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ABSTRACT: Intracellular temperature plays a prominent role
in cellular functions and biochemical activities inside living
cells, but effective intracellular temperature sensing and
imaging is still in its infancy. Herein, thermoresponsive double
hydrophilic block copolymers (DHBCs)-based fluorescent
thermometers were fabricated to investigate their application
in intracellular temperature imaging. Blue-emitting coumarin
monomer, CMA, green-emitting 7-nitro-2,1,3-benzoxadiazole
(NBD) monomer, NBDAE, and red-emitting rhodamine B
monomer, RhBEA, were copolymerized separately with N-
isopropylacrylamide (NIPAM) to afford dye-labeled PEG-b-
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P(NIPAM-co-CMA), PEG-b-P(NIPAM-co-NBDAE), and PEG-b-P(NIPAM-co-RhBEA). Because of the favorable fluorescence
resonance energy transfer (FRET) potentials between CMA and NBDAE, NBDAE and RhBEA, as well as the slight tendency
between CMA and RhBEA fluorophore pairs, three polymeric thermometers based on traditional one-step FRET were fabricated
by facile mixing two of these three fluorescent DHBCs, whereas exhibiting limited advantages. Thus, two-step cascade FRET
among three polymeric fluorophores was further interrogated, in which NBD acted as a bridging dye by transferring energy from
CMA to RhBEA. Through the delicate optimization of the molar contents of three polymeric components, a ~8.4-fold ratio
change occurred in the temperature range of 20—44 °C, and the detection sensitivity improved significantly, reached as low as
~0.4 °C, which definitely outperformed other one-step FRET thermometers in the intracellular temperature imaging of living
cells. To our knowledge, this work represents the first example of polymeric ratiometric thermometer employing

thermoresponsive polymer-based cascade FRET mechanism.

KEYWORDS: intracellular temperature imaging, cascade FRET, PNIPAM, polymeric ratiometric thermometers,

thermoresponsive DHBCs

B INTRODUCTION

Temperture is a significant parameter in a broad range of
biological activities, especially in biological reactions within
living cells.'™* In addition, various abnormal medical
phenonmena ranging from inflammation to cancer cell growth
are often accompanied by temperature increase. Unfortunately,
in situ and noninvasive determination and real-time monitoring
of intracellular temperature accurately at microscale or
nanoscale is still a poorly resolved problem.>™ In this context,
fluorescent thermometers are attracting more and more
attention due to their intrinsic advantages such as high spatial
resolution and functional independence of the medium.'®”"* A
great variety of fluorescent thermometers employing different
fluorescence techniques (e.g., fluorescence intensity and
lifetime)"*~" and different fluorophores (such as small organic
dyes,zo fluorescent proteins,n’22 upconversion nanoparticles,23
quantum dots,** metal complexes,*>*® and GFP-based
thermosensors>”) have been developed. Among these, small

-4 ACS Publications  © 2015 American Chemical Society

15551

molecule-based sensors usually suffer from major limitations
such as poor water solubility, low structural stability, and
difficulty in further functionalization. Alternatively, polymeric
sensors with flexible structural design and optimal properties
have been increasingly utilized as a novel approach.”*™>
Thermoresponsive hydrophilic poly(N-isopropylacrylamide),
PNIPAM, bearing polarity or viscosity sensitive organic dyes
have been investigated intensively as fluorescent thermometers
in recent years. Typically, Uchiyama and co-workers developed
a series of PNIPAM-based fluorescent thermometers by
introducing 4-N,N-dimethylamino-7-N,N-dimethylaminosul-
fonyl-2-1-3-benzoxadiazole (DBD-NMe,) or its derivatives
into PNIPAM.'® After that, they fabricated an elegant example
of fluorescence lifetime-based fluorescent thermometer and
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mapped the intracellular temperature variations among differ-
ent organelles based on fluorescence lifetime imaging
microscopy for the first time.'® The nucleus temeprature was
demonstrated to be slightly higher than that of cytoplasm and
the temperature gap was varied depending on the stages of cell
cycles.

It should be noted that fluorescent thermometers based on
the fluorescence intensity changes at certain wavelengths are
more prevalent and easier to access compared with that of
fluorescence lifetime. However, the fluorescence intensity at a
single wavelength can be affected by many parameters (e.g., dye
concentration, photobleaching).*** For further insight into
the role of temperature in the intracellular events, ratiometric
fluorescent thermometers that can be achieved by various
strategies are preferred due to their potential advantages.*”
Moreover, fluorescence resonance energy transfer (FRET) is
very powerful in analyte detection and sensing.*’ For the
ratiometric fluorescent thermometers based on thermo-induced
FRET mechanism, pyrene and its quencher fullerene-labeled
PNIPAM polymeric temperature sensor has been developed.*!
Additionally, the integration of a thermosensitive dye and an
insensitive reference physically embeded within a polymeric
hydrophobic core was also employed to probe the temperature
of living cells,* but the incovalent nature of fluorophores
within nanoparticles would inevitably face the problem of dye
diffusion and leakage as well as limited controllability that
would restrict their further applications.

Besides conventional one-step FRET between two fluo-
rophores, cascade FRET between three or more fluorophores is
receiving more and more attention, especially in the
investigation of complex biological macromolecular interac-
tions.*> A much longer FRET radius can be realized based on
cascade FRET, thus making it more effective for the exploration
of long-range molecular interactions, enzymatic conformational
change, and many biological activities concerning three or more
biomacromolecular interactions, in which the spatial distances
between active moieties are often longer than traditional FRET
radius.**~® Typically, Watrob and co-workers investigated the
two-step FRET theoretically and experimetnally, demonstrating
that two-step cascade FRET is more suitable in a broad range of
research area than one-step FRET such as long-range energy
transfer.”’

Inspired by the exciting characteristics of the cascade FRET,
we envisage the integration of a two-step cascade FRET process
with the design of a polymeric ratiometric fluorescent
thermometer (Scheme 1). Well-defined thermoresponsive
DHBCs, blue-emitting PEG-b-P(NIPAM-co-CMA), green-
emitting PEG-b-P(NIPAM-co-NBDAE), and red-emitting
PEG-b-P(NIPAM-co-RhBEA) were fabricated via reversible
addition—fragmentation chain transfer (RAFT) polymerization
in the presence of NIPAM, fluorescent monomers, and PEG-
based RAFT agent, respectively (Scheme S1 of the Supporting
Information). Three types of one-step FRET thermometers
were achieved facilely by mixing two of these three kinds of
fluorescent DHBCs, but the performance was not satisfactory.
However, facile integration of three different DHBCs into one
system afforded a novel polymeric ratiometric thermometer, in
which NBD acted as a FRET bridge by transferring the emitted
fluorescence energy of CMA to RhBEA, exhibiting improved
performance both in aqueous solution and in intracellular
temperature imaging of living cells.

Scheme 1. (a) Fabrication of Polymeric Ratiometric
Fluorescent Thermometers from Thermoresponsive Double
Hydrophilic Block Copolymers (DHBCs), Blue-Emitting
CMA- Labeled PEG-b-P(NIPAM-co-CMA), Green-Emitting
NBDAE-Labeled PEG-b-P(NIPAM-co-NBDAE), and Red-
Emitting RhBEA-Labeled PEG-b-P(NIPAM-co-RhBEA) via
the NBD-Mediated Two-Step Cascade FRET Process; (b)
Schematic Illustration for the Intracellular Temperature
Imaging and Temperature Readout of Living Cells upon
Cellular Internalization of the Cascade FRET Thermometer
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B EXPERIMENTAL SECTION

Materials. N-Isopropylacrylamide (NIPAM) (97%, Tokyo Kasei
Kagyo Co.) was purified by recrystallization from a mixture of benzene
and n-hexane (1/3, v/v). 2,2'-Azobis(2-methylpropionitrile) (AIBN)
was obtained from Acros chemicals and recrystallized from 95%
ethanol. 1,4-Dioxane, tetrahydrofuran (THF), and other reagents were
purchased from Sinopharm Chemical Reagent Co. Ltd. and used as
received. Water was deionized with a Milli-Q SP reagent water system
(Millipore) to a specific resistivity of 184 M cm. PEG-based
macroRAFT agent,”® coumarin-based monomer (CMA),* NBD-
based monomer (NBDAE),"*®° and rhodamine B-based monomer
(RhBEA)®" were synthesized according to literature procedures.

Sample Synthesis. Typical RAFT polymerization routes em-
ployed for the preparation of thermoresponsive fluorophore-labeled
DHBCs,**** PEG-b-P(NIPAM-co-CMA), PEG-b-P(NIPAM-co-
NBDAE), and PEG-b-P(NIPAM-co-RhBEA) are shown in Scheme
S1 of the Supporting Information.

Synthesis of PEG-b-P(NIPAM-co-CMA), PEG-b-P(NIPAM-co-
NBDAE), and PEG-b-P(NIPAM-co-RhBEA) DHBCs. Typical procedures
for the synthesis of DHBCs are as follows. PEG-based macroRAFT
agent (0.40 g, 0.08 mmol), NIPAM (1.09 g, 9.6 mmol), CMA (25 mg,
0.08 mmol), AIBN (1.3 mg, 0.008 mmol), and 1,4-dioxane (S mL)
were added into a reaction tube. The mixture was carefully degassed by
three freeze—thaw cycles, and then sealed under vacuum. After stirring
at 70 °C for 2 h, the reaction tube was opened and diluted with 5 mL
THEF. The mixture was then precipitated into an excess of cooled ethyl
ether. The above dissolution—precipitation cycle was repeated for
three times. The final product was dried in a vacuum oven overnight at
room temperature to afford PEG-b-P(NIPAM-co-CMA) diblock

DOI: 10.1021/acsami.5b04025
ACS Appl. Mater. Interfaces 2015, 7, 15551—15560


http://dx.doi.org/10.1021/acsami.5b04025

ACS Applied Materials & Interfaces

Research Article

Table 1. Molecular Parameters and Dynamic Laser Light Scattering (LLS) Characterization and LCST Determination of

Polymers Used in This Work

samples M, cpc (kDa)® M,/M,*
PEG;;; macroRAFT agent 5.0 1.07
PEG,;-b-P(NIPAM-co-CMA),, 15.4 1.13
PEG, 5-b-P(NIPAM-co-NBDAE ), 15.8 1.11
PEG, 3-b-P(NIPAM-co-RhBEA),, 14.9 1.16

mixed micellar dispersion®

M, (kDa)? R, (nm)° PDI* LCST (°C)?
16.0 325 0.16 34.0
157 267 0.09 356
15.1 25.6 0.10 35.8
26.8 0.13

“Determined by GPC using DMF as the eluent (1.0 mL/min). bCalculated from 'H NMR results. “Determined by dynamic LLS at a copolymer
concentration of 1 mg/mL at 50 °C. #Determined by temperature dependence of optical transmittance at 700 nm for 2.0 g/L DHBCs. Temperature
at which 10% transmittance drop was determined to be LCST. “Mixed micellar dispersion fabricated from PEG-b-P(NIPAM-co-CMA), PEG-b-

P(NIPAM-co-NBDAE), and PEG-b-P(NIPAM-co-RhBEA).

copolymers as a white powder. PEG-b-P(NIPAM-co-CMA) was then
treated with an excess of AIBN (130 mg, 0.8 mmol) in 1,4-dioxane (§
mL) under nitrogen at 70 °C for 2 h. The mixture was then
precipitated into an excess of n-hexane. The above dissolution-
precipitation cycle was repeated for three times. After drying in a
vacuum oven overnight, PEG-b-P(NIPAM-co-CMA) was obtained as a
white powder (0.76 g yield, 50.2%). The molecular weight and
molecular weight distribution were determined by GPC using DMF as
the eluent, revealing an M,, of 15.4 kDa and M,,/M,, of 1.13 (Table 1).
The degree of polymerization, DP, of PNIPAM block was determined
to be 97 by '"H NMR analysis in CDCl;. CMA content in P(NIPAM-
co-CMA) block was determined to be ~0.57 mol % (corresponding to
~0.55 CMA per polymer chain) based on UV—vis spectroscopy in
water by using CMA monomer as the calibration standard at room
temperature. Thus, the polymer was denoted as PEG,;-b-
P(NIPAM, g943-c0-CMAq 0057)9; and shortened as PEG-b-P(NIPAM-
co-CMA) in subsequent sections. With similar procedures, two other
polymers were also synthesized (Table 1): PEG,,3-b-P(NIPAM-co-
NBDAE), (M, = 15.8 kDa, M, /M, = 1.11; NBDAE content: ~0.63
NBDAE per polymer chain) and PEG;;;-b-P(NIPAM-co-RhBEA)g,
(M, = 149 kDa, M,,/M, = 1.16; RhBEA content: ~0.60 RhBEA per
polymer chain), which have been shortened as PEG-b-P(NIPAM-co-
NBDAE) and PEG-b-P(NIPAM-co-RhBEA) in the following sections,
respectively.

In Vitro Cytotoxicity Assay. HepG2 cells were employed for in
vitro cytotoxicity evaluation via the MTT assay. HepG2 cells were first
cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), penicillin (100 units/
mL), and streptomycin (100 pg/mL) at 37 °C in a CO,/air (5:95)
incubator for 2 days. For cytotoxicity assay, HepG2 cells were seeded
in a 96-well plate at an initial density of ca. S000 cells/well in 100 uL
of complete DMEM medium. After incubating for 24 h, DMEM was
replaced with fresh medium, and the cells were treated with polymer
aqueous solution at varying concentrations. The treated cells were
incubated in a humidified environment with 5% CO, at 37 °C for 48 h.
The MTT reagent (in 20 uL PBS, S mg/mL) was added to each well.
The cells were further incubated for 4 h at 37 °C. The medium in each
well was then removed and replaced with 150 yL. DMSO. The plate
was gently agitated for 15 min before the absorbance at 570 nm was
recorded by a microplate reader (Thermo Fisher). Each experiment
condition was done in quadruple and the data are shown as the mean
value plus a standard deviation (+SD).

Cell Culture and in Vitro Fluorescence Imaging. HepG2 cells
were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin (100
units/mL), and streptomycin (100 ug/mL) at 37 °C in a CO,/air
(5:95) incubator for 2 days. All the intracellular temperature imaging
experiments were carried out with similar procedures. Typically,
HepG2 cells were treated with the mixed aqueous solution of 0.35 g/L
PEG-b-P(NIPAM-co-CMA) and 0.1 g/L PEG-b-P(NIPAM-co-
NBDAE) for 40 min at 37 °C in a CO,/air (5:95) incubator and
then rinsed with PBS (3 X 1 mL) and replaced with new PBS for
further imaging experiments. The cell imaging experiments at different
temperatures were conducted from high temperature to low
temperature using inverted Leica TCS SPS confocal microscope
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equipped with a heating stage. The calibration curve used for
determining intracellular temperature was obtained by calculating the
fluorescence intensity ratio of 0.35 g/L PEG-b-P(NIPAM-co-CMA)
and 0.1 g/L PEG-b-P(NIPAM-co-NBDAE) in cell extract at varying
temperatures based on literature procedures.'® The fluorescence
emission was harvested at 410—450 nm for the blue channel, 510—550
nm for green channel, and 565—605 nm for red channel. The
excitation was chosen as 405 nm for CMA-NBDAE, CMA-RhBEA,
and CMA-NBDAE-RhBEA pairs and chosen as 488 nm for NBDAE-
RhBEA pair. For the experiment of external chemical stimuli-induced
intracellular temperature change, HepG2 cells were first stained with
PEG-b-P(NIPAM-co-CMA) (0.14 g/L, 48 X 10~ M), PEG-b-
P(NIPAM-co-NBDAE) (0.28 g/L, 1.1 X 10 M), and PEG-b-
P(NIPAM-co-RhBEA) (0.04 g/L, 1.6 X 107% M) for 40 min at 37 °C
and then the culture DMEM was replaced with PBS before further
incubating for another 30 min. The HepG2 cells were imaged at 37 °C
before and after replacing PBS with DMEM containing 100 mM
glucose.

Characterization. All 'H nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker AV300 NMR spectrometer
(resonance frequency of 300 MHz for 'H NMR) operated in the
Fourier transform mode. CDCl; was used as the solvent. Molecular
weights and molecular weight distributions were determined by gel
permeation chromatography (GPC) equipped with Waters 1515
pump and Waters 2414 differential refractive index detector (set at 30
°C), employing a series of two linear Styragel columns (HR2 and
HR4) at an oven temperature of 45 °C. The eluent was DMF at a flow
rate of 1.0 mL/min. A series of low polydispersity polystyrene
standards were employed for calibration. All UV—vis spectra were
acquired on a Unico UV/vis 2802PCS spectrophotometer. The
transmittance of the aqueous solutions was acquired at a wavelength of
700 nm. A thermostatically controlled cuvette was employed, and the
heating rate was 0.2 °C min~". Dynamic laser light scattering (LLS)
measurements were conducted on a commercial spectrometer (ALV/
DLS/SLS-5022F) equipped with a multi-tau digital time correlator
(ALVS5000) and a cylindrical 22 mW UNIPHASE He—Ne laser (4, =
632.8 nm) as the light source. Scattered light was collected at a fixed
angle of 90° for duration of ~5 min. Distribution averages and particle
size distributions were computed using cumulants analysis and
CONTIN routines. All data were averaged over three measurements.
Fluorescence spectra were recorded on F-4600 spectrofluorometer
(Hitachi). The temperature of the water-jacketed cell holder was
controlled by a programmable circulation bath. The slit widths were
set at S nm for both excitation and emission.

B RESULTS AND DISCUSSION

Synthesis and Thermoresponsive Micellization of
Dye-Labeled DHBCs. Well-defined thermoresponsive
DHBCs bearing fluorophores were synthesized via reversible
addition-fragmentation chain transfer (RAFT) polymerization
(Scheme S1 of the Supporting Information). Typically, CMA-
labeled PEG-b-P(NIPAM-co-CMA) was fabricated employing
RAFT polymerization in the presence of NIPAM, CMA, and
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Figure 1. (a) Fluorescence excitation (solid line) and emission spectra (dotted line) recorded for the aqueous solution of CMA-labeled PEG-b-
P(NIPAM-co-CMA), NBDAE-labeled PEG-b-P(NIPAM-co-NBDAE), and RhBEA-labeled PEG-b-P(NIPAM-co-RhBEA). Fluorescence emission
spectra and normalized intensity ratio (insets) recorded in the range of 20—44 °C for three types of polymeric aqueous solution: (b) PEG-b-
P(NIPAM-co-CMA) (0.35 g/L, [CMA] = 1.2 X 107> M) and PEG-b-P(NIPAM-co-NBDAE) (0.1 g/L, [NBDAE] = 4.0 X 107° M) (4, = 365 nm;
Isys/Ly)- (c) PEG-b-P(NIPAM-co-NBDAE) (0.1 g/L, [NBDAE] = 4.0 X 10~ M) and PEG-b-P(NIPAM-co-RhBEA) (0.1 g/L, [RhBEA] = 4.0 X
107 M) (Ao = 470 nm; Lggs/I36). (d) PEG-b-P(NIPAM-co-CMA) (0.14 g/L, 4.8 X 107° M), PEG-b-P(NIPAM-co-NBDAE) (0.28 g/L, 1.1 X 1075
M), and PEG-b-P(NIPAM-co-RhBEA) (0.04 g/L, 1.6 X 107 M) (4, = 365 nm; Isgs/I,,,) (slit widths: Ex. S nm, Em. 5 nm).

PEG-based RAFT agent in 1,4-dioxane at 70 °C, revealing an
M, of 154 kDa and M,,/M, of 1.13 based on GPC analysis
(Table 1). The degree of polymerization, DP, of PNIPAM
block was determined to be ~97 by 'H NMR analysis in
CDCl;. CMA content in P(NIPAM-co-CMA) block was
determined to be ~0.57 mol % (corresponding to ~0.5S
CMA per chain) with UV—vis spectroscopy. Thus, the polymer
was denoted as PEG;-b-P(NIPAM, g943-co-CMA s57)9; and
shortened as PEG-b-P(NIPAM-co-CMA) in the following
sections. Combined with similar procedures, PEG,;;-b-P-
(NIPAM-co-NBDAE)y, (M, = 158 kDa, M,/M, = 1.1I;
NBDAE content: ~0.63 NBDAE per chain) and PEG,;-b-
P(NIPAM-co-RhBEA)y, (M, = 149 kDa, M,/M, = L.16;
RhBEA content: ~0.60 RhBEA per chain) were synthesized
(Table 1) and shortened as PEG-b-P(NIPAM-co-NBDAE) and
PEG-b-P(NIPAM-co-RhBEA), respectively.

In view of the thermosensitivity of PNIPAM, the thermo-
induced micellization behavior of these DHBCs was demon-
strated at first. The hydrodynamic radius of micelles formed at
elevated temperature for PEG-b-P(NIPAM-co-CMA), PEG-b-
P(NIPAM-co-NBDAE), and PEG-b-P(NIPAM-co-RhBEA)
were determined to be ~32.5, 26.7, and 25.6 nm by dynamic
laser light scattering (LLS), respectively. Then the lower critical
solution temperatures (LCSTs) of thermoresponsive PEG-b-
P(NIPAM-co-CMA), PEG-b-P(NIPAM-co-NBDAE), and PEG-
b-P(NIPAM-co-RhBEA) were demonstrated to be ~34.0, 35.6,
and 35.8 °C, respectively. In addition, the size and distribution
for mixed micellar dispersion fabricated from three diblock
coplymers was also analyzed, exhibiting comparable results
compared with that of single micellar dispersion (Table 1).
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Insight into the Performance of Polymeric Ratiomet-
ric Fluorescent Thermometers. FRET has been widely
recognized as a versatile tool for the study of biomacromo-
lecular structures, intracellular molecular interactions, fluores-
cence assays, and nucleic acid analysis.”*"®” As shown in Figure
1a, the fluorescence emission spectra of PEG-b-P(NIPAM-co-
CMA) and PEG-b-P(NIPAM-co-NBDAE) overlapped with the
excitation spectra of PEG-b-P(NIPAM-co-NBDAE) and PEG-
b-P(NIPAM-co-RhBEA) respectively, which is prerequisite for
FRET. However, a poor overlap between the emission
spectrum of PEG-b-P(NIPAM-co-CMA) and the excitation
spectrum of PEG-b-P(NIPAM-co-RhBEA) was observed,
implying limited FRET efficiency between them.

Then, the temperature-dependent fluorescence variation for
three dye-labeled DHBCs was explored separately. The
fluorescence intensity of CMA-labeled PEG-b-P(NIPAM-co-
CMA) and RhBEA-labeled PEG-b-P(NIPAM-co-RhBEA)
dropped slightly upon heating, exhibiting approximate 44%
and 32% intensity decrease in the temperature range 20—44 °C
(Figure Sla—d of the Supporting Information). On the
contrary, almost one fold fluorescence enhancement was
observed for NBDAE-labeled PEG-b-P(NIPAM-co-NBDAE)
presumably due to the polarity sensitivity of NBD derivatives
(Figure Sle,f of the Supporting Information).”® Overall, no
dramatic fluorescence change was observed for these three
DHBCs upon heating.

In an effort to fabricate polymeric ratiometric fluorescent
thermometers, one-step and two-step cascade FRET systems,
which were constructed by mixing two or three dye-labeled
DHBCs together, were investigated and compared in detail. As
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Figure 2. Fluorescence emission spectra recorded for the aqueous solution of (a) PEG-b-P(NIPAM-co-CMA) (0.35 g/L, [CMA] = 1.2 X 107° M),
PEG-b-P(NIPAM-co-NBDAE) (0.1 g/L, [NBDAE] = 4.0 X 10~° M), and PEG-b-P(NIPAM-co-RhBEA) (0.1 g/L, [RABEA] = 4.0 X 107 M), and
(b) PEG-b-P(NIPAM-co-CMA) (0.14 g/L, 4.8 X 1075 M), PEG-b-P(NIPAM-co-NBDAE) (028 g/L, 1.1 X 10~ M), and PEG-b-P(NIPAM-co-
RhBEA) (0.04 g/L, 1.6 X 107® M) in the range of 20—44 °C. (c and d) Normalized intensity ratio changes (Isss/I,;,) recorded for that in panels a

and b, respectively (4., = 365 nm; slit widths: Ex. S nm, Em. S nm).

shown in Figure 1b, the ratiometric fluorescent thermometer
based on blue-emitting PEG-b-P(NIPAM-co-CMA) and green-
emitting PEG-b-P(NIPAM-co-NBDAE) was explored at first. A
strong fluorescence emission peak at 422 nm could be observed
while the fluorescence emission at 523 nm was almost
negligible at 20 °C. Upon gradually increasing the temperature,
the fluorescence intensity at 422 nm decreased constantly
accompanied by a slight blue shift. Concomitantly, the
fluorescence intensity at 523 nm increased substantially,
especially in the temperature range of 32—40 °C. Accordingly,
approximately 10.3-fold intensity ratio change (Is;/I,) was
obtained in a broad temperature range of 20—44 °C mainly in
temperature range of 31—44 °C (Figure 1b inset).

In addition, the one-step FRET ratiometric thermometer
fabricated from green-emitting PEG-b-P(NIPAM-co-NBDAE)
and red-emitting PEG-b-P(NIPAM-co-RhBEA) also exhibited a
fluorescence ratio change yet with different characteristics
(Figure 1c). Strong green fluorescence at 536 nm and an
almost indiscernible red fluorescence peak at 585 nm were
observed at lower temperature. Upon heating, the two peaks
dropped a little at first, and then recovered to original level for
the green emission and increased dramatically for the red
emission. The slight change of fluorescence emission at 536 was
possibly due to the presumable combination of hydrophobic
fluorescence enhancement and FRET-induced fluorescence
decrease of NBDAE donor in the range of 20—44 °C. Overall, a
~3.5-fold ratiometric change (Isgs/Ls56) Was obtained primarily
in the range of 33—40 °C (Figure lc inset). Additionally, one-
step FRET between CMA-labeled PEG-b-P(NIPAM-co-CMA)
and RhBEA-labeled PEG-b-P(NIPAM-co-RhBEA) was also
explored despite the poor FRET tendency disclosed previously
(Figure 1d). Corresponding to the decrease of fluorescence
intensity at 422 nm, the fluorescence intensity at 585 nm
exhibited ~2-fold enhancement, and the intensity ratio (Isgs/
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I5,) only changed ~3.4-fold in the temperature range of 20—44
°C.

It should be mentioned that apart from the number of folds,
the fluorescence signal changed in a broad temperature range.
The sensitive variation of signals in a narrow temperature range
especially around biological temperature is of equal importance
for the acquisition of a deeper insight into the role of
temperature in intracellular events.'® After all, the temperature
variations in biological systems often occur in a narrow
temperature range. The sensitivity at a certain temperature can
be roughly evaluated by the differential function derived from
the signal change-temperature curve. The differential function
revealed that the fluorescence signal of the ratiometric system
based on CMA-NBDAE changed slowly in a broader range and
the highest slope is ~0.1 K™ at 31.2 °C (Figure S2a of the
Supporting Information). The highest slopes of the differential
function for the one-step FRET system based on NBDAE-
RhBEA and CMA-RhBEA were determined to be 0.2 K™' at
37.6 °C and 0.07 K" at 35.9 °C, respectively (Figure S2b,c of
the Supporting Information).

Recently, cascade FRET among three or more fluorophores
has been increasingly focused owing to its outstanding
characteristics in many areas, ranging from long-range
molecular interactions to biomacromolecular conformational
changes.**™ Inpired by this, we introduced two-step cascade
FRET into the design of ratiometric fluorescent thermometers
based on the desirable FRET efficiency in two pairs of
fluorephores, ie., PEG-b-P(NIPAM-co-CMA) and PEG-b-
P(NIPAM-co-NBDAE) as well as that between PEG-b-
P(NIPAM-co-NBDAE) and PEG-b-P(NIPAM-co-RhBEA).
Thermo-induced micellization of dye-labeled PNIPAM chains
decreased the spatial distance of three fluorogens in the mixed
micellar core, which is the basic requirement for FRET
(Scheme 1), thus possible two-step energy transfer from CMA
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Figure 3. (a) Confocal microscopy fluorescence images, (b) normalized intensity ratio (Igreen/Iblue) changes, and (c) detection sensitivity recorded by
confocal microscopy (4, = 405 nm) for live HepG2 cells in the temperature range of 25—42 °C after incubating at 37 °C for 40 min with the
aqueous solution of PEG-b-P(NIPAM-co-CMA) (0.35 g/L, [CMA] = 1.2 X 107> M) and PEG-b-P(NIPAM-co-NBDAE) (0.1 g/L, [NBDAE] = 4.0
X 107° M). (d) Fluorescence images recorded for above aqueous solution at 25 and 41 °C, respectively.

to NBD, and then from NBD to RhBEA was expected to exist
in the mixed micellar core fabricated from three dye-labeled
DHBCs. First, a certain amount of PEG-b-P(NIPAM-co-
NBDAE) was added into the ratiometric thermometer system
of PEG-b-P(NIPAM-co-CMA) and PEG-b-P(NIPAM-co-
RhBEA). As shown in Figure 2a, a dramatic fluorescence
decrease at 422 nm and substantial fluorescence enhancement
at 585 nm was observed upon heating. However, the
fluorescence enhancement of NBDAE was limited in
comparison with the results in Figure 1b. Together with
much more remarkable enhancement of RhBEA emission at
585 nm, there should be a two-step FRET occurred, namely a
cascade FRET process first from CMA to NBDAE and then
from NBDAE to RhBEA existed exactly; meanwhile, there was
also a possible one-step FRET process from CMA to RhBEA,
thus a ~5.6-fold total intensity ratio (Isgs/I4,) change was
obtained in the temperature range of 20—44 °C mainly in the
narrow range of 32—40 °C (Figure 2c). Differential analysis
revealed the highest slope was ~0.19 K™' at 35.1 °C, which is
comparable with that of the ratiometric system based on
NBDAE-RhBEA but apparent larger than that of the
ratiometric system based on CMA-NBDAE and CMA-RhBEA
(Figure S2d vs Figure S2a,c of the Supporting Information).
The delicate modulation of blending ratios among three
polymeric fluorophores was further examined, then a
ratiometric fluorescent thermometer derived from a two-step
cascade FRET process was fabricated with improved perform-
ance, in which a ~8.4-fold intensity ratio (Isss/I4,) change was
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revealed in the temperature range of 20—44 °C, mainly in the
range of 32—44 °C (Figure 2b,d). Differential analysis
suggested that the highest slope was about 0.3 K™ at 35.9
°C, which was much better than previous one-step FRET
thermometers (Figure S2e of the Supporting Information).

Moreover, polymeric fluorescent thermometers internalized
via endocytosis would mostly be exposed to intracellular pH
gradients and fluctuations.®” """ Thus, the fluorescence stability
of CMA, NBDAE, and RhBEA-labeled DHBCs against different
pH values was interrogated independently, exhibiting excellent
pH insensitivity to promise the accuracy of temperature sensing
(Figure S3a—c of the Supporting Information). In addition, the
reversibility experiments cycled over ten times between
different temperatures revealed that the ratiometric fluorescent
thermometers were suitable for repeated temperature imaging
reversibly (Figure S4a—e of the Supporting Information).
Finally, in vitro cytotoxicity against HepG2 cells upon
incubation with PEG-b-P(NIPAM-co-CMA), PEG-b-P-
(NIPAM-co-NBDAE), and PEG-b-P(NIPAM-co-RhBEA) re-
vealed that these DHBCs were relatively nontoxic to HepG2
cells at high concentrations up to 1 g/L (Figure SS of the
Supporting Information).

Intracellular Temperature Imaging with Polymeric
Ratiometric Thermometers. In view of the importance of
temperature on the biological events within living cells,
intracellular temperature imaging was conducted. In compar-
ison, the intracellular temperature sensing and mapping with
one-step FRET thermometers based on CMA-NBDAE,
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Figure 4. (a) Confocal microscopy fluorescence images, (b) normalized intensity ratio (I,.4/L,.) changes, and (c) detection sensitivity recorded by
confocal microscopy (4, = 405 nm) for live HepG2 cells in the temperature range of 25—42 °C after incubating at 37 °C for 40 min with the
aqueous solution of PEG-b-P(NIPAM-co-CMA) (0.14 g/L, [CMA] = 4.8 X 10~ M), PEG-b-P(NIPAM-co-NBDAE) (0.28 g/L, [NBDAE] = 1.1 X
107° M), and PEG-b-P(NIPAM-co-RhBEA) (0.04 g/L, [RhBEA] = 1.6 X 107 M). For the glucose treated sample, the cells were imaged after
incubating with DMEM containing 100 mM glucose at 37 °C for 30 min. (d) Fluorescence images recorded for above aqueous solution at 25 and 41

°C, respectively.

NBDAE-RhBEA, CMA-RhBEA polymeric fluorescent pairs and
two-step cascade FRET thermometers from CMA-NBDAE-
RhBEA were investigated parallelly in subsequent sections. As
shown in Figure 3a, a strong blue emission of living cells was
observed whereas the green emission was almost indiscernible
in the temperature below 33 °C for the ratiometric fluorescent
thermometer based on PEG-b-P(NIPAM-co-CMA) and PEG-
b-P(NIPAM-co-NBDAE). However, at temperature above 33
°C, the green emission increased substantially and the blue
emission exhibited fluorescence decrease to some extent. The
temperature calibration curve was performed based on confocal
microscopy, and the temperature detection sensitivity was also
calculated (Figure 3b,c).'® In the range of 32—36.7 °C, the
temperature detection sensitivity was determined to be less
than 1 °C and the highest sensitivity was ~0.32 °C at 33.3 °C.
Meanwhile, fluorescence imaging for the mixed aqueous
solution of PEG-b-P(NIPAM-co-CMA) and PEG-b-P-
(NIPAM-co-NBDAE) was also performed at 25 and 41 °C,
which agreed well with aforementioned results (Figure 3d).
Nonetheless, the intracellular performance of ratiometric
fluorescent thermometer based on one-step FRET between
PEG-b-P(NIPAM-co-NBDAE) and PEG-b-P(NIPAM-co-
RhBEA) was compromised, compared with that in aqueous
solution. Discernable intracellular fluorescence variation was
observed for the red channel, but not for the green channel, in
the temperature range of 25—41 °C (Figure S6ab,d of the
Supporting Information). In the meantime, the detection
sensitivity was suboptimal, higher than 1 °C in the whole
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experimental temperature range (Figure S6c of the Supporting
Information). Similarly, the one-step FRET fluorescent
thermometer based on PEG-b-P(NIPAM-co-CMA) and PEG-
b-P(NIPAM-co-RhBEA) was also examined in the same profile
(Figure S7a—d of the Supporting Information). The red
fluorescence enhancement can be observed in a relatively
broader temperature range, and a relatively better sensitivity
(~0.62 °C) around 35.5 °C was displayed.

Conversely, the two-step cascade FRET-based polymeric
fluorescent thermometer fabricated from PEG-b-P(NIPAM-co-
CMA), PEG-b-P(NIPAM-co-NBDAE), and PEG-b-P(NIPAM-
co-RhBEA) with an optimized blending ratio behaved much
better than foregoing one-step FRET thermometers in the
intracellular temperature mapping. As shown in Figure 4a,
strong blue emission and minimal red emission can be observed
at temperature below 33 °C. However, the red emission
increased dramatically accompanied by the sharp decrease of
blue emission at higher temperature. In combination with the
analysis of calibration curve, the two-step cascade-FRET
thermometer showed much more satisfactory detection
sensitivity, which was determined to be lower than 1 °C in a
broad temperature range of 34.2—40.5 °C, and the best
sensitivity reached ~0.40 °C at 37 °C (Figure 4b,c). In view of
its practical application, external stimuli-induced change of
intracellular temperature was further probed. As shown in the
last row of Figure 4a, the cells exhibited moderate blue
emission and red emission after starvation in PBS for 30 min at
37 °C. After PBS was replaced with fresh DMEM containing
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100 mM glucose, a prominent enhancement of red emission
and decrease of blue emission could be observed, suggestin§
heat generation within living cells upon glucose treatment.'
Quantitative analysis revealed that the temperature of the cells
increased approximately to 37.6 °C (£0.17), which was in good
agreement with previous results.'® Likewise, the fluorescence
images for the mixed aqueous solution of three DHBCs with
optimized blending ratio coincided with the aforementioned
results of intracellular temperature imaging (Figure 4d).

B CONCLUSIONS

In summary, a series of polymeric ratiometric thermometers
based on one-step FRET and two-step cascade FRET
mechanisms were fabricated successfully from thermorespon-
sive DHBCs, CMA-labeled PEG-b-P(NIPAM-co-CMA),
NBDAE-labeled PEG-b-P(NIPAM-co-NBDAE), and RhBEA-
labeled PEG-b-P(NIPAM-co-RhBEA). The intracellular tem-
perature imaging of living cells by these ratiometric
thermometers was explored in parallel. Compared with other
one-step FRET thermometers, improved performance was
demonstrated by the two-step cascade FRET based thermom-
eter, in which NBD acted as a FRET mediator by transferring
the emission energy from CMA to RhBEA, exhibiting a ~8.4-
fold ratio change in the temperature range of 20—44 °C.
Furthermore, a detection sensitivity of less than 1 °C was
observed in a broad temperature range of 34.2—40.5 °C, and
the highest sensitivity reached as low as ~0.4 °C at 37 °C.
More importantly, the intracellular temperature fluctuations
after starvation and a glucose feed were manifested by our two-
step FRET system. This work discloses the noteworthy
capability for polymeric thermometers based on the cascade
FRET process, and their sensing potency for subcellular
temperature distribution and evolution is under endeavor.
Current intracellular cascade FRET thermometers would
probably assist the comprehension of intracellular temper-
ature-related reactions and lesions, such as signal transduction,
cellular pathogenesis of cancer and inflammation, and thereby
aid future exploration in the medical field.
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