/energy trans-
fer (PET) RAFT polymerization as photocatalyst enabled the
real-time monitoring of the monomer conversion via changes
in the fluorescence emission.[117] Another possibility is the
application of the nitrile imine-mediated tetrazole–ene cyclo-
addition (NITEC) reaction, displayed in Scheme 1. Under
light irradiation, nitrogen is released from the tetrazole
moiety and a nitrile–imine dipole is generated, which
subsequently undergoes a 1,3-dipolar cycloaddition with an
alkene to yield a highly fluorescent five-membered pyrazoline
cycloadduct. By taking a bifunctional tetrazole chain transfer
agent (CTA) and a bismaleimide, fluorescent polymers are
formed in a step-growth fashion upon irradiation at
320 nm.[118] While the initial reaction mixture shows no
fluorescence emission, the poly(pyrazoline)s exhibit a broad
fluorescence emission between 470 and 670 nm and thus, the
progress of the reaction can be easily followed by fluores-
cence spectroscopy. Similarly, the NITEC reaction has been
applied to monitor the formation of polymeric networks and
their characterization.[119] Polymers having tetrazole chain
termini can be crosslinked into polymeric networks in the
presence of trimaleimides under UV irradiation. For each
crosslinking point, one fluorescent pyrazoline ring is formed
and the kinetics of the network formation can be monitored in
a quantitative way. Therefore, an effective self-reporting

Figure 13. A) Structure of the TPETP- and TPS-containing peptide substrate with a caspase-3/-7 responsive amino acid sequence Asp-Glu-Val-Asp
(DEVD) and a cyclic cell uptake enabling amino acid sequence Arg-Gly-Asp (cRGD). B) Process of the self-reporting PS activation and therapeutic
response. 1: Cell uptake via the cRGD end group (endocytosis). 2: Intracellular reduction by glutathione cleaves the S�S bond and the TPETP is
released, indicated by the red fluorescence. 3: Irradiation with light triggers the TPETP to generate ROS, which in turn activate the caspase
enzyme. 4: The activated caspase enzyme cleaves the DEVD sequence from the apoptosis sensor and the green fluorescence of the TPS is turned
on. Reprinted from ref. [115]. Copyright 2015 Wiley-VCH GmbH, Weinheim.
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method is presented for the facile and detailed character-
ization of polymer networks, which so far has been often
challenging due to the complexity of the network systems.

Furthermore, light has been used as trigger for the
intramolecular collapse of well-defined polymers to yield
single-chain nanoparticles (SCNPs). In recent years, the
research into SCNPs has gained intensive attention since
they find applications in catalysis, drug delivery, protein
mimics, or sensing. Among the various synthesis strategies for
tailor-made SCNPs, the photo-induced chain collapse displays
a mild and versatile pathway, especially when combined with
self-reporting properties. Thus, different strategies for the
crosslinking have been developed, ranging from the earlier
introduced NITEC reaction to single-chain collapse based on
radical species. By incorporating nitroxides[120] or pyrene-
substituted oxime esters[121] into polymers, light irradiation
results in the formation of SCNPs with the ability to self-
report the status of the folding. On the one hand, nitroxide-
containing polymers exhibit no fluorescence in the unfolded
state, whereas folding in the presence of a crosslinker into
SCNPs leads to a broad emission between 380 and 550 nm, as
can be seen in Figure 14 A. Oxidation with mCPBA reverses
the process and the non-fluorescent, unfolded polymer is
regained (Figure 14 A). On the other hand, pyrene-substi-
tuted oxime ester polymers show the inverse behavior. While
the unfolded polymer chain exhibits broad fluorescence
emission between 400 and 800 nm due to the incorporated
pyrene unit, light irradiation splits the oxime ester and the
pyrene unit is cleaved from the polymer. Since also CO2 can

be released during the reaction, the polymer chains have
several possibilities to crosslink, as illustrated in Figure 14 B.
Thus, by carefully choosing the incorporated species into
polymer backbones, SCNPs with self-reporting characteristics
depending on the folding-state are accessible. In this way,
powerful tools for prospective biomedical, imaging, or sensor
applications can be constructed, however, limitations such as
folding in highly diluted media (c = 20 mgL�1) or complex
monomer and polymer synthesis need to be overcome for
industrial purposes.

2.6. Chemically Responsive Materials

The discussion in the previous section on light-responsive
materials revealed the importance of light as trigger for self-
reporting properties. However, light is not only able to induce
the self-reporting, but may also be the self-reporting charac-
teristic itself. Light as direct output of a chemical reaction,
that is, chemiluminescence (CL),[122–125] offers beneficial
advantages such as high sensitivity and real-time monitoring
over a wide dynamic range without the need for sophisticated
equipment.[124, 126–130] Therefore, CL reactions find widespread
applications in biomedical or analytical fields with ongoing
research for persistent improvement. However, the challenge
to gain higher CL quantum yields, tune the emission range, or
simplify the CL system is to modify the reaction environment
or the luminophore itself in such a way that the CL properties
are not diminished accidentally. Nevertheless, recent research
into common luminophores, such as dioxetanes,[131, 132] perox-
yoxalates (POs),[122, 133–137] acridinium esters,[138–141] lumi-
nol,[129, 142] and their respective derivatives, led to the develop-
ment of a plethora of advanced, promising self-reporting CL
systems. The CL of acridinium esters, for example, can be
triggered by antioxidants, enzymes or peroxides and thus
finds application in (biomedical) analytics as self-reporting
sensor for these substances.[138–141] In the presence of a trigger,
the acridinium esters are oxidized to dioxetanones, which
decompose with the release of CO2 to form the highly
emissive 10-methyl-9-acridone,[139, 143] as displayed in Sche-
me 2A. So far, alkaline conditions were required for the CL
emission of acridinium esters. However, recently, acridinium
ester derivatives were synthesized which allow the CL
reaction to proceed under neutral conditions. This was
achieved by introducing electron withdrawing groups (e.g.
cyano, nitro, bromide, or trifluoromethyl) in the 4-position of
the phenol moiety.[139] Addition of cetyltrimethylammonium
bromide also resulted in an increased CL of such acridinium
ester derivatives.[140]

Similarly, peroxyoxalate (PO) luminophores are ideally
suitable for analytical methods in food and environmental
analysis, sensor technology, pharmacology, biology, or med-
icine.[122, 135, 136] As for the acridinium esters, the CL reaction of
POs can be induced by various active species such as
peroxides, microorganisms, glucose, toxins, or antioxi-
dants.[122, 144] Oxidation of POs, such as the bis(2,4,6-trichlor-
ophenyl)oxalate (TCPO), results in the decomposition of the
PO and the formation of an unstable energy-rich dioxeta-
none. In contrast to the acridinium esters however, the

Figure 14. A) Folding process of the nitroxide-containing polymer. In
the presence of a crosslinker, the non-fluorescent polymer is folded
into a fluorescent SCNP under irradiation with light. Oxidation with
mCPA cleaves the crosslinker and the unfolded, non-fluorescent
polymer is regained. Reprinted from ref. [120], published by the Royal
Society of Chemistry. B) Intramolecular chain collapse of the fluores-
cent pyrene-substituted oxime ester polymer. Light irradiation splits
the oxime ester and the fluorescent pyrene unit is cleaved form the
polymer. Subsequently, the polymer chains have several possibilities to
crosslink via radical coupling.
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decomposition of the dioxetanone into CO2 does not result in
the emission of light unless a fluorophore is present. In the
presence of the latter, for example, 9,10-diphenylanthracene
(DPA), the decomposition of the dioxetanone evokes excita-
tion of the fluorophore and light is emitted during the
relaxation into the ground state,[133] as can be seen in
Scheme 2B. Although the need for an additional fluorophore
for the CL reaction could be seen as disadvantage, the
possibility to readily adjust the emission wavelength from the
UV/Vis to the NIR spectral range on demand by carefully
choosing the fluorophore, rather than modifying the lumino-
phore in a (complicated) synthesis strategy, clearly outweighs
the need for two components.[134] Indeed, recently, the
successful combination of the PO moiety and the fluorophore
in one material was reported to enable solid-phase CL read-
out.[133] This was achieved by synthesizing microspheres with
a poly(divinylbenzene) core and a poly(2-hydroxyethyl meth-
acrylate) shell, allowing the subsequent functionalization with
a tetrazole carboxylic acid. Finally, a maleimide-PO
(MDCPO) was photochemically linked to the tetrazole-
containing microspheres via the aforementioned NITEC
reaction, as presented in Figure 15 A. The obtained “all-in-
one” microspheres provide high fluorescence and CL emis-
sion at low concentration of oxidative species, thus acting as
a self-reporting sensor for these oxidative species. In addition,
the emission wavelength of the light output can be readily
tuned by varying the incorporated tetrazole moieties. With
the use of red-shifted tetrazoles, such microspheres are also
applicable for biological systems and the solid-phase CL holds
key potential to exceed current PO-CL multicomponent

systems for sensing and detecting low concentrations of active
species in a self-reporting manner.

Correspondingly, the improvement and simplification of
complex CL systems has emerged into the field of the luminol
chemistry. The well-known and most adopted luminophore in
forensic science[145, 146] offers advantages such as low cost,
broad analytical compatibility and expansive application
spectrum.[147, 148] Similar to the CL of PO, the CL of luminol
is triggered by an oxidation reaction. As depicted in
Scheme 2C, luminol is present in its deprotonated species,
namely the luminol mono-anion, in (basic) solution, and
addition of an oxidant (e.g. ROS), the mono-anion is oxidized
to the excited 3-aminophthalic acid, whose decay to the
ground state is accompanied by a striking blue–green light.
Unfortunately, the CL quantum yield of luminol is rather low
in polar aprotic solvents, such as DMSO, or aqueous
media,[123] thus diverse catalytic systems containing nano-
materials,[130, 149–152] metal ions,[147,148] or other enhancers[153–155]

have been developed to improve the CL emission. Since all
these systems suffer from individual disadvantages (cost,
toxicity, air/moisture sensitivity, or stability issues, amongst
others), the development of new, advanced luminol-CL
systems is of high importance. The critical point for achieving
such improved luminol-CL systems is to identify a way to
reduce the number of components to a minimum, while
simultaneously boosting CL emission. Indeed, significant
improvements were achieved by implementing an organic
superbase, namely 1,5,7-triaza-bicyclo-[4.4.0]dec-5-ene
(TBD), into the oxidation reaction of luminol.[142] Superbases
such as TBD find widespread application in organic synthesis
and provide high pKa values (26.0 in acetonitrile for TBD),

Scheme 2. CL reaction pathways of A) acridinium esters, B) POs in the presence of a fluorophore, and C) luminol.
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combining two essential characteristics—basicity and catal-
ysis—for the CL reaction of luminol in one molecule. Upon
addition of H2O2 to a solution containing only TBD and
luminol, a striking blue light visible even with the naked eye is
observed. Comparison of the CL emission of the luminol–
TBD system with the organic superbases 1,1,3,3-tetramethyl-
guanidine (TMG) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) as well as with the already known inorganic base
KOH and catalyst CuSO4, respectively, revealed the superior
CL emission of the luminol–TBD system, which can be clearly
seen in Figure 15B. Importantly, in contrast to conventional
inorganic bases applied in the luminol-CL reaction, organic
superbases offer the possibility to be incorporated into
polymeric materials. Without the need for a (complicated)
TBD-monomer synthesis, the TBD itself could be readily
incorporated into the same polymeric backbone as luminol
via a post-polymerization modification (PPM) approach, as
demonstrated in Figure 15 C.[129] The post-modified polymer
further enables supramolecular (dis)assembly with randomly
methylated b-cyclodextrin, analogous to the binding behavior
between biomolecules and substrates, which results in
a strong CL output that can be detected without the need
for sophisticated instrumentation, such as nuclear magnetic
resonance (NMR) and dynamic light scattering (DLS).
Therefore, the implementation of organic superbases to the
CL reaction of luminol on the small molecule as well as on the
macromolecular level not only expands the scope of luminol

chemistry, but also paves the way for the design of new,
artificial luminol materials in sensor technology or biomedical
applications. Chemically responsive materials are of substan-
tial interest in the fields of sensor, diagnostic, or biomedical
technology due to their fast and sensitive detection of specific
active species via a chemiluminescent output, visible even to
the naked eye. Hence, such CL materials will certainly play
a crucial role not only in future analytical processes, but also
in the fast detection of (new) diseases and (benign/malignant)
biomolecules.

2.7. Multi-Stimuli-Responsive Materials

So far, self-reporting systems have been discussed which
are responsive to one exclusive stimulus shown in Scheme 1.
However, there exist substrates that are able to respond to
various stimuli, depending on the substituents of the self-
reporting unit and the stimulus.[156–161] One important class
providing such multi-responsiveness are light emitting 1,2-
dioxetanes. In contrast to the aforementioned CL systems in
Section 2.6, the CL of 1,2-dioxetanes can not only be triggered
by chemical reactions, but also by mechanical forces and
temperature. The thermal decomposition of 1,2-dioxetanes
accompanied by the emission of light has already been
reported in the 1970s.[162–164] Though elevated temperatures of
up to 250 8C[165, 166] were required to induce decomposition, the

Figure 15. A) Synthesis of polymeric tetrazole- and maleimide-PO-containing microspheres for solid-phase CL read-out. Reprinted from ref. [133].
Copyright 2019 Wiley-VCH GmbH, Weinheim. B) CL emission of luminol-(super-)base systems in DMSO at ambient temperature, triggered by
H2O2. Reprinted form ref. [142]. Copyright 2019, Springer Nature. C) Synthesis of the luminol–TBD-containing polymer via free radical
polymerization and subsequent post-polymerization modification. Reproduced from ref. [129], published by the Royal Society of Chemistry.
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research into thermo-responsive 1,2-dioxetane derivatives
was disregarded except for a few examples reported by Roda
and co-workers.[165–170] By synthesizing acridine-based 1,2-
dioxetane derivatives as depicted in Scheme 3A, temper-
atures between 80 and 110 8C lead to the decomposition into
2-adamantone and an excited acridone species, which emits
light upon returning to the ground state (similar to the 10-
methyl-9-acridone of the acridinium ester CL, Scheme 2A).

On the other hand, significantly more research has been
conducted to broaden the responsiveness of 1,2-dioxetanes
towards chemical/biological stimuli. Based upon Schaap�s
findings in 1987,[131, 132] a plethora of chemiluminescent 1,2-
dioxetane derivatives have been developed. Generally, a 1,2-
dioxetane with an enzyme- or analyte-responsive protecting
group was synthesized, whose removal triggers the chemically
initiated electron-exchange (CIEEL) process. During this
process, the deprotected dioxetane decomposes and an
excited benzoate ester species is obtained, which returns to
the ground state accompanied by the emission of light
(Scheme 3B).[123, 125, 132] By carefully choosing the phenol
substituents (and their position) of Schaap�s dioxetane
discovered in 1987, a plethora of CL 1,2-dioxetane derivatives
for (bio-)labeling and imaging have been developed, which
are also suitable for in vivo applications under physiological
conditions.[126, 171–177]

Besides the thermal and chemical activation, the CL of
1,2-dioxetanes can also be triggered by mechanical forces.
The incorporation of bis(adamantyl)1,2-dioxetanes into poly-
meric materials (e.g. polyurethane,[178–181] poly(methyl meth-
acrylate),[182] poly(methyl acrylate),[183, 184]) poly(dimethylsil-
oxane)[185]) enabled the facile, real-time monitoring of bond
breaking events in such materials, since mechanical force

leads to a bond scission of the dioxetane moiety into two
adamantone-terminated polymer chain visualized by the
emission of light, as can be seen in Scheme 3C. Clearly, 1,2-
dioxetanes represent an important class for the development
of versatile, smart, self-reporting materials since the CL can
be easily tailored to the desired stimulus by thorough choice
of the respective 1,2-dioxetane derivative.

Another important class of self-reporting materials are
liquid crystals (LCs). LCs find widespread applications in
biology and medicine as well as in photovoltaic systems,
displays, opto-electronics, or sensors.[186–191] Such diverse
applications are attributed to the beneficial properties of
LCs combining the order of crystals with the mobility of
liquids. Upon exposure to stimuli (e.g. chemical or biological
substrates, electrical fields, temperature, or mechanical
forces), the initial order and mobility of the LC is disrupted
and the optical appearance is adjusted. Abbott and co-
workers took advantage of such self-reporting LCs and
expanded the concept by introducing self-regulating proper-
ties.[192] This was achieved by synthesizing LC films of 4’-
pentyl-4-biphenylcarbonitrile (5CB) dispersed with micro-
droplets containing a red dye for visualization (Fig-
ure 16A,B). Placed in a mini-well with an overlying aqueous
phase, the microdroplets are enclosed by strained LCs. In the
presence of a thermal stimulus, the LC undergoes a phase
transition and the original state of the LC is disturbed, which
is visually indicated by the release of the red microdroplet.
Since the phase transition of 5CB already takes place at 35 8C,
the heat provided by a human finger is able to trigger the
phase transition (Figure 16C–E). Precisely at the moment
when the phase transition takes place, a specific amount of
microdroplets is released, and subsequently the release stops.

Scheme 3. CL triggering mechanism of A) thermo-responsive, B) chemically responsive, and C) mechano-responsive 1,2-dioxetanes.
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This behavior can be observed for several heating/cooling
cycles, making the system self-regulating. In contrast, conven-
tional materials released their loadings unless the trigger was
removed or the loading was completely released.

In addition, the disturbance of the LC can be induced by
mechanical forces, as displayed in Figure 16F,G. While the LC
does not release microdroplets into the overlying aqueous
phase in the passive state (Figure 16 F), the aqueous phase
turns red upon mechanical shear stress induced by magnetic
stirring (Figure 16 G). Interestingly, motile bacteria are also
able to induce mechanical stress and thus trigger the release
of microdroplets (Figure 16H). If the microdroplets are filled
with an additional antibacterial agent (cationic DTAB and
silver salts), the release of the droplets not only reports the
presence of bacteria in a visible way, but also induces the
killing of the bacteria. The dead bacteria are not moving
anymore, thus there no longer exists a mechanical force and
the release stops. Clearly, the combination of self-reporting
and self-regulating properties in LCs responding to several
stimuli holds great potential for future developments of
programmable materials. Various systems with the desired
stimuli-responsive properties can be designed by carefully

choosing the LC material and the composition of the micro-
droplets.

Correspondingly, the isomerization of the previously
introduced spiropyrans (SP, see Section 2.1) into merocyanine
(MC) can not only be induced by mechanical forces, but also
by, for example, temperature, pH, solvation, or light.[193–200]

Intriguingly, SP-based self-reporting systems have been
developed that respond to several stimuli simultane-
ously.[46–47, 201–204] For example, Qui et al. reported the synthesis
of poly(hydroxyethyl acrylate) with incorporated SPs, which
changed color upon light irradiation or swelling in water.[205]

Furthermore, amphiphilic copolymers have been synthesized
bearing SP moieties that self-assembled into micellar nano-
particles triggered by either light, pH, or temperature.[206] In
another example, Mondal et al. synthesized an organic cage
functionalized with SP units, which change their color from
yellow to orange in the presence of thermal or photochemical
stimuli.[207] This behavior was observed in solution and in the
solid state. Tests of up to 20 UV/Vis- and heating/cooling
cycles in both states proved the reversibility of the SP–MC
isomerization upon thermal or photochemical treatment.

Similarly, luminogens such as hexakis(pyridine-4-ylthio)-
benzene show different-colored phosphorescence in the
liquid and solid state depending on the applied stimulus
(e.g. solvent, pH, metal ions).[208] Additionally, networks with
a coordinated triphenylamine fluorophore have been synthe-
sized which gradually change their emission color depending
on either temperature (from cyan to green) or pressure (green
to red) in a reversible manner.[209]

Such self-reporting multi-stimuli-responsive properties
hold key potential for the development of innovative smart
materials which are exposed to several stimuli at the same
time, for example, outdoor materials or materials operational
in extreme environments. Materials often need to defy
different stimuli simultaneously, for example, temperature
and light (winter/summer, heating/air conditioning, natural/
artificial light, day/night,), chemicals (pollution, cleaning
agents, aerosols), mechanical forces (wind, earth quakes,
thunder), and weather conditions (rainy, dry, humid, foggy).
Therefore, the ability to report any damages or changes
evoked by an interaction of several stimuli in a visible manner
would help to increase the lifetime and safety of the materials.
Additionally, costs could be reduced due to a prolonged
lifetime and more effective maintenance.

3. Self-Reporting Materials as (Biomedical)
Diagnostic Tools

Throughout the current Review, we already indicated the
significance of self-reporting materials in the field of biology,
medicine, and analytics. Since the importance of novel,
innovative materials in these fields has become particularly
evident in consideration of the current SARS-CoV-2
(COVID-19) pandemic,[210–213] the current chapter focuses
on self-reporting materials as (biomedical) diagnostic tools.
For instance, the detection of important biological substrates
(e.g. biothiols) that influence physiological processes often
requires sophisticated and complex analytical methods such

Figure 16. A) Structure of the LC 4’-pentyl-4-biphenylcarbonitrile (5CB).
B) Dispersion of microdroplets in 5CB hosted in a mini-well, which is
immersed in an overlying aqueous phase. C–E) The heat of a human
finger applied to release the microdroplets from the LC. F, G) Release
of microdroplets from the LC F) before and G) after inducing mechan-
ical stress by stirring of the overlying aqueous phase. H) Bacteria-
induced release of the microdroplets. Reprinted by permission from
Springer nature, ref. [192], Copyright 2018.
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as HPLC, capillary electrophoresis separations, and immuno-
assays, and time-consuming sample preparations are
required.[214–216] Therefore, self-reporting systems based on
fluorescence changes have been developed for the simple and
fast detection of biothiols. These biothiols include cysteine
(cys), homocysteine (hcy), glutathione (GSH), or hydrogen
sulfide (H2S), which are responsible for cell mobility and
degradation, maintaining redox homeostasis and xenobiotic
metabolism, apoptosis, or anti-inflammation. In addition,
deviations from regular levels serve as indicators for disorders
(Alzheimer, cardiovascular diseases, slowed growth, liver
damage, or lethargy, amongst others).[217–219] While several
systems have been developed for the selective detection of
single cys,[220–223] cys/hcy,[214] or GSH,[214, 215] the production and
metabolism of the biothiols are interconnected and often two
or more of the biothiols are present at the same time.
Therefore, it would be highly beneficial to have sensor
molecules for the simultaneous detection of such bio-
thiols.[224–226] Despite the similar chemical structure and
reactivity, self-reporting materials have been developed that
are not only able to detect multiple biothiols, but also to
distinguish between them. For example, a coumarin-based
fluorescent probe was successfully applied to distinguish
between GSH and cys/hcy based on different fluorescent
emission behavior.[227] The fluorescence emission can also be
altered by taking advantage of the unique binding behavior of
the biothiols. Fluorophores with several functional groups,
each specifically reacting with a single biothiol, reveal differ-
ent fluorescence emissions depending on the biothiol and the
reacted functionality.[228, 229] In another example, a lysosome-
targetable probe with both 7-dimethylaminocoumarin and
resorufin as fluorophores was synthesized as depicted in
Figure 17.[230] The free resorufin exhibits red emission, while
the bonded resorufin shows no emission and quenches the
fluorescence of the coumarin fluorophore. In the presence of
H2S, cys/hcy, or GSH, the resorufin is cleaved and the red
emission is turned on. Depending on the present biothiol, the
coumarin fluorophore exhibits different fluorescence emis-
sion: no fluorescent product is obtained in the presence of
H2S, whereas a green-emitting product is obtained when GSH
is present and a blue-emitting species in the presence of cys/
hcy (Figure 17). Thus, the distinctive fluorescence pattern

(red, red–green, or red–blue) self-reports the presence of
a specific biothiol.

Besides biothiols, pathogens such as bacteria, fungi,
parasites, or viruses play a critical role in biology and
medicine. Pathogens are responsible for various health
issues and diseases (inflammations, (food/water) poisoning,
influenza, Middle-East Respiratory Syndrome (MERS) CoV,
SARS-CoV-1/-2, cancer).[211, 217,218, 231–234] Therefore, it would
be highly beneficial to detect pathogens in a self-reporting,
fast, and efficient manner to stop them from spreading.
Indeed, various methods for the self-reporting detection of
pathogens have been developed.[235–239] For example, certain
pathogens are responsible for elevated levels of enzymes,
which can be easily detected in the presence of suitable
fluorophores.[231,234, 240–242]

Another strategy applies optical sensors with porous Si
photonic crystals. The pore size can be adjusted to capture
targeted bacteria, for example, Escherichia coli (E. coli),
which results in a reflectivity change. This method allows the
facile and sensitive detection of various pathogens due to the
tunable size of the pores.[243] Similarly, indium tin oxide
screen-printed electrodes were coated with polyaniline
(PANI) and antibodies able to capture targeted pathogens
(Figure 18).[244] In the absence of pathogens, a constant
potential leads to a change in the oxidation state and thus,
the color changes from yellow to blue. In the presence of
pathogens however, the resistance on the electrode surface is
affected and different-colored PANI oxidation states are
obtained, depending on the concentration of the pathogen
(Figure 18). By carefully choosing the polymeric material and
antibody for the electrode coating, various pathogens may be
detected in a simple, fast and visible manner.

Clearly, the introduced self-reporting systems for the
detection of biological substrates and pathogens hold great
potential for innovative, smart materials. Developments
towards innovative systems that self-report the presence of
any biomolecules or pathogens in a selective and fast way
might help to prevent future pandemic outbreaks of diseases.
First of all, the presence of a new potential pathogen (such as
the current pandemic virus) needs to be detected before it can
spread worldwide. On the other hand, rapid analytical results

Figure 17. Various fluorescence emission patterns of the lysosome-
targetable probe in the presence of H2S, cys/hcy, and GSH. Reprinted
from ref. [230], Copyright 2018 American Chemical Society.

Figure 18. Coated electrodes with polyaniline and antibodies for the
visual detection of pathogens. Reprinted from ref. [244], Copyright
2019 American Chemical Society.
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will disburden clinical laboratories and infected patients
could be isolated immediately to reduce the risk of infection.

Inspiring ideas such as virucidal-active personal protective
equipment,[212] antiviral surface coatings,[212] or even self-
sanitizing surfaces[210] have been suggested. Since pathogens
are not only transmitted via surfaces but, more importantly,
via the air, future aerosols with self-reporting properties and
possible antiviral activities would surely prove as a powerful
tool to combat and contain pathogens.

4. Summary and Outlook

The significant growth of studies on stimuli-responsive
materials within the past decade indicates the importance and
demand for further research and developments of such
materials. While stimuli-responsive materials with self-heal-
ing properties remain mainly laboratory proof-of-concept
constructs, stimuli-responsive materials equipped with self-
reporting properties already find application in the industry.
Examples are thermo-responsive inks, forensic chemilumi-
nescent mixtures, or liquid crystal displays. However, there
are still key challenges that need to be overcome to broaden
the possibilities for commercial application: (i) the design of
self-reporting materials is hampered by multi-step synthesis,
low yield, high-cost, and non-practical up-scaling; (ii) the self-
reporting function is often limited in terms of reactive
functions, cycles or mobility; (iii) high energy input is required
for self-reporting, particularly in the presence of heat or UV
light as stimuli, which tend to be replaced by softer stimuli,
such as visible light; and (iv) self-reporting is generally
limited to detecting nano- or microscopic damages. Therefore,
the development of self-reporting materials addressing these
issues is of high relevance to the field. Indeed, future progress
will likely be driven by the combination of the different
concepts described in the present Review. Importantly, the
combination of chemical or physical feedback mechanisms
within a single material appears to be an attractive option to
ensure that a material change is indeed reported. Finally, the
development of combinatorial spectroscopic techniques in
conjunction with detailed knowledge regarding the self-
reporting mechanisms still remains in its early stages, yet is
a key factor for designing efficient systems.
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[138] K. K. Krzymiński, A. D. Roshal, P. B. Rudnicki-Velasquez, K.
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Prevent or Cure—The Unprecedented
Need for Self-Reporting Materials

Are we facing the hard realities imparted
by the limitations of self-healing materi-
als? The answer lies in self-reporting
materials. Prior to any self-healing pro-
cesses, potential system changes along
damages need to be detected and
reported in a visual fashion. This Review
highlights the mechanisms of self-
reporting materials and the challenges
that need to be overcome to enable real-
world applications.
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