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Temperature governs the reactivity of a wide range of biomolecules in the cellular environment dynami-
cally. The complex cellular pathways and molecules in solid tumors substantially produce temperature
gradients in the tumor microenvironment (TME). Hence, visualization of these temperature gradients at
the cellular level would give physiologically relevant spatio-temporal information about solid tumors. This
study used fluorescent polymeric nano-thermometers (FPNTs) to measure the intratumor temperature in
co-cultured 3D tumor spheroids. A temperature-sensitive rhodamine-B dye and Pluronic F-127 were
conjugated through hydrophobic and hydrophobic interactions and then cross-linked with urea—
paraformaldehyde resins to form the FPNTs. The characterization results exhibit monodisperse nano-
particles (166 + 10 nm) with persistent fluorescence. The FPNTs exhibit a linear response with a wide
temperature sensing range (25-100 °C) and are stable toward pH, ionic strength, and oxidative stress.
FPNTs were utilized to monitor the temperature gradient in co-cultured 3D tumor spheroids and the
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temperature difference between the core (34.9 °C) and the periphery (37.8 °C) was 2.9 °C. This investi-
gation demonstrates that the FPNTs have great stability, biocompatibility, and high intensity in a biological
medium. The usage of FPNTs as a multifunctional adjuvant may demonstrate the dynamics of the TME
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1. Introduction

Temperature is an essential physiological parameter that
governs the dynamics of equilibrium constants and the reactiv-
ity of a wide range of biochemical kinetics (exothermic and
endothermic reactions) such as gene expression, protein stabi-
lity, enzyme-ligand interactions, and enzyme activity in living
organisms." These exothermic and endothermic reactions
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and they may be suitable candidates to examine thermoregulation in tumor spheroids.

cause temperature changes within the cells and might be
affected by local temperature fluctuations.>® Thus, accurate
temperature measurement is essential in cells and their sur-
rounding environment. Cancer cells within tumors have
higher temperatures than normal cells due to their different
metabolic rates, which are particularly important in cancer
progression. Cancer cells of non-Hodgkin lymphoma have
higher temperatures, which is associated with increased malig-
nancy and poor patient survival.” Interestingly, in the case of
breast cancer, a 3.5 °C higher temperature was noticed in com-
parison with the surrounding healthy tissue.* Subsequently,
pathological investigations have revealed that temperature is
correlated with disease advancement and cellular activity in
cancer. Moreover, the tumor microenvironment of each type of
tumor depends on its chemical behavior; for example, the
balance of cytokines, angiogenesis factors, and growth factors
defines the temperature gradient in each type of cancer.
Particularly, hypoxia is known to reduce the temperature and
induce the synthesis of stress hormones, and activate different
pro-cancer pathways. All of these together have an impact on
cancer progression, metastasis, poor prognosis, and drug resis-
tance in several cancers.>”® Until now, there have been no
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clear shreds of evidence or mechanisms on how temperature
variations orchestrate the biochemical reactions during cancer
progression and tumorigenesis. Thus, collecting the data that
omit the patterns of temperature variations at the subcellular
level in the native tumor environment could reveal physiologi-
cally relevant spatio-temporal information on metabolism.
However, conventional thermo-sensing methodologies such as
thermocouples and more fail to measure the localized temp-
erature dynamically within a small confined area.”'" In this
regard, modern requirements for temperature monitoring have
led to the development of noninvasive nanothermometers.'>**
Such noninvasive nanothermometers would enable thermome-
try with a precision that would be hardly achieved by conven-
tional or methods.”>™"”  Among the
nanothermometers, fluorescence-based thermal sensors have
shown considerable advantages due to their high temporal
and spatial resolution and the capability of “non-contact”
tools for both imaging and temperature sensing
simultaneously.’®* There have been several different types of
fluorescence-based temperature sensors developed over the
past few decades, including semiconductor quantum
dots,"®**7° rare earth metal doped nanoparticles,>***”
carbon dots,*®?° and metal nanoclusters (MNCs).
Interestingly, Suzuki et al. and Gao et al. developed a glass
micropipette loaded with a thermo-sensitive fluorescent dye
thenoyltrifluoroacetonate trihydrate (Eu-TTA-Europium (III))
and oil dispersible AlEgen and butter-based nano-thermo-
meter respectively to measure the cellular temperature®®*
Yang et al. reported quantum dot-based sensors to measure
the local temperature response to external chemical and physi-
cal stimulations.”® However, polymeric materials used to
prepare fluorescence-based sensors are more likely to suffer
from thermostability. For example, nano-gels prepared with
green fluorescent protein (GFP) sensors can sense +15 °C
around the transition temperature of the gel.**> Sensors devel-
oped with QDs and silicon nanoparticles can sense tempera-
tures of 20-40 °C and 0-60 °C, respectively.*® Though some of
the fluorescent molecules were prepared with inorganic
materials, their temperature could range from 50 to 300 K;
however, they need to be excited by ultraviolet light,” which
might lead to a strong background and toxicity. Thus, the
aforementioned materials have some drawbacks such as a
small temperature range, systematic errors, bio-toxicity,
environmental contamination, and unstable optical character-
istics in various circumstances. As a result, these constraints
make them incompatible with different biological and bio-
medical applications.?*%39

Thus, fluorescent particles with stable accuracy, a broad
sensing range, particular excitation and emission, and decent
biocompatibility are essential for fluorescence-based tempera-
ture sensors. Out of many organic fluorophores, Rh-B dyes
show high quantum yields, strong fluorescence emission, and
stable temperature sensing properties and they can be used for
various sensing and temperature sensing applications.’® In
particular, the fluorescence intensity of Rh-B decreases as the
temperature increases.*’™® However, the Rh-dyes are toxic;
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hence, the effective and lethal doses (ED-50 and LD-50) of Rh-
B’s range between 14 and 24 mg L™ for aquatic creatures’ life
(algae, fish embryos, etc.).*"**> The maximum acceptable con-
centrations of Rh-B for aquatic life (MAC-QS) and annual
average quality standard (AA-QS) were found to be 14 and
140 g L', respectively.*” On the other hand, the Rh-B dye
encapsulated in nano-carriers by precipitation and electrospray
methods exhibits high dye leakage, and these particles could
not meet the criteria of temperature sensing applications.*?
Thus recently, polymeric nanoparticle (NP)-based temperature
sensors have attracted a surge of interest because of the
unique features that come with their small size, transparency,
and excellent biocompatibility.**™*® In this context, F-127, a
surfactant, the triblock copolymer has been used to form dye-
micelle complexes in various biomedical applications.*”
Moreover, Pluronic F-127 was reported to have long hydro-
philic chains and exhibit prominent hydrophilic nature in
solution.*®

On the other hand, melamine-formaldehyde (MF) and
urea-formaldehyde (UPF), which are amino resins with
strongly cross-linked internal structures, have been widely
used as crosslinking agents in fluorescent materials synthesis
and encapsulation.**”" Pluronic F-127 was also used as a sur-
factant to prepare resorcinol-formaldehyde and melamine-
formaldehyde nanoparticles.>® Previous studies used the
sol-gel process to synthesize homogeneous polymer nano-
particles.*® Sol-to-gel transitions in aqueous Pluronic solutions
were known to occur through a shift from unimers to
micelles.”” These dye-micelle complexes were incorporated
into previously formed MF nanoparticles.>

In this study, we developed a fluorescent polymeric nano-
thermometer (FPNT) in three steps to quantify intratumor
temperature distribution in co-cultured in vitro 3D tumor
spheroids. As shown in Fig. 1, urea-formaldehyde particles
were prepared as in a previous method,>® and a Rh-B dye-sur-
factant micelle was prepared. Furthermore, the dye-incorpor-
ated micelle was polymerized with UPF particles at high temp-
eratures under acid catalysis, which leads to an enhancement
in the cross-linking of internal structures, stabilizing the
encapsulation and leakage of the fluorescent dye from the fab-
ricated FPNTSs. Finally, ~166 nm FPNTs were used to study the
temperature sensing in an in vitro co-cultured 3D tumor spher-
oid. Here, we investigated the temperature dependence and
reversibility of the FPNTs from 25 to 100 °C. Finally, fluo-
rescence confocal microscopy was used to reveal 3D tempera-
ture distribution dynamically in the 3D co-cultured tumor
spheroids. It was shown that FPNTs might be used as nano-
thermometers across a wide temperature range for hyperther-
mia process monitoring inside tumor microenvironments.

2. Materials and methods
2.1 Materials

All the materials and chemicals are mentioned in ESI section
1.1.%

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic illustration of the preparation of FPNTSs. (a) Micelle formation of the Rh-B dye and Pluronic F-127 polymer by a hydrophobic and
hydrophobic interaction mechanism. (b) Formation of a urea and paraformaldehyde resin, which acts as a cross-linker. (c) Incorporation of a dye
micelle in UPF resin. (d) Condensation of the hydroxyl group results in FPNTs.

2.2 Preparation of fluorescent polymeric nano-thermometers
(FPNTs)

A three-step procedure, as shown in Fig. 1, was used to create
polymeric particles with Rh-B. First, Pluronic F-127 and the Rh-B
dye were blended in DI water for 2.5-3 hours at 27 °C to form a
dye-micelle complex. Following the completion of the first step,
urea and paraformaldehyde were added to prepare a dye-micelle
polymer complex (DMPC). Finally, hydrochloric acid was added
to obtain an acidic pH (~pH 3), and the mixture was heated in a
boiling water bath to allow the synthesis and cross-linking of
polymeric nano-thermometers (FPNTs). The detailed description
is represented in ESI section 1.2.F

2.3 Characterization of FPNTs

Scanning electron microscopy (SEM) and dynamic light scat-
tering (DLS) measurements were used to determine the size of
the FPNTs. Fourier-transform infrared (FTIR) spectroscopy and
"H nuclear magnetic resonance (‘H NMR) analyses were used
to measure the bonding characteristics and molecular struc-
tures present in the FPNTs. Fluorescence spectroscopy was
used to measure the intensity variations of the FPNTs. The
detailed sample preparation procedures and specifications are
mentioned in ESI section 1.3.71

2.4 Fabrication of the PDMS temperature calibration (PTC)
chip

For temperature calibration, PTC comprises three layers: glass-
PDMS-glass substrate, as shown in ESI Fig. S1.1 The prepared

This journal is © The Royal Society of Chemistry 2023

PDMS was poured onto a pre-cleaned silicon wafer and cured
at 80 °C for two hours. Later, PDMS was progressively peeled
away, and arrays of macro-wells were created. Furthermore,
PDMS was cleaned and bonded to the bottom glass substrate
and the top glass slide was kept detached. The detailed fabri-
cation process is presented in ESI section 1.4.F

2.5 Temperature-dependent fluorescence intensity
calibration of FPNTs on a PTC chip

The experimental setup and calibration process of tempera-
ture-dependent fluorescence intensity calibration of the FPNTs
are presented in ESI section 1.5.F

2.6 Open p-well 3D cell culture chip design and fabrication

An open p-well 3D cell-culture platform was created to co-
culture the cancer and fibroblast cell lines to form multicellu-
lar spheroids.>®
process of the open p-well 3D cell culture platform is presented
in ESI section 1.6.F

The detailed chip design and fabrication

2.7 Determination of the half-maximal inhibitory
concentration (ICso) on 2D cultures

HCT-8 and NIH3T3 cells were used in this study and were
obtained from the Bioresource Collection and Research Center
(BCRC) in Hsinchu, Taiwan. HCT-8 and NIH3T3 cells were
initially seeded with approximately 3000 cells per well in a
complete growth medium. Furthermore, the prepared FPNTs
were mixed uniformly in PBS solution and added individually
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to each well of the 96-well plates with final concentrations of
100, 50, 25, 10, 5, 1, 0.1, 0.01, and 0.001 pM in the cell culture
medium. The detailed procedure for the determination of the
half-maximal inhibitory concentration of FPNTs is presented
in ESI section 1.7.F

2.8 Invitro 3D co-culture on an open p-well 3D cell culture
chip

Cancer cell lines (HCT-8) and fibroblast cell lines (NIH3T3)
were used to co-culture and form multicellular spheroids. The
detailed procedure of spheroid formation is described in ESI
section 1.8.F

2.9 Dynamic temperature measurement inside the 3D co-
cultured tumor spheroids

FPNTs were used to measure the temperature inside the 3D co-
cultured tumor spheroids. First, the prepared FPNTs and cells
(HCT-8 and NIH3T3 with a 1:1 ratio) were mixed and incu-
bated for 9 days to form a multicellular spheroid.
Furthermore, the tumors were collected, cleaned, stained, and
sealed for imaging at 2, 5, and 9 days. The detailed tempera-
ture measurement setup and procedure are described in ESI
section 1.9.F

2.10 Statistical analysis

For curve fitting processes, Origin software was used for ana-
lyzing the graphs. The data are presented as the means + stan-
dard error of the mean of at least three independent biological
experiments. Statistical analyses on data containing more than
two groups were performed using one-way ANOVA for multiple
comparisons. Here, P < 0.05 was considered statistically
significant.

3. Results
3.1 Synthesis of fluorescent FPNTs

Rh-B dyes are fluorescent dyes that emit fluorescence intensity
when exposed to light. These dyes were employed in producing
various luminous functional particles, for example, polystyrene
microspheres, polymeric microparticles, hydrogel-based par-
ticles, and silica particles.”"*®°*°7% particularly, Rh-B dyes
exhibit a unique temperature-based intensity-changing prop-
erty and have been used as nano-thermometers.”® On the
other hand, Rh-B dyes are polar molecules that are highly
soluble in water and other solvents. In particular, Rh-B is more
actively diffused/leaks out from the polymerized materials
than other dyes. For example, rhodamine-6G loaded micro-
beads show low leakage abilities than Rh-B from the same
microspheres. On the other hand, covalent bonding between
the dye and the matrix material may influence the tempera-
ture-based fluorescence intensity properties. Dyes grafted with
polymeric particles exhibit reduced temperature sensitivity.*°
To overcome these problems, a method is necessary to solve
the issues of leakage and lower sensitivity.>® In this study, we
followed a three-step procedure for the preparation of mono-
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disperse temperature-sensitive FPNTs [Fig. 1]. The Rh-B dye
was mixed with the amphiphilic copolymer Pluronic F-127 to
form a dye-micelle complex (DMC) [Fig. 1(a)]. Furthermore,
the DMC was processed and crosslinked with UPF resin.
Usually, at neutral pH (pH 7), UPF resin forms methyl deriva-
tives [Fig. 1(b)]. This DPMC was condensed under acidic con-
ditions (~at pH 3), which leads to the formation of highly
crosslinked 3D network (hydroxy methyl terminal group) par-
ticles [Fig. 1(c) and (d)]. Hence, Rh-B molecules were homo-
geneously incorporated into the polymer composite nano-
particles and covalently enclosed in the 3D cross-linked UPF
resin with unchanged fluorescence properties. The detailed
reaction mechanism is presented in ESI section 2.}

3.2 Morphology and size characterization of fluorescent
FPNTs

The composition, charge, morphology, and size of the FPNTs
were evaluated using FTIR, 'H NMR, DLS, and SEM. The FTIR
spectroscopy results in Fig. 2(a) exhibit the composition of
polymer complexes. The FTIR spectra of FPNTs (black color)
show major distinct absorption bands of UPF resin, the peaks
at 1634 cm™' and 864 cm™' represent the vibrations of the
1,3,5-s-triazine ring and the band at 3341 cm™" represents the
vibration of the amino (-NH™) group. Furthermore, the bands
at 2893 c¢cm ' (-CH, asymmetric stretching mode) and
1343 cm™' (-CH, wagging vibration) are attributed to the pres-
ence of Pluronic F-127.°' These results show that the FPNTs
are formed with a blend of UPF and F-127 polymers. In par-
ticular, the absorption bands of Rh-B were not identified
clearly in the obtained FTIR spectra. This may be because of
the small concentration of Rh-B compared to the other
blended polymers. However, the band at 593.89 cm™" is attrib-
uted to the primary alcohols, and the band at 3367 cm™ is
attributed to the -NHj stretching.®® Also, some of the absorp-
tion peaks of the Rh-B dye were mixed with the absorption
peaks of F-127 and UPF scaffolding polymers. FPNTs are a
combination of three polymers (Pluronic F-127, urea, and par-
aformaldehyde). Furthermore, ESI Fig. S11T depicts the proton
NMR (*H NMR) spectra of FPNTs and offers information on
the peaks produced for various chemical groups such as the
appearance of amine groups [-NHCH,NH,; 1.2 ppm] and
primary amide hydrogen [-NHCONH,; 4.3 ppm]. Reacting urea
and paraformaldehyde in an acidic medium (~pH 3) gives
peaks at 2.4 ppm and 2.6 ppm, indicating the formation of
methylene between secondary and/or tertiary amide hydro-
gens.®”® The prominent appearance of a peak at 3.4 ppm also
shows clear evidence of the presence of methylol groups
[-NHCH,OH; 3.4 ppm].** The diminished appearance of the
peak at 4.6-5.0 ppm due to primary amide hydrogens also
shows that the FPNT structure became more cross-linked due
to the methylenization reaction.®® Moreover, the presence of
Rh-B dye clearly shows peaks at 1.0 ppm and 3.6 ppm due to
the methyl group (-CHj3) and a methylene group (-CH,)
respectively.® Apart from that, peaks range from 7.0 to
7.4 ppm and 8.9 ppm represent hydrogen bonding (-H).** The
signals at 3.8 ppm and 3.3 ppm are related to the -CH,CH,O-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Structural and morphological characterization of FPNTs using the (a) FTIR spectra of the FPNTSs, dye micelle polymer complex (DMPC), and
F-127 + Rh-B dye. (b) Hydrodynamic diameter distribution and (c) zeta potential of FPNTs. (d) SEM image of FPNTSs. (e) Fluorescence image of

FPNTSs.

and CH-O groups, respectively, which show the presence of
Pluronic F-127.%°

The DLS spectra provided access to the hydrodynamic par-
ticle sizes (Zavg, nm) and size distribution. The results in
Fig. 2(b) represent the monodispersed size distributions of
FPNTs, with an average diameter of 180 + 17 nm. The zeta
potential is a parameter characterizing the electrochemical
equilibrium at the interfaces of electric structures. The pro-
perties of both the surface and the surrounding liquid play an
important role in the theory of aggregative stability, also
known as the Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory.®®

The zeta potential of the prepared FPNTs was —23 mV
[Fig. 2(c)]. The zeta potential of the nanoparticles with values
>+25 mV or <—25 mV usually indicates a high degree of stabi-
lity.®” Lower dispersions of zeta potential values will lead to
aggregation, coagulation, or flocculation due to van der Waals
interparticle attraction. SEM was used to examine the mor-
phology of the FPNTs that had been synthesized. It was found
that the FPNTs obtained were extremely monodisperse spheri-
cal particles with an average diameter of 166 + 10 nm
[Fig. 2(d)]. Overall, both DLS and SEM measurements showed
a monodispersed size distribution of FPNTs with a small size
difference. This difference may be because of the swelling
nature of the particles in the colloidal solution.®® The funda-
mental operating principle of FPNTSs is based on the emission

This journal is © The Royal Society of Chemistry 2023

of fluorescence light, which varies in intensity with tempera-
ture. The fluorescence image of FPNTs for further applications
in temperature fluctuations in a small space is shown in

Fig. 2(e).
3.3 Temperature and reversibility response of FPNT particles

The luminescence of Rh-B dye molecules can be influenced by
temperature variation owing to the Boltzmann distribution of
electrons within the excited state level.®® The material’s par-
ticular band structure vibration is a function of the tempera-
ture. As the temperature increases, thermal energy will excite
the electrons in the excited state to multiple vibrational modes
that overlap at different energy levels, hence nonradiative tran-
sitions will become feasible.®® Fig. 3(b) shows the fluorescence
spectra of the FPNTs in water as a function of temperature
when excited at 553 nm and emitting at 627 nm, respectively.
Due to the heating of the FPNTs particles, the encapsulated
Rh-B dye undergoes a significant change in luminescence
intensity, peak position, and bandwidth. This can be because
higher temperatures will speed up the movement of the mole-
cules (ie., higher translational energy), leading to collisions
and more forceful collisions, thereby reducing the fluorescence
intensity. The arrow depicts the progression of the maximum
fluorescence emission wavelength, which is temperature-
dependent as shown in Fig. 3(b). As the dye molecules are
enclosed with the polymer and form nanoparticles, the fluo-

Analyst, 2023,148, 2045-2057 | 2049
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rescence temperature responsiveness of Rh-B is significantly
reduced.®® The intensity of the FPNTs has a linear response to
temperature changes over the range of 25-100 °C (at 5 °C inter-
vals) as shown in Fig. 3(c). ESI Fig. S9 and S107 illustrate the
correlation between the fluorescence intensity and tempera-
ture and the average fluorescence lifetime with temperature
change, respectively. The reversibility of the thermometer was
also examined by recording the fluorescence intensity of
FPNTs from 100 to 25 °C (cooling process). The intensity
decreases with temperature increase during the cooling
process and shows a good linear relationship.

3.4 Dye leakage, stability, and quenching ability of FPNTs

For biomedical applications, the colloidal stability of fluo-
rescent nanoparticles plays an important role. The dye release
profile of the FPNTs was observed for 15 consecutive days.
Initially, a burst effect was observed for the first 2 days, and
15-20% of Rh-B dye was released from the FPNT nano-
particles, and then a slow and sustained release was observed.

2050 | Analyst, 2023, 148, 2045-2057

After 5-6 days, the releasing rate of the FPNTs was almost satu-
rated, and it was observed that the emitted fluorescence inten-
sity was from the properly encapsulated Rh-B dye (85-80%) as
shown in Fig. 4(a). In addition, we investigated the quenching
efficiency of the FPNTs with continuous and pulse exposure
[ESI section 31 described in detail] of light for 50 minutes.

As depicted in Fig. 4(b), the intensity of FPNT fluorescence
reduced slowly over the first 5 minutes (0.2-0.4%) and then
reduces linearly for the next 25 minutes (between 5 and
30 minutes). After 35 minutes the fluorescence intensity of
FPNTs decreased abruptly, which shows the stability of fluo-
rescent light for a longer interval of time (~35 minutes). Also,
we observed that the fluorescence intensity of FPNTs began to
recover after 5 minutes. After 10 to 15 minutes, their intensity
was retained by more than 60 percentage; and after
90 minutes, the FPNTs regained nearly their maximum inten-
sity, demonstrating that the FPNTs have good reversibility and
they could be used in multiple experiments. ESI Fig. S8t illus-
trates that the fluorescence intensity of FPNTs reduced slowly,

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Performance assessment of FPNTSs. (a) Dye leakage from the fabricated FPNTSs. (b) Fluorescence lifetime of FPNTSs as a function of irradiation
time. (c) Fluorescence intensity of FPNTs vs. time. (d) Lifetime of FPNTs during repeated heating and cooling (cycling the temperature twenty times

between 25 and 100 °C).

and ~6-7% change was observed for the first 5 cycles. Later,
for the next 5 cycles (a total of 10 cycles), the intensity change
was ~17% [the inset in ESI Fig. S871], and finally, the intensity
profile was changed linearly. Furthermore, the intensity stabi-
lity of the FPNT particles for longer storage time and thermo-
stability was tested as shown in Fig. 4(c) and (d), respectively.
The results showed no intensity change in the FPNTs for
~6 months. However, the thermostability and temperature
sensing ranges of the most reported fluorescent thermometers
were restricted to 20-60 °C, particularly for fluorescence
thermometers made of polymer materials.>>”® To test the
immediate heating and cooling stability, a total of twenty
times repetitions of the FPNT solution were performed in the
temperature range between 25 and 100 °C, as illustrated in
Fig. 4(d). The figure shows that while the emission intensity of
the sample changed with temperature, it maintained a high
level of stability at the same temperature, demonstrating that
the FPNTs had good thermostability.

3.5 pH, ion, and oxidative effect on FPNT particles

Various environmental factors affect nanoscale temperature
imaging. These can be the pH, viscosity, and the presence of

This journal is © The Royal Society of Chemistry 2023

different ions, and their strength can affect the accuracy of the
fluorescent nanoparticles.”> The biological nano/microenvi-
ronment is highly complex, and the environment varies with a
variety of biological factors, such as pH, ionic strength, and vis-
cosity, may affect the sensor’s stability and accuracy. Thus, the
temperature-sensing stability of the FPNTs in these harsh
environments was investigated. An oxidative environment is
generated when reactive oxygen species (ROS) are produced by a
specific or by a combination of multiple stresses.”* To investi-
gate the stability of the FPNTs in an oxidative stress environ-
ment, 10 M H,0, has been diluted and prepared at different
concentrations down to 1 nM. As shown in Fig. 5(a), the pres-
ence of H,0, does not affect the FPNT nanoparticles at low con-
centrations (1 nM-100 pM) but produces a minor variation at
500 pM. In an oxidative environment, the concentration
increases beyond 500 uM, and the fluorescence intensity
quenches sharply. The effect of ionic strength on the fluo-
rescence intensity of FPNTs was also investigated. Fig. 5(b)
shows that the fluorescence intensity of the FPNTs does not
change even in different ionic solutions (KCl, NaOH, and NacCl)
with a concentration of 2.0 mol L™ (at room temperature). We
also studied the effect of pH on the fluorescence of FPNTSs.
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As shown in Fig. 5(c), the fluorescence intensity remains
unchanged over a pH range from 1 to 11. However, at higher
PH (pH > 11.0), the fluorescence intensity decreases sharply.
The influences of different pH values on the temperature-
sensing properties of FPNTs were investigated. Furthermore,
pH 4, 7, and 10 were used to measure the sensing
capabilities of the FPNTs. As shown in Fig. 5(d), the intensity
was unchanged wusing three different pH values at
different temperatures. These results show that the prepared
FPNTs exhibit high sensing stability in various harsh environ-
ments, as can be explained by the isolation effect of the highly
cross-linked UPF encapsulation matrix on the incorporated
dyes.

3.6 3D distribution and dynamic monitoring of temperature
in co-cultured 3D tumor spheroids

HCT-8 and NIH3T3 cells were co-cultured in a p-well 3D cell-
culture platform as mentioned in our previous manuscript.>®
These two types of cells are self-organized into core-shell
structures, HCT-8 cells localized into the center, and NIH3T3
confined to the shell (see ESI Fig. S5(b)t).

2052 | Analyst, 2023, 148, 2045-2057

In our previous study, the live/dead assay showed 98.8%
viability during the entire culture period.>® As explained pre-
viously, 9 days old 3D in vitro spheroids exhibit complex
desmoplastic reactions and hypoxic cores.’® Hypoxia hinders
many aspects of the cellular and systemic physiology of cancer
cells, and the cells enter into a dormant state.”> This hijacked
cellular metabolism slightly reduces the heat production in
that local area. The FPNTs in Fig. 6(e) represent the tempera-
ture distribution in 3D co-cultured spheroids at the exterior,
interior, and core parts. The measured values represent the
temperature variations from the exterior and interior regions
to the core region as 37.8, 35.9, and 34.9 °C, respectively,
which is consistent with the previous studies.”

4. Discussion

Temperature is rarely considered a critical entity in cancer
biology. However, thermoregulation is an important factor that
stimulates pro-cancer pathways and tumor microenvironment
activities. Recent studies showed that cooler temperatures par-

This journal is © The Royal Society of Chemistry 2023
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ticularly stimulate the activation of stress hormones like nor-
epinephrine (NE).”* In this direction, the overactivation of NE
can proactively impact the cancer progression and metastasis
in various cancer types.>” Thus, providing a quick and non-
invasive technique to measure the temperature is of para-
mount interest. In this context, a variety of nanosensors such
as semiconductor quantum dots,">**® rare earth metal
doped nanoparticles,*>***” carbon dots,>*3°
clusters (MNCs)**'? with different techniques were devel-
oped to measure the temperature including at an intracellular
level. However, the reported sensors remain limited by the
temperature sensing range, toxicity, and thermostability of the
fabricated materials as shown in Table 1. CdSe QDs,”> CdSeS/
ZnS@polymer sensor,”® nanodiamonds (N-vacancy centers),”
Au/Pd thermocouple,> and gTEMP fluorescent protein’®
sensors have maximum temperature sensing ranges of
25-45 °C, 30-60 °C, 54 °C, 17-37 °C, and 5-50 °C respectively.
CdSe QDs exhibit a superior sensitivity of 0.015%°C~" but have
limitations due to their narrow temperature sensing range
(30-60 °C). However, the quantum dots show extraordinary
quantum efficiency and are considered good candidates for

and metal nano-

This journal is © The Royal Society of Chemistry 2023

bio-imaging applications, but toxicity is a big concern, particu-
larly for in vivo studies. The nano-gels that have been created
using green fluorescent protein (GFP) sensors can only
measure temperature within 15 °C of the gel’s transition temp-
erature.>® The sensors constructed with silicon nanoparticles
can detect temperatures ranging from 0 to 60 °C.*® Though
some of the sensors fabricated with inorganic materials
showed a wider range of temperature sensing, they require
ultraviolet (UV) light to read the results.”’®" Thus, these
issues limit their usage in biological applications. However,
ratiometric sensors give accurate measurements but the setup
8283 Hence, particularly
sensors with a wide range of sensitivity, high resolution, bio-
compatibility and good thermostability are of significant inter-
est in the biomedical industry.”*"®! In this study, we developed
FPNTSs by the sol-gel method, where the Rh-B dye incorporated
Pluronic F-127 micelles were polymerized with a polymer

and operation are more complex.

complex (urea and paraformaldehyde) as shown in Fig. 1. In
this 3-step process, Pluronic F-127 helped not only in the for-
mation of UPF nanoparticles but also cross-linked with the
Rh-B dye to form a dye-micelle polymer complex (DMPC).
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Table 1 Comparison of performance characteristics of the temperature sensors

Temperature Calibration
Type of sensor range (°C) Sensitivity Reversibility environment Cell types Cellular level Ref.
CdsSeS/ZnS@polymer 25-45 -1.55% °C™" Positive In water HepG2 Dotted inside the cell 77
CdSe QDs 30-60 0.015% °C™* Positive In PBS Mouse tissue Local tissue 68
Nano needle 24-60 N/A Positive In water N/A The local region in the cell 69
Au nanoclusters 15-45 N/A Positive In cell HeLa Dotted in the cell 27
Nanodiamonds 54 N/A Positive In air WwS1 Dotted in the cell 70
(N-vacancy centers)
Au/Pd thermocouple 17-37 N/A N/A In cell N/A Subcellular 78
Si resonator 30-59 —1900 ppm K™ N/A In cell N/A Single-cell 79
gTEMP fluorescent protein 5-50 N/A Positive In cell HeLa Subcellular 71
FPNTs 25-100 1.1°C Positive In glycerol 3D co-Culture HCT-8 and NIH3T3 Present work

Pluronic F-127 is an amphiphilic co-polymer and its hydro-
philic ends and hydrophobic center parts can be used for
molecular functionalization and for cross-linking to form a
micelle. Moreover, F-127 has been widely used in biological
applications because of its stability, constructive mechanical
properties, biocompatibility, and low toxicity.®* On the other
hand, urea-formaldehyde (UPF), which is an amino resin with
a strongly cross-linked internal structure that exhibits high
thermostability and interior space to load fluorescent particles
and dye-micelles by comparing it to other polymer
complexes.*”®* As a result, the DMC could be strongly cross-
linked in UPF in the prepared FPNTs with lower leakage.>!
Apart from that, F-127 and UPF matrices produce biocompati-
ble nanoparticles, which are useful for in vitro and in vivo
experiments. Because of these superlative properties F-127 and
UPF were selected in this study to form highly cross-linked
FPNTs. The fabricated FPNTs were designed such that they
can maintain the chemical stability or functionality of fluo-
rescent dye and prevent interference from strong oxidation
conditions as shown in Fig. 5(a-d), and they can endure severe
treatments, such as high-temperature sterilization (100 °C)
[Fig. 3(c)] and low-temperature preservation (—20 °C)
[Fig. 4(c)]. The results demonstrate that FPNTs are monodis-
persed, have excellent fluorescence intensity, and exhibit a
temperature range between 25 and 100 °C with a resolution of
1.1 °C. Moreover, the prepared FPNTs show good biocompat-
ibility and encapsulation effectiveness (80-85%) [Fig. 4(a)],
and prevent interference from strong oxidation conditions
inside the tumor microenvironment (TME). In the TME reac-
tive oxygen species (ROS) molecules are produced in higher
concentrations and these ROS molecules may involve in
quenching the fluorescence of nanoparticles (FPNTSs) but our
results in Fig. 5(a-d) show that the FPNTs are stable
under different environmental conditions and the fluo-
rescence intensity was stable [Fig. 4(b)] until 5 min with con-
tinuous exposure to light.

As a result, the Rh-B dye micelle molecules could be tightly
bound in the synthesized nanoparticles. The temperature
sensor exhibits a temperature-dependent changing emission
property, which can sense temperatures ranging from 25 to
100 °C without agglomeration and dye leakage. Moreover, the
FPNTs exhibit better stability against different environmental

2054 | Analyst, 2023, 148, 2045-2057

factors such as pH, ionic strength, and oxidative stress as
shown in Fig. 5(a-d). Further, the FPNTs show good biocom-
patibility (see ESI Fig. S4t). These properties make them suit-
able for measuring the temperature at the cellular level and
even in 3D spheroids. More importantly, we incorporated
these sensors with 3D co-cultured tumor spheroids to measure
the temperature gradient. Particularly, the hypoxic condition
reduces the activation of thermogenic mechanisms, thus, the
condition reduces the body temperature in mammals by
8-10 °C.%® Hypoxia suppresses the anti-tumor activity and vas-
cularization in cancer tumors, and induces a pro-active cancer
tumor microenvironment. The 3D co-cultured tumor model
orchestrates an in vivo-like cellular arrangement and exhibits a
desmoplastic environment to induce hypoxia and epithelial-
mesenchymal transition (EMT) as presented in the previous
work.’® These cascades of events in the 3D tumor spheroids
may cause a lower temperature in the core region, and the
measured temperature in the co-cultured tumor spheroids
showed a ~2.9 °C difference from the core region to the peri-
pheral region. This provides strong support for the hypothesis
that a reduction in the activation of thermogenic mechanisms
in the hypoxia region occurred. The present observations open
up several intriguing possibilities. For instance, real-time and
dynamic measurement at the cellular level temperature gradi-
ent could enable an accurate understanding of cellular activity
and cancer progression.

5. Conclusions

In this study, we developed novel FPNTs and measured temp-
erature gradients in co-cultured 3D tumor spheroids. The
novel FPNTs were designed and fabricated by embedding
temperature-sensitive Rh-B dye inside polymeric nanoparticles
to maintain its chemical stability or functionality, reduce cell
toxicity, and prevent interference from strong oxidation con-
ditions inside the TME. The results demonstrate that the
FPNTs are monodisperse, have excellent fluorescence intensity,
and exhibit a temperature range between 25 and 100 °C, with a
resolution of 1.1 °C. The FPNT nanoparticles had an encapsu-
lation effectiveness of 80-85%, and only 15-20% dye was
released. Individual FPNTs are internalized inside the co-cul-

This journal is © The Royal Society of Chemistry 2023
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tured spheroids to dynamically measure the temperature
changes in the 3D spheroids from the core region to the peri-
pheral region at different time intervals. It was observed that
the temperature in an exterior section of the spheroid was
high compared to that at the center. This can be due to a lack
of sufficient oxygen in the environment, which results in
anaerobic respiration. All of these results showed that FPNTs
could be suitable candidates to explore hyperthermia pro-
cesses in tumor microenvironments as nano-thermometers
and it is expected that they contribute to the examination of
various biological events in the near future.

Abbreviations

FPNTs Fluorescent polymeric nano-thermometers
DMPC Dye micelle polymer complex

UPF Urea paraformaldehyde
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TME Tumor micro environment

PDMS Polydimethylsiloxane

IC5o Inhibitory concentration

SEM Scanning electron microscopy

DLS Dynamic light scattering

ROS Reactive oxygen species
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