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The need to map temperature distributions at the micrometer level in a diversity of samples is stimulating the develpment
of thermosensitive organic fluorophores with dual emission. Their ability to provide pairs of output signals simultaneously
offers the opportunity to probe temperature ratiometrically and overcome the concentration effects and optical artifacts
that plague methods based on single emission. Pronounced modifications in structure with temperature are generally
invoked to ensure such a ratiometric response. Indeed, conformational changes in either the excited state or the ground
state can be exploited to contruct thermosenstive molecular, macromoleuclar and supramolecular systems. Alternatively,
the rapid equilibration of two fluorophores with resolved emisisons can be designed around the opening and closing of
heterocyclic rings to impose, once again, ratiometric response. The behavior of these thermosensitive constructs in
conjunction with the fast response time, inherent sensitivity, noninvasive character and spatial resolution of fluorescence

imaging permits thermometric analyses at dimensional scales that cannot be accessed with conventional thermometers.

1. Introduction

Temperature is a crucial physical parameter that affects the behavior
of diverse biological and chemical systems as well as numerous man-
made and naturally-occurring materials.%?  These profound
implications in biology, chemistry and materials science have
sparked significant interest in the development of thermometric
methods able to measure variations in temperature at the sub-
microscale level over the last two decades.? In fact, conventional
thermometry becomes ineffective when the size of the specimen
under investigation is reduced to the sub-micrometer level and when
high spatial resolution is required, such as in a number of
biotechnological applications, microfluidics, microelectronics and
micro-optics.>*  For example, the need to map intracellular
temperature in living cells, where the interplay of exothermic and
endothermic reactions regulate activity, demands thermometric
Indeed, temperature

measurements at the microscale.””’
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fluctuations are associated with particular cellular pathogenesis of
disease (e.g., cancer).810

Thermometric methods are generally divided into contact (ie.,
thermocouples) and non-contact techniques. Protocols based on
contact require the installation of a physical sensor on or within the
sample (invasive) and, as a consequence, they cannot detect
temperature within small areas or in different spots simultaneously.
Non-contact methods are non-invasive (or semi-invasive) and offer
many advantages, such as the possibility to detect simultaneously
temperature changes over a sample characterized by a non-uniform
temperature profile.!? Among the latter category, optical sensors
based on absorption, emission or Raman scattering have attracted
significant attention and, in particular, fluorescence-based methods
(both spectroscopic and imaging protocols) are emerging as the most
promising for microthermometry.

Numerous thermo-responsive luminescent probes, based on either
emissive inorganic compounds or fluorescent organic systems, have

been developed over the past two decades.’?!3 They can be divided
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into two wide categories based on their output signals: single or dual
emission.  The first category includes fluorescent molecular
thermometers that rely on absolute-intensity changes of a single
emission band. As a result of the single output, the detected signal
can be affected significantly by several factors, such as the
concentration of the fluorophore, the power of the excitation laser,
the inhomogeneity of the fluorescent-probe distribution and the
sensitivity of the detector. Some of these complications can be
overcome with lifetime measurements, if the luminescence decay of
the probe is designed to be temperature dependent.141>
Alternatively, intensity measurements on fluorescent probes with
thermosensitive dual emission can circumvent these undesired
effects by allowing the ratiometric comparison of two independent
signals.1213 This particular class of thermoresponsive probes are the
primary focus of this review. Specifically, the fundamental principles
behind the design of organic molecules with ratiometric response to
temperature are illustrated through representative examples

categorized in five sub-groups differing in photophysical and/or

structural properties.
2. Excitation dynamics of organic fluorophores

Organic fluorophores generally comprise functional groups with an
extended m-system.'®17  This structural feature allows for the
absorption of photons in the ultraviolet and visible regions of the
electromagnetic spectrum. Upon absorption of radiation, the
electronic configuration of the fluorophore changes and its energy
increases to populate one of the accessible excited states (e.g., S, in
Fig. 1). The excited species relaxes to the lowest singlet excited state
(S; in Fig. 1) and then decays either radiatively to produce
fluorescence or nonradiatively to release heat back to the ground

state (Sg in Fig. 1). The rate constant for fluorescence (k¢) and that

for nonradiative decay (kyg) ultimately dictate the fluorescence
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Fig. 1 Photophysical processes governing the excitation dynamics of organic
fluorophores.

quantum vyield (¢), according to equation (1). Both constants can
vary significantly, relative to each other, with modifications in the
environment around the fluorescent species. Thus, any thermally-
induced alteration of the medium immediately around a given
fluorophore can result in a change of k; relative to kyg and, hence, in
either an increase or a decrease of ¢, offering the opportunity to

impose temperature sensitivity on the fluorescence intensity.

ke
=7t fom (1)

The radiative and nonradiative pathways responsible for bringing an
excited fluorophore from S; back to Sy can be designed to compete
with an additional temperature-sensitive process.'®17 Specifically, a
conformational change along the potential energy surface of S; can
produce a new emissive species with different radiative and non-
radiative rate constants (kg; and kygr:) relative to the original emitter
(P in Fig. 1). The rate constant for such a change in molecular
geometry can be very much sensitive to the viscosity of the medium,
which in turn varies with temperature. Therefore, a change in
temperature can ultimately translate into a change in fluorescence
intensity under these conditions.

Alternatively, the process

competing with radiative and nonradiative decays can be the

This journal is © The Royal Society of Chemistry 2019




Journal of Materials Chemistry C

transfer of energy from the excited fluorophore to a complementary
acceptor (A in Fig. 1). The rate constant (kpa) of energy transfer
decreases with the sixth power of the distance separating donor and
acceptor. Therefore, any mechanism capable of imposing thermal
sensitivity on the physical separation between the two species
exchanging energy translates into a temperature-induced change in
the fluorescence intensity of the excited donor.

The intensity (/) of the radiation emitted by a solution of fluorescent
molecules is related to ¢, the intensity (/o) of the exciting radiation as
well as to the absorbance (A) of the sample, according to equation
(2).3817 In turn, A depends linearly on the molar absorption
coefficient (¢) and concentration (c) of the fluorescent species as well
as the optical path length (d), according to equation (3). It follows
that the fluorescence intensity changes with the concentration of the
sample. Thus, any thermally-induced process designed to produce
the fluorescent species (increase in c) or convert it into a different
compound (decrease in c¢) can be exploited to impose temperature
sensitivity on the detected fluorescence.

I=¢lo(1— 1074 (2)

A=c¢ecd (3)
3. Twisted intramolecular charge transfer

The term twisted intramolecular charge transfer (TICT) was coined

by Grabowski in his fundamental contributions!® to the
rationalization of the double fluorescence of compounds with
bridged and sterically-hindered diethylamino groups.'®2° TICT is a
recurrent phenomenon in molecules incorporating pairs of subunits,
connected through a single bond, that can act as electron donor (D)
and acceptor (A) respectively upon excitation.?! In the ground state,
D and A adopt preferentially a co-planar arrangement to form a

single chromophoric system with extended electronic conjugation.

Vertical excitation produces a locally-excited (LE) state with the very

This journal is © The Royal Society of Chemistry 2019
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same relative orientation of D and A. Once formed, the LE state can
decay radiatively back to the ground state to produce fluorescence.
Alternatively, it can undergo adiabatically a conformational change
about the single bond connecting D and A to twist them out of
planarity. Charge, in the form of an electron, is then transferred from
D to A within the resulting twisted geometry, hence called TICT state.
The latter can also deactivate radiatively to produce a weak emission
that is generally red-shifted relative to the LE fluorescence.’® The
rate of the adiabatic conformational change varies significantly with
the polarity and viscosity of the surrounding medium as well as with
the temperature of the specimen. As a result, the relative amounts
of the LE and TICT states and, therefore, their emission intensities
change with any of these three physical parameters.?223 However,
the emission bands of the LE and TICT states generally overlap
significantly and the fluorescence quantum yield of the latter species
is low in most instances.’?* These limitations complicate the
development of compounds with ratiometric fluorescence response
to temperature based of this particular mechanism.

In 2017, our laboratories reported a study on the structural
implications on the excitation dynamics of fluorescent 3H-indolium
cations.?> Our investigations revealed that the excitation of
compound IN (Fig. 2a) in acetonitrile populates efficiently a weakly-
emissive TICT state. This molecule has a [C—C=C-C] bridge
connecting a 3H-indolium cation to a coumarin chromophore. Fast
rotation about the [C—C] bond adjacent to the coumarin fragment in
the excited state is responsible for the formation of the TICT state.
The hexafluorophosphate salt of IN absorbs at 573 nm and the
emission of its TICT state is centered at 640 nm in acetonitrile at 25
°C (Fig. 2b). Under these conditions, the fluorescence quantum yield

(¢) is only 0.09 and the fluorescence decay is monoexponential with

a lifetime (1) of 0.31 ns. In viscous environments, rotation of the
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coumarin fragment about the adjacent [C—C] bond slows down
significantly, inhibiting the population of the TICT state. Indeed, ¢ is
as high as 0.74 in glycerol at the same temperature and the decay is
biexponential with a long component of 1.84 ns (63%) and a short

one of 0.51 ns (37%). Singular-value decomposition of the time-
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Fig. 2 (a) Structure of IN. (b) Absorption and emission spectra of the
hexafluorophosphate salt of IN in acetonitrile at 25 °C. (c) Singular value
decomposition of the time-resolved emission spectrum of the
hexafluorophosphate salt of IN in glycerol at 25 °C. (d) Temperature
dependence of the emission spectrum of the hexafluorophosphate sat of IN
in glycerol/acetonitrile (94:6, v/v).
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resolved emission spectra clearly shows that the two components
are associated with distinct emission bands with maxima at ~620 and
~650 nm (Fig. 2c), which correspond to the LE and TICT states
respectively.

The temperature dependence of the emission spectrum was studied
in a mixture of acetonitrile/glycerol (94:6, v/v) between 25 and 70 °C.
A significant decrease in emission intensity was observed with a
temperature increase (Fig. 2d). Indeed, the rate of the
conformational change responsible for the adiabatic conversion of
the LE into the TICT state increases with temperature. As a result,
the population of the weakly-emissive TICT state is facilitated and the
overall emission intensity decreases. However, the emission bands
of the two emissive species overlap significantly and only after
deconvolution (Fig. 2c) can be distinguished, complicating the

possible implementation of a ratiometric detection scheme based on

this compound.

4. Molecular beacons

Molecular beacons (MBs) were reported for the first time in 1995,
when Tyagi and Kramer applied a new principle to construct probes
able to detect specific nucleic acids in homogeneous solutions.?® The
general structure of MBs (Fig. 3) consists of a single-stranded nucleic
acid with a stem-and-loop unit together and an overall hairpin
shape.?63% Two complementary arm sequences, annealed together
to form the stem, are connected through an additional probe

sequence at one end. At the other, each arm is bound to a

Low FRET efficiency

Target

High FRET efficiency

Fig. 3 Association of a MB with its complementary target separates D from A
to depress the efficiency of FRET.

This journal is © The Royal Society of Chemistry 2019
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chromophoric group designed to act as energy donor (D, emissive)
and acceptor (A, non-emissive) respectively in a Forster resonance
energy transfer (FRET) pair.31:32 These two moieties are maintained
in close proximity by the stem, causing the fluorescence of D to be
quenched by A though a FRET mechanism. Association of the probe
to a complementary nucleotide promotes the formation of a probe—
target complex, forcing the two arm sequences (as well as the
appended D and A) to move away from each other and preventing
FRET. The overall result is the restoration of the fluorescence of
D_33,34

MBs undergo a conformational change upon heating with a resulting
increase in fluorescence, which follows a sigmoidal trend.3> MBs
sensitivity to temperature has been largely used to design
biocompatible fluorescent temperature sensors.3¢-38 However, most
of these probes are based on single emission.363% In addition to the
inherent disadvantages associated with the detection of a single
output signal, they also have a range of action restricted to the
melting temperature of the stem and are sensitivity to other
chemical and physical parameters (e.g., concentration, pH and
viscosity).3¢ In order to overcome these disadvantages, unimolecular
dual-emission MBs sensitive to temperature have been designed.
One explored strategy has been to substitute the non-emissive A,
linked to one arm, with a fluorophore that can emit at its
characteristic wavelength following FRET.*° In 2009 Barilero et al.
reported a dual-emission temperature sensor MB based on a
Fluorescein/Texas-Red FRET pair designed to produce A or D
fluorescence depending on temperature.** Indeed, their probe can
adopt predominantly two distinct geometrical arrangements. In the
closed state, FRET occurs and A emits. In the open state, FRET does
not occur and D emits. After estimation of an optimal Foster distance

of 5.6 nm, the authors engineered an oligonucleotide combining a

This journal is © The Royal Society of Chemistry 2019
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loop long enough to obtain a significant increase of the average D-A
distance and two complimentary sequences to form a stem with
melting temperature around 20-25 °C.*2 Negligible temperature
dependence was observed in the corresponding absorption spectra,
showing bands for Fluorescein and Texas-Red centered at 495 and
594 nm respectively. The emission spectra of this MB, recorded in
buffer solution upon excitation at the Fluorescein absorption
wavelength, reveals two well distinguished emission bands
corresponding to Fluorescein (518 nm) and Texas-red (610 nm) with
the intensity of the former increasing and that of the latter
decreasing to give a change in ratio (/535//510) from ~0.47 to ~2.25, as
the temperature increases from 7.3 to 36.5 °C. This ratiometric MB
was tested in a 130-um thick microfluidic chamber, locally heated by
a thin-film resistor, obtaining maximum relative sensitivity at 20 °C.

A modified MB structure (Fig. 4a), consisting of a single-stranded
DNA (ssDNA) terminated by a FRET pair, was reported by Wu et al. in
2017.%3 The absence of the double-stranded stem, characteristic of
MBs, avoids the main disadvantage arising from the interaction
between the nucleobases of the stem: i.e., the thermally-induced
formation and breaking of hydrogen bonding with a resulting
working range limited to the melting temperature of the stem. In
spite of these modifications, this probe retained the main function of
traditional MBs. In fact, the conformation of certain ssDNA are
temperature sensitive and this behavior is highly sequence-
dependent.**46  Molecular dynamics simulations were used to
investigate the thermosensitivity of a series of ssDNA sequences and
12-mers with lengths ranging between 3 and 6 nm, which are also
compatible with FRET, were found to exhibit greater average
sensitivities relative to 6-mer sequences. Steady-state fluorescence

experiments at temperature ranging from 0 to 100 °C on 12-mer and

6-mer probes confirmed a conformational temperature-dependent
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change in the former (Fig. 4b) and no significant sensitivity in the
latter. In particular, a 12-mer with a phosphoramidites of 6-
carboxyfluorescein (FAM) energy donor and a carboxy-tetramethyl-
rhodamine (TAMRA) energy acceptor exhibited the largest
temperature-dependent variation in the ratio between the emission
intensities of D and A (corresponding to a decrease in FRET
efficiency), ranging from 0.29 to 2.03 between 0 and 100 °C.

A similar probe, L-FAM-12R1-TAMRA, was tested as ratiometric
temperature probe in biological applications. Laser scanning
confocal microscopy images (LSCM) (Fig. 4c, A1-C3) of transfected
PC-3 cells clearly demonstrate that signal intensities recorded in the
D and A channels change ratiometrically with temperature. A related
12-mer probe, with a carboxy-X-rhodamine (ROX) energy donor and
an ATTO 647N energy acceptor, was used to image the temperature
change in a hyperthermia treatment of tumor tissue.*’=>° In vivo
fluorescence images (Fig. 4c, D1-E2) of the tumor in a mice, recorded
before and after hyperthermia, showed a significant change in the

ratio between the emission intensities of D and A from 0.75 to 0.95

with hyperthermia.

5. Covalent blends of fluorophores

Most of the small-molecule thermosensors developed so far suffer

and low structural stability.’®> Some of these major drawbacks can be
overcome with the design of appropriate stimuli-responsive
polymeric assemblies.®®>2  One viable strategy to construct
fluorescent and temperature-sensitive polymers is based on the
covalent connection of emissive chromophores to thermoresponsive
macromolecules.>3-61

These particular macromolecules undergo a

thermally-induced change in shape, which can affect the

photophysical properties of the covalently-attached

fluorophores.5°86263  Their covalent attachment to two or more
types of fluorescent dyes further allows to engineer ratiometric
response to temperature.?5464-69

In 2011, Chen et al. reported a molecular thermometer with
ratiometric output based on co-polymerized units of N-i-
propylacrylamide (NIPAM), N,N’-methylenebisacrylamine (MBAM),
and 3-hydroxyflavone (3HF).7° The emission of the 3HF component
is sensitive to the polarity of the surrounding environment, because
of the participation of normal excited-state intramolecular charge
transfer (ESICT) and tautomer excited-state intramolecular proton
transfer (ESIPT) in its excitation dynamics. Specifically, it emits at

~525 nm in polar aprotic solvents and ~425 nm in apolar protic

solvents, because of the suppression of ESIPT under the latter

N o o ) o conditions. The NIPAM-MBAM-3HFs co-polymer dispersed in
from poor water solubility, limited possibility for functionalization
a High D Donor b
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Fig. 4 (a) Schematic representation of a single-stranded DNA nanothermometer with ratiometric response based on FRET.

Wavelength (nm)

(b) Temperature dependent

emission of the FAM-12R1-TAMRA probe. (c) LSCM imaging of PC-3 cells transfected with the L-FAM-12R1-TAMRA probe at three different temperatures
(A1-C3) and fluorescence imaging of tumor tissue injected with L-ROX-12R1-ATTO-FT before (D1 and D2) and after (E1 and E2) microwave irradiation.

Reproduced from ref. 41 with permission (American Chemical Society).
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Fig. 5 (a) Structure of the cationic fluorescent polymeric thermometer
composed of thermosensitive (NNPAM), cationic (APTMA), temperature
dependent fluorescent (DBThD-AA) and temperature independent
fluorescent (BODIPY-AA) units. (b) Normalized emission spectra of the
cationic polymeric fluorescent probe recorded at different temperatures in
aqueous KCI (150 mM, left) and the corresponding ratiometric change (right).
(c) Differential interference contrast image (left), LSCM image (center) and
merged images (right) of MOLT-4 cells incubated with the cationic fluorescent
polymeric thermometer. (d) Emission spectra of MOLT-4 cells incubated with
the polymeric thermometer (left) and the corresponding ratiometric change
(right). Reproduced from ref. 69 with permission (Royal Society of Chemistry).

aqueous media adopts a swollen state below and a shrunk state
above its lower critical solution temperature (LCST). These
transformations are accompanied by significant changes in the ratio
between the emission intensities at the two wavelengths. In
particular, the Is,s5/14,5 ratio shows a linear increase from ~0.1 to ~0.8
Furthermore, the

as the temperature raises from 33 and 41 °C.

modular design of this thermosensitive macromolecular constructs

This journal is © The Royal Society of Chemistry 2019
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allows for the introduction of additional emissive components.”*
In 2015, Uchiyama et al. designed a polymeric fluorescent
thermometer based on poly-N-propylacrylamide (PNNPAM),”* which
undergoes a pronounced geometrical change, from linear to
globular, as the temperature increases. In particular, PNNPAM is
soluble in water below a lower critical solution temperature (LCST)
of 10 °C.7? This macromolecule was connected to a cationic unit ((3-
acryl-amidopropyl) trimethylammonium salt (APTMA) to allow
intracellular permeability,”3 a temperature-dependent
benzothiadiazole (DbThD-AA) fluorophore’ and a temperature
independent borondipyrromethene emitter (BODIPY-AA) (Fig. 5a).

The fluorescence of the temperature-sensitive DbThD-AA unit at 580
nm responds to variations in local polarity, caused by conformational
changes of the PNNPAM backbone. A temperature raise from 25 to
45 °C produced an increase in the emission intensity of the DbThD-
AA units, while that of the standard BODIPY-AA chromophores at 515
nm remained constant (Fig. 5b). As a result, the ratio between the
two emission intensities (/s5g0//515) changed from ~0.3 to ~0.7 (Fig.5b,
right), while variations in ionic strength (0.25-0.35), concentration
(0.001-0.01 w/v %) and pH (6-9) did not show any significant effect.
Non-adherent MOLT-4 (Fig. 5c¢) and adherent HEK293T cells were
used to test incorporation efficiency, cytotoxicity and intracellular
The

temperature sensitivity of this macromolecular probe.

fluorescence  response to temperature was evaluated
spectroscopically in multiple cells to give a change in Isg0/l5:5 from
~0.10 to ~0.62 and from ~0.9 to ~1.3 in MOLT-4 and HEK293T cells

respectively for temperatures ranging between 25 and 44 °C (Fig. 5d).
6. Noncovalent blends of fluorophores

The synthetic challenges associated with the need to attach multiple
and distinct fluorophores to the same polymer backbone can be

overcome with the engineering of noncovalent counterparts of these

J. Mater. Chem. C, 2019, 7, 1-12 | 7
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macromolecular assemblies.’>78 For example, a two-step cascade
FRET temperature sensor was developed by Hu et al. in 2015.7°
Three different thermoresponsive fluorescent macromolecules,
based on polyethylene glycol (PEG) and NIPAM polymers as well as
coumarin  (CMA), 7-nitro-1,2,3-benzoxadiazole (NBDA) and
rhodamine B (RhBEA) fluorophores, were prepared (Fig. 6a). Each
fluorophore was attached to a distinct polymer chain and the
resulting macromolecules, emitting blue, green and red light
respectively (Fig. 6b, left), were mixed. Thermo-induced
micellization of the polymers in aqueous solution forced the
attached fluorophores to be in close proximity, enabling FRET. The
temperature response of the two-step cascade FRET ratiometric
system was tested between 20 and 44 °C. An increase in FRET
efficiency from CMA (Agy = 422 nm), trough NDB (Agy = 523 nm) to
RhBEA (Agv = 585 nm) was observed with a raise in temperature.
Specifically, the ratio between the emission intensities at 583 and
422 nm increased from ~1.5 to ~8.5 with a temperature change from
32 to 44 °C (Fig. 6b, right).

Fluorescence images (Fig. 6¢) of live

HepG2 treated with an aqueous mix of the three polymers were

a H‘)\ gﬁ *V Heating % *
- A Coolog

o

FRET forbidden FRET relay

Strong Blue Fluorescence Strong Red Fluorescence
Y
A - £ L] )
|
PEG-b-PNIPAM  CMA ""’In’ NDB RhB

successfully acquired in the corresponding detection channels (blue,
green and red) at temperatures ranging from 25 to 41 °C, confirming
the efficiency of the two-step cascade FRET mechanism. At
temperatures below 33 °C, a strong blue emission was observed
along with minimal red fluorescence. Asthe temperature was raised
up to 41 °C, a dramatic increase of emission in the red channel was
observed together with a decrease of that in the blue channel. The
ratio between the emission intensities (/red//s1ue) increased from ~1
to ~8 between 27 and 42 °C (Fig. 6d).

A more recent example of ratiometric temperature sensor, based on
noncovalent blends of fluorophores, relies on the self-assembly of
small amphiphilic building blocks. In particular, Cui et al. developed
a new type of fluorescent nanoparticles through the self-assembly of
amphiphilic  small molecules, comprising a hydrophobic
dicyanodistyrylbenzene (DCS) rod segment and hydrophilic oligo
(ethylene glycol) OEG chains, in aqueous environments (Fig. 7a).%°
The OEG-DCS molecules displayed temperature responsive LCST

behavior (Fig. 7b) similarly to that of the PNIPAM polymers. A shift

of the emission maximum from 600 to 540 nm was observed in water

C
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Fig. 6 (a) Schematic representation of a non-covalent blend of three fluorescent thermoresponsive hydrophilic block copolymers (PEG-b-PNIPAM-CMA, PEG-
b-PNIPAM-NBD and PEG-b-PNIPAM-RhB) and the associated temperature-dependent FRET cascade. (b) Excitation (solid lines) and emission spectra (dotted
lines) of the three polymers (left) and the corresponding ratiometric change (right). (c) LSCM images and associated ratiometric change (d) for live HEPG2
cells incubated with a mixture of the three polymers. Reproduced from ref. 76 with permission (American Chemical Society).
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Fig. 7 (a) Structure of the OEG—-DCS amphiphilic molecule. (b) Schematic representation of the reversible self-assembly (L < LCST) and disassembly (L > LCST)

of OEG-DCS.

(c) Color change of a solution containing OEG-DCS upon heating or cooling (top), normalized emission spectra of OEG-DCS at different

temperatures (bottom left) and corresponding ratiometric response (bottom right). Reproduced from ref. 77 with permission (American Chemical Society).

with a raise in temperature from 15 (below the LCST) to 80 °C (Fig.
7c, bottom left). At low temperature, the hydrophilic OEG chains of
the amphiphilic compounds interact with the surrounding water
molecules to form hydrogen bonds. As the temperature increases
above the LCST of OEG (26 °C) and then up to 80 °C, the hydrogen
bonds are disrupted to form globular aggregates instead.
Concomitantly with these structural changes, a linear increase in the
ratio between the emission intensity of DCS globular aggregates at
540 nm and that of DCS self-assembled nanoparticles at 600 nm from

~0.7 to ~1.5 was observed for temperature above 26 °C (Fig. 7c,

bottom right).

7. Thermochromic switches

The inherent sensitivity of thermochromic compounds88? to
temperature offers the opportunity to design fluorescent sensors
with ratiometric response. Indeed, these particular molecules switch
between states with resolved absorption bands in the visible region
of the electromagnetic spectrum. As a result, significant changes in
color accompany temperature-induced variations in the relative
amounts of the two interconverting species. In principle, ratiometric
fluorescence response to temperature can be engineered around
these reversible transformations, if the two interconverting species

are also designed to emit in resolved spectral regions. On the basis

This journal is © The Royal Society of Chemistry 2019

of these considerations, our laboratories developed fluorescent
thermochromic switches based on the opening and closing of either
oxazine or oxazolidine heterocycles.®> Compound OX (Fig. 8a) is a
representative example of these operating principles in action. It
incorporates an oxazolidine heterocycle and a coumarin fluorophore.

The two fragments are isolated electronically in the ground state and
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Fig. 8 (a) Interconversion of the ring-closed (OX) and -open (INH) forms of a
thermochromic switch. (b) Emission spectra of OX and INH in MeCN/H,0 (1:1
v/v) at temperature ranging from 8 to 54 °C. (c) Temperature dependence of
the emission intensities of OX and INH as well as of their ratio. (d) LSCM
images of an alginate bead (diameter = 1.6 mm), doped with OX and
maintained at 8 (A and B), 24 (Cand D), 35 (E and F) or 50 °C (G and H) together
with the corresponding emission intensities, integrated across the field of

view, and their ratio (inset) [Yellow Channel: A¢, = 405 nm, Ag,,, = 450-600 nm;
Purple Channel: Ag = 561 nm, Ag,, = 600-770 nm].
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the fluorescent component emits at 489 nm. In a mixture of
acetonitrile and water, however, the oxazolidine ring opens to form
protonated indolium cation INH. In the resulting species, the
coumarin fragment can extend its electronic conjugation over the
adjacent indolium auxochrome to produce fluorescence at 660 nm.
In fact, the emission spectrum (Fig. 8b) of an equilibrated solution of
OX and INH clearly shows the resolved emission bands of the two
species. As the temperature raises from 8 to 54 °C, the emission
intensity of the ring-closed species increases and that of the ring-
open form decreases. The ratio between the two intensities (Fig. 8c)
also increases from ~2.4 to ~33 between 8 and 54 °C.

The observed ratiometric response of OX and INH was successful
employed to image temperature distributions with spatial resolution
at the micrometer level.8% The thermochromic probe was entrapped
within a hydrogel bead and the emission of the two equilibrating
species was monitored at temperature ranging between 8 and 50 °C.
The resulting images show an increase in the emission of OX (A, C, E
and G in Fig. 8d) and a concomitant decrease in the emission of INH
(B, D, Fand Hin Fig. 8d). A plot (Fig. 8e) of the ratio between the two
emission intensities, integrated across the field of view, against
temperature clearly reveal the ability of this molecular system to

provide a ratiometric response with a change of /,g¢/lg50 from 0.18 to

9 between 8 and 50 °C.

8. Conclusions

Fluorophores with electron rich and deficient fragments connected
by a single bond can twist out of planarity upon excitation. The rate
of such a conformational change and, hence, the relative amounts of
excited molecules with planar and twisted geometries vary with
temperature. As a result, these dynamic processes in the excited
state provide a viable mechanism to design thermosensitive probes

with dual emission. However, the overlap between the emission

10 | J. Mater. Chem C, 2019, 7, 1-10
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bands of the two species together with the low fluorescent quantum
yield of the twisted state generally limit the performance of these
systems.

Conformational changes in the ground state can also be exploited to
control the relative intensities of pairs emission bands. In these
systems, an energy donor is connected to an energy acceptor
through a flexible spacer, whose geometry varies with temperature.
As a result, the physical separation between donor and acceptor and,
hence, the efficiency of energy transfer change significantly with
temperature to affect the relative intensities of the emission bands
of the two chromophoric components. However, the distance
requirements that must be satisfied to suppress energy transfer
demand the introduction of relatively long spacers between the two
chromophoric components and restrict the implementation of these
operating principles to macromolecular systems in most instances.
Blends of fluorophores with resolved emission bands covalently
connected to either the same or distinct macromolecular backbones
provide also the opportunity to implement ratiometric fluorescence
response to temperature. Either conformational changes of the
polymer scaffolds or their supramolecular association/dissociation in
response to temperature alter the environment around the
chromophoric units and, hence, their relative emission intensities.
Once again, this design logic requires macromolecular scaffolds to
ensure ratiometric response and cannot be scaled down to individual
molecule-sized probes. Additionally, the phase transition of the
polymer components restricts the temperature values that can be
sensed within relatively narrow ranges.

Finally, the rapid equilibration of species with resolved emission
bands, as a consequence of the opening and closing of heterocyclic

rings, can also be exploited to ensure ratiometric response. Indeed,

the relative amounts of two equilibrating compounds and, therefore,

This journal is © The Royal Society of Chemistry 2019
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the emission intensity of one relative to the other change
significantly with temperature to provide ratiometric output. The
main advantage of this particular approach is that it does not require
the covalent connection to or noncovalent entrapment within a
macromolecular construct and can, instead, be engineered into
single organic molecules with appropriate structural designs, relying
on the aid of chemical synthesis.

Each one of these valuable mechanisms, in conjunction with
conventional fluorescence microscopes, offers the opportunity to
visualize temperature distributions in a diversity of samples with
spatial resolution at the micrometer level and in real time. In turn,
their ratiometric response eliminates concentration effects and
optical artifacts that, instead, complicate intensity measurements at
a single wavelength. Thus, invaluable chemical thermometers for
measurements at a dimensional scale that would be inaccessible to
conventional thermometry can ultimately emerge from these

innovative structural designs.
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