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A novel molecular thermometer with ratiometric fluorescence
readout was designed and synthesized. Within a sensing
temperature range of 33 to 41 °C, the fluorescence color of the
nanothermometer changes from blue to green. The ratiometric
change magnitude is about 8.7-fold, rendering the visual
differentiation of color by the naked eyes feasible.

Among manifold stimuli-responsive polymeric materials,
molecular thermometers have received increasing attention
in recent years for many reasons.! For instance, they hold
great promise in identifying infected or cancerous cells, which
have lower or higher physiological temperatures than normal
ones.” Engineering applications urgently require novel
thermosensitive devices for minute regions and harsh milieu,
in which conventional thermometers are inapplicable.?

Poly N-isopropylacrylamide (PNIPAM) materials®> have
been considered as promising candidates for molecular thermo-
meters in several years. Around a specified temperature,
commonly referred to as a lower critical solution temperature
(LCST), PNIPAMs in aqueous solutions undergo a coil-
to-globule phase transition due to the destruction of inter-
molecular hydrogen bonding between polymer chains and
water.'? To visualize the temperature-induced morphological
transition, many chromophores® and fluorophores**> have
already been incorporated in PNIPAM-based molecular
thermometers. Among them, fluorescence sensing is highly
valued since it can provide a more sensitive, selective and
real-time detection than other analysis methods. For instance,
Uchiyama et al.*> developed a series of fluorescent molecular
thermometers based on PNIPAM materials covalently labeled
with the polarity-sensitive oxadiazole fluorophores. At lower
temperatures, the oxadiazole fluorophores remain in well-swollen
and hydrophilic milieu, resulting in a weak fluorescence,
whereas at higher temperatures, the shrinkage of PNIPAMs
is accompanied with an increase in fluorescence intensity.
However, this kind of fluorescent sensing mechanism still
incurs certain problems including excitation source fluctuations,
photobleaching, and a discrepancy in dye content among
batches.® Moreover, for a single-emission readout, distinguishing
between the slight changes in intensities either by visual
inspection or with the aid of an instrument is rather difficult.
In contrast with single-emission fluorescent probes, a ratio-
metric fluorescent one can display a self-calibrating readout
and overcome difficulties encountered by the conventional
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fluorescent probes, ultimately providing more robust signals.’
It is indeed an emerging trend in developing dual-emission and
wavelength-ratiometric sensing schemes.®’

This communication demonstrates a sensitive, reversible,
and self-calibrating ratiometric fluorescent nanothermometer
functioning in the aqueous media. To conform with the
ratiometric sensing capabilities, a fluorophore with different
emission colors in swollen and shrunken state should be
embodied in the polymeric materials. 3-Hydroxyflavones
(3-HFs), which display dual-band emissions associated with
normal excited state intramolecular charge transfer (denoted
as either ESICT or N*) and tautomer excited state intra-
molecular proton transfer (denoted as either ESIPT or T¥*),
adhere to the requirements exactly.®® In polar and aprotic
solvents, 3HFs display a greenish fluorescence emission
originating from the coupled ESICT/ESIPT processes.
Whereas the ESIPT reaction is suppressed in highly polar,
protic solvents, resulting in a dominative blue fluorescence
emission. With this as preamble, 3-hydroxyflavone labeled
PNIPAM nanogel (3HF-nanogel), which can signal temperature
changes in aqueous media with dual fluorescent emissions, is
envisioned. Its sensing mechanism as well as the ratiometric
feature are schematically depicted in Fig. 1a.
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Fig. 1 (a) The swollen state of 3HF-nanogel emits blue fluorescence
in aqueous media. Whereas the local temperature exceeds the LCST of
nanogels, the nanogels shrink accompanied with green emission.
(b) The chemical compositions of nanogels: thermoresponsive NIPAM
unit, crosslinker MBAM unit, and 3HF-AM fluorescent unit in various
ratios. In the case of Thermo-3HF, an optimized molar ratio of
NIPAM, MBAM, and 3HF-AM is 100:1:1.
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The monomer containing 3-hydroxyflavone fluorophore,
denoted as 3HF-AM, was synthesized (see ESI Scheme S1
and the synthetic procedures) and its fluorescence behavior in
response to different ratios of water and dimethylsulfoxide
(DMSO) was characterized. To our expectation, the fluorescence
colors gradually change from blue to green in the increasing
DMSO content (see ESI Fig. S11). 3HF-nanogel was therefore
prepared by slightly modifying the emulsion polymerization
method delineated by Uchiyama et al.** However, the poor
water-soluble fluorescent 2-[4-(3-hydroxy-4-oxo-4H-chromen-
2-yl)phenoxylethylacrylamide (3HF-AM) prevented its effective
incorporation into polymer chains during polymerization in
an aqueous medium, leading to fluorescently silent thermo-
responsive polymers. Following the screening of a series of
solvent compositions and the initiators, the optimized reaction
condition was determined (see ESI Table S1 for further
detailst). By using aqueous DMF solution (DMF/H,O = 7/13)
as the reaction solvent, random copolymerization of NIPAM,
N,N’-methylenebisacrylamide (MBAM), and 3HF-AM in a
molar ratio of 100:1: 1 was conducted at 70 °C for 4 h in the
APS/TMEDA redox initiator system to afford Thermo-3HF
(see Fig. 1b). It is noteworthy that 1 mol% crosslinker MBAM
and high equivalent anionic initiator APS were used to
fabricate nano-sized particles and enhance the water solubility
of the resulting nanogels preventing precipitation.’® The
structure and the chemical composition of the synthesized
copolymer Thermo-3HF were summarized in ESI Fig. S2
and Table S1, respectively.¥

To confirm the nano-sized nature and temperature-induced
morphological transitions of Thermo-3HF, dynamic light
scattering (DLS) and transmission electron microscopy
(TEM) were conducted and analyzed at various temperatures
(Fig. 2a). DLS measurement indicates a two-stage shrinkage
upon heating of Thermo-3HF. First, a substantial shrinkage
occurs from 32 to 36 °C. The phenomenon appears to be
attributed to the contraction of the main skeleton in polymers.
Thereafter, a slight shrinkage occurs from 36 to 40 °C, which is
viewed as a result of the contraction and rearrangement of the
fine structures in polymers. The transition range (i.e. 32-40 °C)
is generally consistent with that derived from the turbidimetric
methods (see ESI Fig. S3 for further detailst). A TEM image
shown in Fig. 2b indicates that Thermo-3HF exists in uniform
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Fig. 2 (a) A correlation between the temperatures and particle sizes
of Thermo-3HF in an aqueous solution (0.002 w/v%), as examined
by dynamic light scattering measurements. (b) A TEM image of
Thermo-3HF.

round particles and the averaged diameter in the dried state is
ca. 50-70 nm, which is much smaller than that (ca. 400 nm at
ambient temperature) obtained from hydrodynamic DLS
measurements.

For the proof-of-concept of the nanothermometers with a
ratiometric fluorescent readout, the fluorescence behavior
of Thermo-3HF in different pHs including physiological
conditions (pH = 7.4 PBS buffer) at various temperatures
was investigated. The results indicate that the fluorescence
profiles are similar from acidic to slightly basic conditions.
Fig. 3a illustrates the relationship between the fluorescence
responses of Thermo-3HF in deionized water and the temperatures
of the milieu (similar results under physiological conditions
were included in ESI Fig. S47). Thermo-3HF displays
two-band fluorescence distribution changes when heating
from 22 to 52 °C, in which a decline of the ESICT-band was
accompanied with the ascent of the ESIPT-band in response to
the temperature rise. Moreover, the wavelengths of two-band
maximum emission shift from 436 to 423 nm in the ESICT
band, and from 508 to 538 nm in the ESIPT band. It is noted
that larger 3-HFs’ two-band separation in a more hydrophobic
microenvironment coincides with previous work that attempted
to verify the existence of H-bond 3HFs in a hydrophilic
solvent.” The observation provides adequate evidence that
the ratiometric transition in fluorescence indeed originates
from the hydrophilic-hydrophobic conversion in the micro-
environment.

Fig. 3b displays the normalized ratios of integrated
intensities of the ESIPT and ESICT bands (see ESI for
detailed data processingt). Notably, the fluorescence emission
of Thermo-3HF displays a drastic ratiometric transition,
a 8.7-fold leap (Fig. 3b), when the local temperature rises
from 33 to 41 °C. The transition temperature observed by
fluorescence is in accordance with what is obtained from DLS.
Moreover, Thermo-3HF displaying an excellent linear
relationship between 33 °C and 41 °C warrants its applications
in intracellular imaging. The insets of Fig. 3b show the
fluorescence photoimages of Thermo-3HF dispersed in water
at ca. 25, 32, 34, 36, 38, and 50 °C. Below the LCST
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Fig. 3 (a) Overlaid fluorescence spectra of Thermo-3HF in an
aqueous solution (0.01 w/v%) at various temperatures; excitation
wavelength: 355 nm. Every spectrum was acquired after reaching
equilibrium. (b) A correlation between the temperatures and normalized
ratios of integrated intensities of ESIPT and ESICT bands of
Thermo-3HF. The data used in (b) is derived from the spectra of
(a). The insets show the corresponding fluorescence images at 25, 32,
34, 36, 38 and 50 °C, respectively.
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Fig. 4 (a) Single-run and (b) multiple-run reversibility experiments of
the fluorescence responses of Thermo-3HF to temperature variation.
All experimental conditions and data processing are the same as those
shown in Fig. 3.

of Thermo-3HF, it swells well in the aqueous medium,
subsequently providing a highly polar and protic local
environment around 3HF and leading to an ESICT-dominant
blue fluorescence emission. Around the LCST, Thermo-3HF
undergoes a significant phase transition with an increase in
temperature, resulting in a more hydrophobic shrunken state,
as reflected in the intensity redistribution of two emission
bands. The ESICT-related blue fluorescence emission band
gradually decreases in intensity with an increasing temperature,
whereas the ESIPT-related green fluorescence emission band
gradually increases in intensity with an increasing temperature.
Eventually, Thermo-3HF exhibits an ESIPT-dominant green
fluorescence emission when above the LCST. The color
changes in the sensitive range are rather apparent rendering
the differentiation of the emission colors by visual detection
feasible. Additionally, the ratios of integrated intensities of the
ESIPT and ESICT bands can be envisioned as a sensitive
indicator of microenvironmental temperature.

The reversibility of Thermo-3HF was also examined. Fig. 4
shows the single-run and multiple-run reversibility experiments
of the fluorescence responses of Thermo-3HF to temperature
variation. The results indicate that no hysteresis exists during a
cycle of heating and cooling (Fig. 4a) and no declining signal
occurs during multiple-run tests, monitoring the ratios of
integrated fluorescence intensities at 25 and 50 °C (Fig. 4b).
The excellent reversibility can be attributed to a highly hydro-
philic, ionic surface of Thermo-3HF, which prevents individual
nanogels from incurring severe intermolecular aggregation
through electrostatic repulsion.? High temperature resolution
as well as high availability are thus achieved.

In summary, this work demonstrates for the first time the
feasibility of applying ratiometric fluorophores to stimuli-
responsive materials. With an increasing temperature, the

fluorescence colors of PNIPAM materials covalently labeled
with 3-hydroxyflavones change from a bluish to greenish
color, providing excellent sensitivity and reversibility.
Moreover, the sensing temperature range lying in the range
of 33 to 41 °C warrants applications in intracellular imaging.
The ratiometric nature of the nanothermometer may
successfully overcome certain difficulties encountered by
conventional fluorescent molecular thermometers, ultimately
providing a more robust signal. Further applications of this
fluorescent nanothermometer in cell imaging are underway
and will be reported in due course.
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