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This study explores the potential of combining periodic mesoporous organosilicas (PMOs) with a
fluorescent dye to develop a ratiometric thermometry system with enhanced stability, sensitivity, and
biocompatibility. PMOs, ordered porous materials known for their stability and versatility, serve as an
ideal platform. Curcumin, a natural polyphenol and fluorescent dye, is incorporated into PMOs to develop
(C-PMO) and curcumin-pyrazole-functionalized PMOs (CP-PMO) via
hydrolysis and co-condensation. These PMOs exhibit temperature-dependent fluorescence properties. The
next step involves encapsulating rhodamine B (RhB) dye within the PMO pores to create dual-emitting

curcumin-functionalized PMOs

PMO@dye nanocomposites, followed by a lipid bilayer (LB) coating to enhance biocompatibility and dye
retention. Remarkably, within the physiological temperature range, C-PMO@RhB@LB and CP-PMO@RhB@LB
demonstrate noteworthy maximum relative sensitivity (S,) values of up to 1.69 and 2.60% K™%, respectively.
This approach offers versatile means to create various ratiometric thermometers by incorporating different

rsc.li/materials-c

1. Introduction

Accurate temperature measurement has become increasingly
important in scientific research, technological development,
and various applications dependent on sensor thermometers."
The rapid advancement of technology has created a demand
for temperature sensing and measurement at the nanoscale,
such as in nanoelectronics, chemical reactors, and biomedical
applications.>™ However, traditional contact thermometers,
which use physical properties such as volume, electric potential,
and electric conductance, are limited in their ability to measure
temperature in specific environments, such as those with sub-
micrometer scale, biological fluids, or fast-moving objects.’
Consequently, there has been a growing interest in noncontact
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fluorescent dyes, holding promise for future temperature sensing applications.

and non-invasive or minimally invasive thermal sensing techni-
ques, such as infrared light (IR) thermography, Raman spectro-
scopy, thermo reflectance, and luminescence thermometry.® Of
these, luminescence-based approaches have garnered significant
attention due to their simplicity, high sensitivity, and excep-
tional spatial and temporal resolution. Recent studies have
revealed that the ideal thermometer for optimal performance
should possess two discriminable peaks to facilitate the devel-
opment of ratiometric sensors. Such sensors capitalize on being
independent of the concentration and inhomogeneity of the
luminescent centers present in the material. Additionally, they
help circumvent issues with alignment and optoelectronic drifts
of the excitation source and detectors.”

Considerable research has been undertaken to develop and
investigate innovative optical materials for their potential use
as luminescence thermometers. These materials include quan-
tum dots (QDs), polymeric and inorganic materials doped with
lanthanide ions (Ln*"), organic dyes, and hybrid materials.”®
Organic dyes have emerged as a promising alternative for
ratiometric thermometry due to several advantages such as
high sensitivity, low toxicity, and facile tunability of their
emission properties via chemical modification. Dye-based
ratiometric thermometry, an uncommon approach in the field
of thermometry, relies on the ratio of intensities between
specific emission bands. This innovative technique has found

This journal is © The Royal Society of Chemistry 2024
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applications in bioimaging, food safety monitoring, and micro-
scale temperature sensing.’’® It’s important to note that,
historically, dyes have predominantly functioned as single-
band thermometers.'® Despite the challenges of issues like
photobleaching and environmental interference that still need
resolution, the emergence of ratiometric thermometry using
dyes holds great promise for advancing temperature sensing
across various fields.™

Among various materials investigated for ratiometric ther-
mometry, the utilization of dual-emitting metal-organic frame-
works (MOFs) doped with fluorescent dyes has shown promising
outcomes. The integration of dyes within host matrices such as
MOFs present a pivotal enhancement, offering a shield against
photobleaching and environmental perturbations. These ratio-
metric dual-emitting MOF@dye systems present an adaptable
operational range and enhanced sensitivity, rendering them suita-
ble for a spectrum of temperature sensing applications.>*>™" It’s
noteworthy to clarify that within this approach, the MOFs can serve
as a host material contributing to one of the emission peaks,'® or
alternatively, two distinct dyes can be embedded within a non-
luminescent material.'> Despite these advantages, MOFs face
challenges such as inherent instability and complexities in scalable
production. Furthermore, the biocompatibility and degradation
behavior of these materials are crucial, particularly for biomedical
uses. As a result, periodic mesoporous organosilicas (PMOs) have
emerged as an attractive alternative material for thermometry
platforms. Periodic mesoporous organosilicas (PMOs) are a class
of highly ordered porous materials first reported in 1999."%>" PMOs
are synthesized by the self-assembly of organoalkoxysilanes under
mild conditions in the presence of surfactants or block copolymers.
The resulting materials have mesoporous structures with uniform
pore sizes, high surface areas, and tunable functionalities. Com-
pared to traditional silica-based materials, PMOs exhibit superior
stability, high thermal and chemical resistance, and low toxicity,
making them attractive candidates for various applications in
catalysis, drug delivery, imaging, and sensing.**

In this study, we investigate the potential of PMOs and dyes
as a ratiometric thermometry system that offers improved
stability, sensitivity, and biocompatibility. Curcumin is a natural
polyphenol and a well-known fluorescent dye, widely used in
various biomedical and optical applications. In recent years, it
has been incorporated into various matrix materials, including
PMOs, due to its unique properties such as antioxidant, anti-
inflammatory, and fluorescent properties.>* Therefore, curcumin
functionalized PMOs (C-PMO) were developed through hydro-
lysis and co-condensation of curcumin-functionalized precur-
sors with 1,2-bis(triethoxysilyl)ethane (BTESE) in the presence
of cetyltrimethylammonium bromide (CTAB) surfactant. The
resulting mesoporous curcumin nanoparticles (MCNs) exhibit
pronounced autofluorescence and have been employed as a
cargo delivery system in live-cell assays. These experiments
utilize a supported lipid bilayer (SLB) to seal the pores, enabling
the precise release of RhB into HeLa cells as a model cargo.
Motivated by the capabilities of this C-PMO@RhB@LB system,
we have adopted this composite for use as a ratiometric dual-
emitting thermometer. Furthermore, we have introduced a novel
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curcumin-pyrazole functionalized precursor, leading to the crea-
tion of a modified curcumin-PMO (CP-PMO) system. This system
features a more structurally rigid curcumin-pyrazole linkage,
enhancing its potential applications.>* The resulting PMOs
showed highly temperature-dependent fluorescence properties.
RhB was then encapsulated in the PMO pores to create a dual-
emitting PMO®@dye nanocomposite, which was further coated
with a lipid bilayer (LB) to enhance biocompatibility and prevent
dye leaching.”® Among the previously reported dye-incorporated
luminescent composites based on MOFs, C-PMO@RhB@LB and
CP-PMO@RhB@LB demonstrate a very good maximum relative
sensitivity (S,) of up to 1.69 and 2.60% K™, respectively, within
the physiological temperature range. Incorporating organic
dyes into the PMO framework, as demonstrated in our work,
enhances the stability of the dyes and reduces photobleaching.
The novel dual-emitting PMO@dye system, especially with the
addition of a lipid bilayer coating, offers a biocompatible and
sensitive solution for temperature sensing. This advancement in
ratiometric thermometry, leveraging the stability and biocom-
patibility of PMOs, represents a significant contribution to the
field, particularly in terms of reliability and applicability in
various environments, including biomedical settings. This study
enables the combination of luminescent host materials and RhB
dyes, allowing for the future development of a range of ratio-
metric thermometers.'?

2. Experimental
2.1 Materials and instrumentation

All chemicals were purchased from Sigma Aldrich, Fluorochem,
Alfa Aesar, or TCI Europe and used without further purification.

Specifically, curcumin (from curcuma longa, powder) was
purchased from Sigma-Aldrich with assay (HPLC, area%)
>65%. Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), PrestoBlue™ HS (high sensitivity) cell
viability reagent, and Calcein-AM cell marker dye were pur-
chased from ThermoFisher Scientific. Penicillin-streptomycin
was purchased from Sigma-Aldrich.

A Bruker D8 Advance diffractometer operating at 40 kv/30
mA using Cu-Ka radiation (4 = 0.15418 nm) equipped with a
solid-state detector was employed to collect small-angle X-ray
diffraction (SAXRD) patterns. Fourier transform infrared (FT-
IR) spectroscopy measurements were conducted on a Thermo
Nicolet 6700 FT-IR spectrometer using a KBr beam splitter and
a nitrogen-cooled MCT-A detector. Nitrogen adsorption data
were acquired using a TriStar II gas analyzer at 77 K after
degassing the samples under a vacuum at 393 K for 24 h. A
Bruker 300 MHz AVANCE spectrometer was used for "H NMR,
with CDCl; or DMSO-dg¢ as the solvents. Elemental analysis
(CHNS) was conducted using the Thermo Flash 2000 elemental
analyzer, and V,0s was used as a catalyst. Transmission
electron microscopy (TEM) images were captured on a JEOL
JEM-2200FS transmission electron microscope operated at
200 kv and equipped with a Cg corrector. All photolumines-
cence measurements were performed using an Edinburgh
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Instruments FLSP920 UV-vis-NIR spectrometer setup. The emis-
sion signals were detected using a Hamamatsu R928P photo-
multiplier tube, and a 450 W xenon lamp was employed as
the steady-state excitation source. Temperature-dependent
luminescent measurements were carried out using the Julabo
refrigerated and heating F-25 circulator, which was attached to
the sample holder and has a temperature range of 293-343 K
with increments of 5 K. The TeSen program was utilized to
process the temperature-dependent data.>®

2.2 Synthesis

2.2.1 Synthesis of 4-((1E,4Z,6E)-5-hydroxy-7-(3-methoxy-4-
(((3-(triethoxysilyl) propyl) carbamoyl) oxy) phenyl)-3-oxohep-
ta-1,4,6-trien-1-yl)-2-methoxyphenyl (3-(triethoxysilyl) propyl) car-
bamate (curcumin-Si, 1b). Curcumin-Si was synthesized according
to a previously reported procedure.”® In a three-necked flask,
25 mL of dry tetrahydrofuran (THF) was used to dissolve the
(1E,6E)-1,7-bis (4-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-
dione (Curcumin, 1.00 g, 2.71 mmol). Triethylamine (82.26 mg,
0.81 mmol) and (3-isocyanatopropyl) triethoxysilane (IPTES,
2.68 g, 10.84 mmol) were then added while the mixture was being
stirred, and it was then refluxed for 24 hours at 358 K with
an Argon flow. After cooling to room temperature, the reaction
mixture was filtered and washed with ethyl acetate. Then, the
filtrate was evaporated. The residue was purified by silica gel
column chromatography (eluent: 65 v% ethyl acetate, 33 v%
petroleum ether, 2 v% triethylamine) to give Curcumin-Si as an
orange oil. The resulting product was dried for 12 hours under a
high vacuum before being used. Yield: 67%. "H NMR (300 MHz,
DMSO-dg) ¢ 9.68 (s, 1H), 7.75 (t, 1H), 7.59 (td, 2H), 7.37-7.24
(m, 2H), 7.23-7.14 (ddd, 4H), 6.97 (d, 1H), 6.92 (d, 1H), 6.83 (dd,
2H), 6.77 (d, 1H), 6.73 (s, 1H), 3.89-3.81 (s, 6H), 3.76 (qd, 12H),
3.03 (q, 2H), 1.52 (dt, 2H), 1.17 (td, 18H), 0.66-0.53 (m, 2H).

2.2.2 Synthesis of 4,4'-((1E,1'E)-(1H-pyrazole-3,5-diyl) bis-
(ethene-2,1-diyl))  bis(2-methoxyphenol) (curcumin-pyrazole
analog, 1c). In the procedure used by Ahsan et al.,”” curcumin
(200 mg, 0.54 mmol, 1 equiv.) and hydrazine hydrate (5 equiv.)
were dissolved in glacial acetic acid (10 mL). The solvent was
then removed in a vacuum after the solution had refluxed for
8 hours. The residue was washed with water after being dissolved
in ethyl acetate. The organic portion was collected, dried over
sodium sulfate, and concentrated in a vacuum. Column chro-
matography (eluent: 65 v% ethyl acetate, 33 v% petroleum ether,
2 v% triethylamine) was used to purify the crude product. Yield:
82% 'H NMR (300 MHz, DMSO-dg) 8 12.79 (s, 1H), 9.10 (s, 2H),
7.36 (d, 2H), 7.14 (d, 2H), 7.01-6.69 (m, 4H), 6.76 (s, 2H), 3.83 (s,
6H). '*C NMR (400 MHz, DMSO-dg) 6 147.88, 147.88, 146.77,
128.34, 127.70, 120.08, 115.63, 115.59, 109.46, 99.31, 55.58.

2.2.3 Synthesis of 2,2'-(((1E,1'E)-(1H-pyrazole-3,5-diyl) bis-
(ethene-2,1-diyl)) bis(2-methoxy-4,1-phenylene))bis(N-(3-(trietho-
xysilyl)propyl)acetamide) (curcumin-pyrazole-Si, 1d). To synthe-
size the novel Curcumin-Pyrazole-Si linker, in the analogous
method used by Datz et al,>® in a three-necked flask, 25 mL
of dry THF was used to dissolve the curcumin-pyrazole analog
(1.00 g, 2.75 mmol). Triethylamine (83.48 mg, 0.83 mmol) and
(3-isocyanatopropyl) triethoxysilane (IPTES, 2.72 g, 11 mmol)
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were then added while the mixture was being stirred, and it
was then refluxed for 24 hours at 358 K with an argon flow. After
cooling to room temperature, the reaction mixture was filtered
and washed with ethyl acetate. Then, the filtrate was evaporated.
The residue was purified by silica gel column chromatography
(eluent: 65 v% ethyl acetate, 33 v% petroleum ether, 2 v%
triethylamine) to give Curcumin-Si as a dark orange oil. The
resulting product was dried for 12 hours under a high vacuum
before being used. Yield: 61% "H NMR (300 MHz, DMSO-dg) §
7.43-7.02 (m, 10H), 3.99 (dq, 12H), 3.87-3.65 (m, 6H), 3.33
(s, 2H), 3.03 (q, 2H), 2.93 (d, 2H), 1.99 (s, 2H), 1.56 (dt, 2H),
1.16 (qd, 18H), 0.55 (ddd, 2H).

2.2.4 Synthesis of mesoporous curcumin-PMO (C-PMO)
nanoparticles and curcumin-pyrazole PMO(CP-PMO). Following
a modified literature procedure, in a two-step sol-gel reaction,
cetyl trimethyl-ammonium bromide (CTAB, 0.96 mmol, 350 mg)
was dissolved in a solution of 5.83 g water in a 20 mL round
bottom flask. The mixture was then stirred at 353 K for 30 min
after adding of 3.63 mL of NH,OH solution (25%). 120 mg
of curcumin-Si (0.137 mmol)/60 mg of curcumin-pyrazole-Si
(0.52 mmol) and bis(triethoxysilyl)ethane (BTESE) in 10% : 90%/
38% : 62% ratios, respectively, were mixed with 1 mL of ethanol in
a vial. This precursor solution was promptly injected into the
stirred aqueous surfactant solution. A yellow suspension was
formed, stirring for an additional two hours at 353 K. The organic
surfactant was extracted by heating the sample under reflux
at 363 K for 1 hour in a solution of 2 g ammonium nitrate and
100 mL ethanol. The sample was then redispersed in ethanol,
heated under reflux for 45 minutes at 363 K in a solution of
100 mL ethanol, and centrifuged for 10 minutes at 8000 rpm. It
was then dried overnight in an oven at 393 K.

2.2.5 Preparation of PMO@dye. A solution of RhB in dis-
tilled water was prepared in a glass vial (Table S1, ESIt). Next,
2 mL of this solution was taken and added to a new vial
containing 10 mg of dry PM O powder. The mixture was first
redispersed using ultrasounds for 5 minutes and then stirred for
48 hours at room temperature and centrifuged for 10 minutes at
8000 rpm. It was then dried overnight in an oven at 353 K.

2.2.6 Preparation of PMO@dye@LB (hybrid nanocompo-
sites with lipid bilayer). Following the reported procedure
of the preparation of the lipid bilayer around the hybrid
nanocomposites,”>  1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) was utilized. 5 mg of either C-PMO@RhB or CP-
PMO@RhB was dispersed in 100 pL of 3.5 mM DOPC solution
in a mixture of H,0 and EtOH (60/40). Then, 900 pL distilled
H,0 was quickly added and mixed. The addition of extra water
resulted in precipitation of the lipid molecules, which were
expected to cover the surface of the hybrid nanocomposite with
a lipid layer. The PMO@dye@LB was purified by centrifugation
and redispersion in a small amount of H,0, and this process
was repeated to ensure complete purification of the material. It
was then dried overnight in an oven at 353 K.

2.3 Cytotoxicity test

2.3.1 Cell cultures. For the cell viability assays, healthy
normal human dermal fibroblast (NHDF) cells were cultivated

This journal is © The Royal Society of Chemistry 2024
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using a cell growth medium solution (DMEM + 10% FBS + 1%
Pen-Strep) and were subsequently seeded in 96-well plates with
a seeding concentration of 5000 cells per well upon reaching
80-90% confluency during early culture passage stages (P2-P5).
The cell plates were incubated for 24 hours in the dark at 37 °C
and 5% CO,.

2.3.2 Cell viability assay. Cytotoxicity tests were conducted
on a series of sample concentrations: 0, 0.028, 0.056, 0.278,
0.556, 1.111, 1.667, and 2.778 mg mL ™" (or 0, 0.005, 0.01, 0.05,
0.1, 0.2, 0.3, and 0.5 mg per well respectively), to evaluate the
effect of the prepared materials on in vitro cultured healthy
NHDF cells. The obtained results summarize the data readout
from five technical replicates per tested concentration per
sample.

The compatibility of each of the samples with the in vitro
cultured adherent healthy NHDF cells was investigated and
quantified using the PrestoBlue™ HS cell viability assay via
fluorescence spectroscopy measurements with Ae. = 560 nm
and e, = 635 nm. The samples (as dry powders) were sus-
pended in the cell growth medium solution to prepare the
respective stock solutions. To obtain uniform dispersions and
eliminate particle agglomerates, the stock solutions were vor-
texed for 1 minute and ultrasonicated for 10 minutes before
addition/dilution in the appropriate concentration to the wells
containing previously seeded and incubated cells. The cytotoxic
effect of the as-prepared materials was investigated in a series
of sample concentrations ranging from 0-2.778 mg mL ",
tested on five technical replicates per concentration. Upon
sample addition, the cell plates were incubated for 24 hours
in the dark at 37 °C and 5% CO,. The following day, 20 pL of the
PrestoBlue™ HS reagent was added to all wells and the plates
were again incubated in the dark for 4 hours at 37 °C and 5%
CO,. Negative controls contained seeded cells, cell growth
medium, and PrestoBlue™ HS cell viability reagent, while
positive controls or PB-blanks contained PrestoBlue™ HS cell
viability reagent and cell growth medium solution. The fluores-
cence emission of the cell plates was measured on a Tecan
spectrophotometer equipped with a microplate reader.

The data readout is normalized with respect to the averaged
negative controls in the following way:

Cell viability/% =

[FI(technical replicate) — FI(PB blanks average)]

100
[FI(control average) — FI(PB blanks average)] %

where FI stands for fluorescence emission intensity at 635 nm;
a technical replicate is a technically repeated sample concen-
tration containing seeded cells, cell growth medium solution,
and PrestoBlue™ HS cell viability reagent; (negative) controls
represent plate wells containing seeded cells, cell growth med-
ium solution, and PrestoBlue™ HS cell viability reagent; and PB-
blanks represent plate wells containing cell growth medium
solution and PrestoBlue™ HS cell viability reagent; all equalized
to the same final volume per well by cell growth medium
solution.

This journal is © The Royal Society of Chemistry 2024
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Simultaneously, parallel technical replicates were prepared
for the widefield fluorescence microscopy imaging under iden-
tical treatment, replacing the PrestoBlue™ HS cell viability
reagent with Calcein-AM fluorescent cell marker dye with a
concentration of 0.3 pL per well or a final plate well concen-
tration of 1.5 pM. After dye addition, the cell plates were
incubated for 20 minutes in the dark at 37 °C and 5% CO,.
Cell visualization was performed using a green fluorescent
protein (GFP) long-pass filter on a Nikon Ti widefield micro-
scope transmitting all emitted wavelengths >500 nm, under
excitation of 470 nm.

3. Results and discussion
3.1 Structural characteristics of PMO@dye@LB

Precursor preparation was the first step in the development of
the nanomaterials. Compound curcumin-Si (1b) had been
synthesized utilizing IPTES for silylation on curcumin (1a).
Curcumin (1a) was converted into curcumin-Pyrazole (1¢) ana-
log by the addition of hydrazine, then curcumin-pyrazole-Si (1d)
was produced using further reacting compound curcumin-
pyrazole (1c) with IPTES (Scheme 1). Using a co-condensation
technique with BTESE, curcumin-Si or curcumin-pyrazole-Si
was finally covalently incorporated into the PMO frameworks.
According to earlier research by Joseph et al. and Muddassar
et al. on the vibrational spectra of curcumin and curcumin-
pyrazole, respectively,”®>® FT-IR spectra were used to determine
the synthesis of 1c¢ and the formation of C-PMO and CP-PMO
(Fig. 1a). Firstly, when compared to 1a, several typical variations
in the 1c spectrum may be seen. The overlap of C-OH and C-
NH bond vibration may cause a strong, and broad peak at 3488/
3322 cm ™. For 1¢, because of the C=N stretching frequencies,
a band can be seen at 1633 cm ™.

Moreover, stretching vibrations of the C—C bonds were
represented by a strong, intense band at 1514 cm ™, while a
second, similar band at 1280 cm ™" represented the C-N bond.
Secondly, a new band at 1041 cm™ " represented the stretching
vibrations of the Si-O-Si frameworks. Thirdly, the characteristic
absorption peaks of the 1a (vc—c,c—o0 = 1650 cm™, Vc—o,c-0 =
1511, 1272 cm™ ') and 1c¢ moieties (Ve = 1650 cm ', ve_¢ =
1513 em™ ', von = 1276 cm™ ') remained after removal of the
surfactant (CTAB), with showing the stable immobilization of
curcumin and curcumin-pyrazole units into the silica frame-
work. The FTIR spectra of the samples containing RhB showed
negligible variations, and the distinctive absorption peaks of
RhB could not be identified in the spectra.

This is because the mass fraction of RhB in the material is
considerably lower than that of the matrix materials. As a
result, the IR absorptions of RhB have been concealed by the
matrix materials, particularly when the characteristic absorp-
tion peaks are close to those of the matrix.*°

SAXRD and N, adsorption measurements were carried out to
investigate the structural response of the materials to functio-
nalization. The SAXRD profiles of the surfactant-free C-PMO
and CP-PMO were shown in Fig. 1b. The diffraction peak was
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Scheme 1 Schematic illustration of the preparation of the C-PMO and CP-PMO and representation of the diketo/keto—enol tautomerism of curcumin.

observed at around 20 = 2° for these two samples, indicative of a
mesoscopically ordered structure.”® Fig. 1c depicts the N,
adsorption-desorption isotherm of these two materials. By
comparing the isotherm of C-PMO with that of CP-PMO, it
was observed that the shape remained the same. Both materials
had the type 1V isotherm, indicating that the ordered meso-
porous structure had successfully been formed.** Brunauer-
Emmett-Teller (BET) surface area for C-PMO and CP-PMO were
1254 m> g~ ' and 1149 m® g~ ', respectively, and the total pore
volumes were 0.63 cm® g~ " and 0.59 cm® g™, respectively. In
addition, the pore size of PMOs calculated using the non-local
density functional theory (NLDFT) method were both 3.2 nm
(Table 1). Therefore, the resulting material’s mesostructure is
coincident with the results of XRD patterns. Additionally, the
confirmation of a lipid bilayer on the surface of PMO particles
was carried out using BET analysis. After the introduction of
dyes inside the pores of PMO, the pristine C-PMO and CP-PMO
particles were coated with a lipid bilayer (Scheme 2), resulting
in a reduction in surface area to 901 and 979 m”> g, respec-
tively. The observed reduction in surface area implies that the
lipid bilayer, along with the incorporated dyes, partially
obstructs the pores of the PMO particles, while also wrapping
around the particle structure. To confirm the feasibility of the

5840 | J Mater. Chem. C, 2024, 12, 5836-5848

sensing application, we compared the particle morphologies of
these two materials by utilizing TEM. As shown in Fig. 2b and d,
both possess representative spheres with an average diameter
of 69 + 13 and 153 £ 11 nm, respectively. Regarding the TEM
observations, we recognize the noted differences in particle size
and aggregation between CP-PMO and C-PMO. This discre-
pancy can indeed be attributed to the differing chemical
interactions and steric hindrance presented by the pyrazole
moiety in CP-PMO, which may affect particle nucleation and
growth. Besides higher concentration in precursors ratio of CP-
PMO, the distinct interactions of functional groups in C-PMO
and CP-PMO with solvents, surfactant can modulate the
kinetics of polymerization or condensation reactions, impact-
ing particle nucleation and growth.*

3.2 Temperature-related fluorescence of PMO@dye@LB

3.2.1 Fluorescence of the prepared PMO@dye@LB. Fig. 3
presents the solid-state excitation and emission spectra of
PMOs at room temperature. The excitation bands of the mate-
rials are broad, spanning from 250 nm to over 480 nm. All
prepared materials exhibit strong visible emission, which can
be observed with the naked eye (Fig. S3a, ESIf). The photo-
luminescence properties of the C-PMO and CP-PMO material

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) FTIR spectra of PMO@RhB@LB; (b) PXRD patterns of

PMOs@RhB@LB; (c) N, adsorption—desorption isotherms and pore size
distributions of PMO@RhB@LB.

were measured at room temperature, and the emission band
was acquired by exciting at 417 nm. The C-PMO material emits
over a broad range of wavelengths, ranging from 430 to 750 nm,
with a peak maximum at 539 nm. The emission is related to the
n-n* electron transition of the curcumin linker.”> Compared

This journal is © The Royal Society of Chemistry 2024
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similarly, the CP-PMO material shows a slight blue-shifted
spectrum and exhibits a broad emission band ranging from
430 to 750 nm, with a peak maximum at 509 nm, which may be
attributed to the change in the rigidity of the curcumin-pyrazole
linker. The fluorescence emission spectrum of RhB in water
exhibits a prominent emission peak at approximately 641 nm
when excited at 385 nm, as shown in Fig. S4a (ESIt). Addition-
ally, its UV-Vis absorption spectrum shows broad absorbance in
the range of 450-600 nm (Fig. S4b, ESIt). Notably, there is a
spectral overlap between the emission spectrum of PMOs and
the absorption spectrum of RhB, as depicted in Fig. S4b (ESIT).
This indicates the possibility of efficient energy transfer from
PMO to RhB upon excitation at 417 nm. Further insight is
offered through Fig. S5 (ESIt), which elucidates the lumines-
cence decay profiles of the individual emissions within the
PMOs.** It is notable that the observed decay times for the
curcumin functionalized PMOs appear to be extremely pro-
longed, comparing with existing literature.>® The photolumi-
nescence quantum yield of curcumin exhibits low values across
various solvents, with a pronounced decrease observed in
aqueous environments. Consequently, the fluorescence life-
time of curcumin in liquid phase at ambient temperature is
notably short, typically less than 1 nanosecond.*® The shor-
tened fluorescence lifetime of such dyes in the picosecond
range is hypothesized to stem from internal barrierless rotation
within the excited state.’” Given that rotational motions around
double bonds are known to decrease fluorescence lifetime, it
follows that restricting such rotations—by embedding the fluor-
ophores within a rigid matrix (PMOs), reducing ambient tempera-
ture, or stabilizing the molecule’s flexible segments—would
mitigate nonradiative decay channels, thereby enhancing both
fluorescence intensity and lifetime.*®*° These profiles effectively
demonstrate a decrease in decay time of PMO’s emission as the
quantity of added RhB solution increases.

To enhance the performance of PMO®@dye@LB, various
composites of PMO@dye@LB with differing dye concentrations
were synthesized, adhering to the ratios delineated in Table S1
(ESIY). Fig. S6 and S7 (ESIt) present the emission spectra of
PMO@dye@LB with different dye contents dispersed in water
at room temperature. As anticipated, the PMO@dye@LB com-
posite exhibits simultaneous emission profiles of the rigidified
linker and RhB under the same conditions as PMO. The
emission peak profile of RhB in PMOs (596 nm) is blue-
shifted compared to that of the RhB water solution (641 nm)
and is attributed to pore confinement of RhB within PMO due

Table 1 Textural properties of prepared C-PMO and CP-PMO

SEET Pore Total pore volume
Material (m*g™") diameter (nm) (cm®g ")
C-PMO 1254 3.2 0.63
CP-PMO 1149 3.2 0.59
C-PMO@RhB4@LB 721 3.2 0.33
CP-PMO@RhB1@LB 806 3.1 0.37

“ Calculated from NLDFT, N2 at 77 K, using the kernel of silica
cylindrical pore, adsorption branch.
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to strong interaction between curcumin/curcumin-pyrazole lin-
ker of PMO and RhB dye.” It also suggests that RhB is uniformly
accommodated as isolated molecules in the pores of PMO,
avoiding the formation of excimers or aggregates in the solid
phase.'” By decreasing the RhB content in the pores of the host
framework, the emission color of PMO@dye@LB can be tuned,
with the color depending on the combination of emissions
from PMO and RhB, as well as the energy transfer process
between the two. With decreasing RhB content, the orange
emission (596 nm) of RhB is attenuated while the emission of
PMOs is enhanced, resulting in a color change from orange to
yellow. The observed blue shift in the emission peak of RhB
with decreasing dye concentration is related to the confinement
effect within the PMO’s porous structure. This effect limits
the RhB molecules’ spatial orientation and their potential to

5842 | J Mater. Chem. C, 2024, 12, 5836-5848
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Fig. 3 Combined RT excitation—emission spectrum of the (a) C-PMO and
(b) CP-PMO in water (excited at 417 nm and observed at 525 nm).

aggregate. As RhB concentration decreases, spatial confine-
ment becomes more significant, leading to an increased

This journal is © The Royal Society of Chemistry 2024
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presence of isolated RhB molecules. These isolated molecules
have emission characteristics distinct from those in aggregated
states, causing the noted blue shift.”> The CIE chromaticity
diagram for PMO@dye@LB was depicted to show the color
changes from orange to red (Fig. S8, ESIY).

3.2.2 Ratiometric temperature sensing properties of
PMO@dye@LB. To assess the potential of PMO@dye@LB as
a ratiometric thermometer, a detailed investigation was con-
ducted on its temperature-dependent photoluminescent prop-
erties. Initially, the host PMOs were excited at a wavelength of
417 nm, and the emission spectra were analyzed across a
temperature range of 293 to 323 K (refer to Fig. S9, ESIT).
A notable decrease in luminescence was observed for both
the curcumin and curcumin-pyrazole linkers with increasing
temperature, showing reductions of 0.74% and 1.29% per K,
respectively (as depicted in Fig. S9, ESIf). This decline in
fluorescence can be attributed to the thermal activation of
nonradiative decay pathways and relaxation.’® Given the com-
plexity of these processes and their dependence on the mole-
cular structure and environment, pointing out the exact
pathways without extensive additional studies can be challen-
ging. Our current analysis was based on observed trends
consistent with the general understanding of thermally
induced nonradiative decay in similar systems. Additionally,
Fig. S10 (ESIT) presents the luminescence decay profiles for
these emissions at varying temperatures, highlighting their
temperature-responsive characteristics. The luminescence life-
time, which signifies the average duration of the excited state,
is observed to decrease with rising temperatures due to the
increased rate of nonradiative decay.

Subsequently, the temperature-dependent emission spectra
of PMO@dye@LB were examined under identical conditions,
extending the temperature range to 343 K (as shown in Fig. S3b,
S11 and S12, ESIt). The intricate temperature-dependent
changes in various emission bands are succinctly quantified
by stating percentage changes per Kelvin (% K ). The intensity
of the curcumin linker in C-PMO@RhB@LB was found to
decrease by 0.43% per Kelvin over the range of 293 to 343 K
(Fig. S11, ESIY), a rate significantly higher than that in pristine
C-PMO (0.74% K '). Conversely, the peak intensity of the
curcumin-pyrazole linker in CP-PMO@RhB®@LB displayed a
decrease of 1.18% K ' (Fig. S12, ESI{), marginally lower than
its rate in CP-PMO (1.29% K™ '). Detailed analysis of these
materials and their CIE coordinates at different temperatures
is presented in Fig. S13 (ESI{). Within the C-PMO framework,
the emission intensity of the curcumin linker remains stable
with temperature increase, indicating minimal impact from
thermal activation of nonradiative decay or relaxation pro-
cesses. However, Fig. S11 (ESIt) demonstrates that the lumi-
nescence of RhB is more susceptible to temperature-induced
changes compared to the curcumin linker. It is acknowledged
that rhodamine B (RhB) is highly sensitive to temperature
variations.’® In contrast, the emission from the curcumin-
pyrazole linker in CP-PMO®@RhB@LB shows a marked intensity
decline with increasing temperature, even more pronounced
than the decrease observed for RhB (Fig. S12, ESIt). This

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Temperature-dependent normalized emission spectra of (a) C-
PMO@RhB4@LB and (b) CP-PMO@RhB1@LB dispersed in water recorded
from 293.15 to 343.15 K, when excited at 417 nm.

suggests that the interaction between the CP-PMO host and
the dye enhances the temperature sensitivity of the CP-PMO
compared to RhB. Based on their clear intensity changing trends
between curcumin PMO and RhB, we specifically focused on the
spectra of C-PMO®@RhB4@LB and CP-PMO@RhB1@LB. Fig. 4
illustrates the temperature dependence by displaying the nor-
malized intensities of their corresponding emissions. The
PMO@dye composites effectively retain the emissions of both
RhB and organic linkers, which exhibit distinct thermal depen-
dencies. As a result, the intensity ratio between these emissions
is highly sensitive to temperature, providing a self-calibrated
thermometric parameter for accurate temperature sensing.
Ratiometric luminescence temperature measurement involves
utilizing the emission intensities of two distinct luminescence
centers. This measurement technique utilizes an intensity ratio
parameter (4 = Io/Ier), which represents the emission intensity
of the probe (I,y) relative to that of the reference (I in the
PMO®@RhB@LB system. The temperature dependence of the
parameter 4 was analyzed using the well-known Mott-Seitz
model,*""*> which takes into account the interplay between radia-
tive and nonradiative decay processes of each emitting center. In
summatry, the temperature dependence of 4 can be described by

eqn (1).

A= Ao
"1 +oaexp(—AE/kgT)

ey

where 4, is the ratiometric parameter 4 at T = 0 K, the parameter
o represents the ratio between the nonradiative and radiative
probabilities of the deactivation channel. kg refers to the Boltz-
mann constant, and AE represents the activation energy of the
nonradiative process (thermal quenching). The differential tem-
perature sensitivity of C-PMO and RhB leads us to designate the
emission intensity of C-PMO as I, reflecting its lower tempera-
ture responsiveness compared to RhB. Conversely, due to
CP-PMO’s heightened temperature sensitivity, surpassing that of
RhB, the emission intensity of CP-PMO is denoted as Iy, In
accordance with eqn (1), the experimental values of the para-
meters 4 for C-PMO@RhB4@LB and CP-PMO@RhB1@LB can be
well fitted using the eqn (1) with the correlation coefficient (R*) of
0.997 and 0.992, respectively (Table S2, ESIT).

The results obtained can properly be described using the
single barrier model of eqn (1), indicating the presence of a
single energy barrier for thermally induced non-radiative decay

J. Mater. Chem. C, 2024, 12, 5836-5848 | 5843
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in both compounds. The temperature calibration curves
(depicted as red solid lines) in Fig. 5a and ¢ demonstrate the
nature of the thermally activated channel in C-PMO®@
RhB4@LB and CP-PMO@RhB1@LB, respectively. The fitted o
value for CP-PMO@RhB1@LB is higher than that of C-PMO@
RhB4@LB, indicating a stronger nonradiative deactivation in
the latter composite. Of particular importance, the S-shaped
fitting of the calibration curves yielded two activation energies:
AEcpvo = 3065.4 cm ™! for C-PMO@RhB4@LB and AEcp.pyo =
2936.5 cm ' for CP-PMO@RhB1I@LB. A smaller activation
energy typically indicates that the temperature-dependent
process, such as a nonradiative decay pathway or an energy
transfer mechanism, occurs more readily with changes in
temperature. This means that the transition between different
emitting states or energy levels within the material happens
more easily, leading to a more pronounced change in the
intensity or ratio of emission bands used for temperature
sensing.'”® In conclusion, it indicates that the curcumin-
pyrazole linker is more sensitive to temperature changes com-
pared to curcumin linker, even higher than RhB in CP-
PMO®@RhB®@LB. These findings align with the earlier assess-
ment of the temperature dependence of the luminescent inten-
sity and lifetime.

The relative thermal sensitivity (S;) is a commonly used
figure of merit to evaluate and compare the performance of

5844 | J Mater. Chem. C, 2024, 12, 5836-5848

different dual-emitting thermometers.*> By comparing the S,
values of various thermometers, we can assess their effective-
ness in accurately measuring temperature variations. Higher S,
values indicate a higher sensitivity to temperature changes,
making a thermometer more suitable for precise temperature
measurements. It can be defined as

_ I‘BA‘

S = alor ®)

where 4 is the ratiometric parameter of our composites and T'is
the absolute temperature. In accordance with the aforemen-
tioned definition, the relative thermal sensitivity (S,) values of
C-PMO@RhB4@LB and CP-PMO@RhB1@LB were calculated
and presented in Fig. 5. It can be observed that within the range
of 293 to 343 K, the maximum S, values for C-PMO@RhB4@LB
and CP-PMO@RhB1@LB were determined to be 1.69% K ' and
2.60% K ', respectively. It is evident that the composite CP-
PMO@RhB1@LB exhibit superior relative sensitivities com-
pared to its respective counterpart, C-PMO@RhB4@LB. The
enhanced sensitivity of CP-PMO@RhB1@LB can be attributed
to the stronger interaction and reduced nonradiative decays
between RhB and the CP-PMO framework. Since it is a novel
concept to utilize PMO®@dye composite as ratiometric thermo-
metry system in biomedical applications, there are few reported
analogous compounds for comparison. Within the spectrum of

This journal is © The Royal Society of Chemistry 2024
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dye-embedded MOF-derived luminescent materials, our studies
reveal that C-PMO@RhB4@LB and CP-PMO@RhB1@LB stand
out for their good maximum relative sensitivity (S,,,) within the
physiological temperature range, as detailed in Table S3 (ESIT).
Notably, these composites exhibit enhanced sensitivities at
elevated temperatures, underscoring their promising applic-
ability for temperature sensing in higher temperature environ-
ments. Consequently, the RhB-doped PMO composites emerge
as candidates for precise temperature monitoring applications
under such conditions.

The temperature resolution (87) is a crucial parameter for
evaluating luminescent thermometers and can be defined as
follows: "

1 A

where 34/4 is the relative standard deviation of the 4.** The
temperature uncertainty (87) of the composites were calculated
using eqn (3), and the results indicate that it remains below
0.07 K across the entire temperature range under investigation
(Fig. 14, ESI%).

To assess the reversibility of the luminescent thermometer,
a series of temperature-dependent emission measurements
were conducted over four consecutive cycles within the tem-
perature range of 293 to 343 K. The results demonstrate that the
emission intensity ratio remains nearly constant at various
temperatures throughout each cycle (Fig. S15, ESI{), indicating
the excellent reversibility of the system.?
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3.3 PrestoBlue™ HS cell viability assay conducted on NHDF
cell line

From the obtained graph (Fig. 6), it can be observed that
overall, all three materials generally manifest a slight cytotoxic
effect across the investigated concentration range. The C-PMO
and the C-PMO®@RhB@LB materials are negligibly toxic to the
NHDF cells in the entire investigated concentration range,
especially in the first portion of the range (up to a concen-
tration of 1.667 mg mL™") which includes and coincides with
the targeted values that may be readily and successfully
exploited for the thermometric measurements (proposed in
the literature as a maximum of 1 mg mL ™ '). Increasing the
concentration of C-PMO from 1.667 mg mL ™" to 2.778 mg mL ™"
decreases the NHDF cell viability from ~ 88 to 60%, therefore it
can be concluded that C-PMO is significantly toxic to the cells
only at the highest tested concentration, which exceeds prac-
tical concentration limits for thermometry applications. How-
ever, for the C-PMO@RhB@LB material, even at the highest
tested concentration the cell viability is determined to be
~80%, displaying that compared to the C-PMO, the C-
PMO®@RhB@LB material maintains non-toxicity in a wider
range, indicating that incorporation of the lipid bilayer has a
favorable influence contributing to the enhanced compatibility
of the material with the healthy human fibroblast cells.

The widefield microscopy images (Fig. 7 and Fig. S18, ESI{)
also show the increasing aggregation of the sample in the same
range of increasing sample concentration, making the spindle-
shaped morphology of the NHDF cells less visible to entirely
undetectable at the highest tested concentration because of the
topical fluorescence emission from the aggregated particles
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Fig. 6 Cumulative grouped bar graph (mean + SD) of cytotoxicity test results obtained for the three tested materials. A nonparametric statistical analysis
was conducted, employing the Mann—-Whitney—Wilcoxon test to investigate for significant differences between the control median and any other
concentration group median of a tested sample, where * represents p < 0.05 and ** represents p < 0.01, and ns stands for statistically non-significant

differences.
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themselves and not because of complete cell death (Fig. S18,
ESIY). Because the particles fluoresce inherently, their emission
is also detected on the widefield microscope, while the excita-
tion wavelength of the cell labeling dye and the PMOs coincide.
Since the stain emission readout for the cytotoxicity and
microscopy replicates is collected at different emission wave-
lengths (635 nm and >500 nm respectively) it can be concluded
that there are still viable cells in the wells treated with the
highest concentration even though they are not visually detect-
able in the microscopy images since the aggregations obstruct
the visual field of the microscope. This can be attributed to the
relatively high concentrations of sample added in a suspension
to the seeded cells. For the CP-PMO material, the toxic effect is
slightly more pronounced with cell viability decreasing from
~60 to ~30% in the concentration range from 0.278 to 2.778
mg mL ™', resulting overall in a very steep toxicity slope at the
higher portion of the concentration range. The fluorescence
microscopy images show less aggregation for the CP-PMO
sample as compared to the other two samples at the same
concentrations, making it evident that the cell viability does
decrease going from 0.278 to 2.778 mg mL ™", depicted visually
too (Fig. S18, ESIf). To conclude, comparatively, the C-
PMO@RhB®@LB material is the least toxic among the three
tested, with cell viability decreasing down to ~80% for the
highest tested concentration of 2.778 mg mL ™" even though
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CP-PMO

C-PMO@RhB

CONTROL

0.028 mg/mL

0.005 mg/well

View Article Online
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some sample aggregation is evident at higher concentrations.
This highlights the suitability and beneficial compatibility of
this material to be exploited successfully in thermometry
applications in optimal doses. The statistically significant
differences between the control mean and the means of the
other columns (shown on the bar graph) could be due to
the notable aggregates with different dimensions present in
the plate wells at much higher concentrations of the materials.
Additionally, it’s worth noting the comparative lower toxicity
and higher applicability of the C-PMO@RhB®@LB system in
bioapplications, highlighting its potential as a safer alternative
for biomedical use. While acknowledging that the CP-
PMO@RhB@LB system remains a viable option for other
applications, the selection between these systems should be
guided by the specific requirements of the application in
question, balancing factors such as toxicity, biocompatibility,
and functional performance.

Here, we underscore the advantages of utilizing RhB dye-
incorporated curcumin PMOs for ratiometric dual-emitting ther-
mometry. Our selection of the soaking post-functionalization
technique underscores its simplicity, versatility, and adaptability
for optimized dye integration and a broader dye selection,
aligning well with diverse application needs and scalability for
mass production. We acknowledge the existence of an alterna-
tive synthetic strategy, where dyes are integrated during the PMO

0.056 mg/mL 0.278 mg/mL

0.01 mg/well 0.05 mg/well

Fig. 7 Fluorescence microscopy images of the technical replicates with stained NHDF cells for the three samples (C-PMO, CP-PMO, C-
PMO@RhB4@LB). Calcein-AM was used as the cell stain at a final well concentration of 1.5 uM. All scale bars are set to 100 um.

5846 | J Mater. Chem. C, 2024, 12, 5836-5848

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tc04416e

Open Access Article. Published on 22 March 2024. Downloaded on 10/29/2025 11:16:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

synthesis, potentially offering more uniform dye distribution.*>
However, this alternative could introduce challenges, such as a
narrower dye selection and increased synthesis complexity. It is
crucial to note that our investigation was deliberately focused on
the post-functionalization approach, without exploring the com-
parative merits of the in-synthesis dye incorporation, hence a
direct comparison remains outside the scope of this study.

Furthermore, despite the excitation and emission wavelengths’
limitation to the visible range potentially limiting some biomedi-
cal applications, the unique properties of these materials open up
possibilities, particularly in precise cellular temperature measure-
ments within laboratory settings. The ability to accurately track
and comprehend intracellular temperature fluctuations is vital for
delving into cellular functions, metabolic activities, and reactions
to external stimuli. Employing ratiometric dual-emitting thermo-
metry facilitated by RhB dye-incorporated curcumin PMOs offers
a novel way for exploring cellular temperature dynamics. This
information can contribute to advancements in cellular biology,
drug delivery systems, temperature imaging, and the development
of targeted therapies.*®

4. Conclusions

In conclusion, our research has successfully developed two novel
ratiometric thermometers: curcumin-functionalized PMOs (C-
PMO) and curcumin-pyrazole-functionalized PMOs (CP-PMO),
both incorporating RhB as a model dye. The C-PMO serves as an
excellent host matrix for RhB, ensuring efficient encapsulation
and stability of the dye within its structure. This combination
results in dual-emitting properties, leveraging the fluorescence
emissions of both the curcumin linker and RhB for a
temperature-dependent response. The C-PMO®@RhB demon-
strates a higher relative sensitivity compared to previous thermo-
meters within the physiological temperature range and exhibits
the least toxicity among the materials tested, making it particu-
larly suitable for biomedical applications. Furthermore, the CP-
PMO represents an advanced step in this research, introducing a
modified curcumin-pyrazole linker. This modification enhances
the temperature sensitivity of the composite, as indicated by its
good maximum relative sensitivity. The incorporation of the
curcumin-pyrazole linker in CP-PMO not only contributes to a
diverse emission profile but also suggests potential for even
broader applications due to its enhanced thermal response. The
synthesis of both C-PMO and CP-PMO, and their incorporation
with RhB, mark an advancement in the field of luminescent
thermometry. These dual-emitting ratiometric thermometers
offer innovative and promising approaches for accurate tem-
perature sensing. The successful demonstration of these com-
posites underscores their potential for practical applications and
sets a precedent for future explorations in luminescent tempera-
ture sensing technologies.
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