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Fabrication of photoluminescent nanoparticles
from carbazole-derived chalcones: a study of
optical properties, cell biomarking, and
metabolism+
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In this work, the synthesis by Claisen—Schmidt condensation of two new chalcones: (2E)-3-[4-(9H-carbazol-
9-yl)phenyl]-1-(2,4-difluorophenyl)prop-2-en-1-one  (M1) and (2E)-3-[4-(9H-carbazol-9-yl)phenyl]-1-(3,4-
difluorophenyl)prop-2-en-1-one (M2), with a donor—acceptor structure for photonic applications is reported.
The characterization of the optoelectronic properties is evaluated, the two chalcones have photoluminescence
in both solution and in the solid state, however, the intensity of the photoluminescence is higher in the solid
state (I/lo = 2). The electronic distribution of M1 and M2 was studied by the solvatocromismo and acidochro-
mism experiment, where it was determined that the absorption and emission of the molecule change accord-
ing to the polarity of the solvent. The D—A structure was corroborated by the data obtained by DFT analysis
using the B3LYP functional and the 6-31G(d) base. Silica precursor-coated nanoparticles were fabricated by
the microemulsion method, obtaining spherical biocompatible nanoparticles with a size distribution of 42 nm
and &g of 8% and 18% for M1 and M2 respectively. Cytotoxicity tests were carried out on different cell lines,
healthy cells, colon cancer cells, and breast cancer cells, finding that the NPs coated with silica were not cyto-
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Introduction

Due to the optical properties of organic fluorophores, the
scientific community has chosen to design and synthesize
new molecules based on this type of compound to evaluate
their luminescent properties for application in optoelectronics
and biomedicine areas."™®

Chalcones are interesting molecules owing to their non-
linear optical properties resulting from their design with
electron-donating and electro-attracting groups, obtaining a
Donor-n-Acceptor system (D-n-A),”*" this leads to structures
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toxic, but when irradiated at 366 nm for 1 h, the population of diseased cells is reduced almost entirely.

with the push-pull effect that promotes internal charge transfer
(ICT) complexes with interesting photophysical properties,
which allow their application as biomarkers, organic field-
effect transistors (OFETs), organic light emitting diodes
(OLEDs) and organic photovoltaics (OPVs).'*"*®

Molecules with the D-A electronic structure are used as
chemosensors has been reported, it is due to optical properties
such as colour change or fluorescence since this electronic
structure can present absorption bands caused by internal
charge transfers ICT, which modify the optical properties of
molecules through the electron density modification and these
properties can be evaluated by computational calculations
using DFT."”"°

In the design of D-A molecules, carbazole is highlighted as a
donor fragment, which has been reported as part of the
molecular structure of fluorophores with dual state emission
(DSE),>°2* as well as systems with aggregation induced emis-
sion enhancement (AIEE)**>® with high fluorescence quantum
yields in the solid state (®r = 14-59%) and in the liquid state
(Pr = 73-100%).>° It is possible to take advantage of the optical
properties of carbazole by including it in the chalcone struc-
ture, resulting in band gap values of ~3.25 eV and an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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27,28 The emission of the molecule in

increasing in the ICT.
solution will depend on the solvent in which it is dissolved due
to the change in electron density; where the fluorescence
quantum yield can decrease with the increasing of the solvent
polarity from 53 to 8%.2°7"

The synthesis of molecules derived from carbazole under D-
D-A structure has been reported, these compounds have emis-
sion in the infrared region in the solid state since carbazole
derivatives are good fluorophores they can be used in the
development of potential molecules for cell imaging and photo-
dynamic therapy (PDT).*>** Carbazole derivatives in which an
H atom has been replaced by iodine have also been reported,
where it improved the molar absorption coefficient and red-
shifted displacement of absorption and emission; additionally,
iodine improves the formation of reactive species (ROS) that
lead to cell apoptosis, making them good candidates for
photodynamic therapy.>**> Recently, nanoparticles of com-
pounds derived from carbazole have been manufactured, which
have allowed for improving selectivity and biocompatibility
with the biological system.>*”

The use of organic fluorophores for photodynamic therapy
involves the evaluation of the optical and toxicological proper-
ties. For this reason, manufacturing methods of luminescent
organic nanoparticles coated with a biocompatible material
have been reported using techniques such as microemulsion
and reprecipitation, where the optical properties have been
preserved, and biocompatibility has improved. The use of silica
allows preserving the optoelectronic properties such as the
maximum wavelength of absorption (1,) and emission (1), as
well as the fluorescence intensity increase with the formation of
aggregates. Molecules coated with silica nanoparticles can also
be internalized at the cellular level (fixation in the cell
membrane or nucleus) adapting new ways of cell staining and
control of cell metabolism.***

Nanoparticles sizes used in this application have average
around 25 to 82 nm that in dark cytotoxicity assays (MTT assay,
olive moment, neutral comet assay, lactate dehydrogenase assay)
prove to be biocompatible by showing cell viabilities after
48 hours of incubation of 80% in cells of the immune system,
cells of the HeLa type, A375, HGF, HepG2, and fibroblasts.***°

This work reports the synthesis of the new chalcones (2E)-3-
[4-(9H-carbazol-9-yl)phenyl]-1-(2,4-difluorophenyl)prop-2-en-1-one
(M1) and (2E)-3-[4-(9H-carbazol-9-yl)phenyl]-1-(3,4-difluorophenyl)
prop-2-en-1-one (M2) derived from carbazole under a D-A archi-
tecture and the fabrication of nanoparticles using the microemul-
sion method; the aggregation induced emission enhancement,
absorption, emission and fluorescence quantum yield of the
material is evaluated to determine its possible application as cell
biomarkers in photodynamic therapy (PDT).

Experimental
Materials and methods

The reagents and solvents: N-(4-formylphenyl)carbazole, 2,4-
difluoroacetophenone, 3,4-difluoroacetophenone, Aerosol-OT,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dioxane, ethyl ether, aluminium trichloride, triethoxyvinylsilane
(VIES), aminopropyltrietosisilane (APTES), were obtained from
Sigma-Aldrich and used without purification. Reagent grade sol-
vents; toluene, hexane, chloroform, chlorobenzene, ethyl acetate,
and hydrochloric acid were obtained from Jalmek Cientifica. Tetra-
hydrofuran and sodium hydroxide were obtained from CTR, Mexico.
Triethylamine, acetonitrile, acetone, methanol, methylene chloride,
and propanol were obtained from Fisher Scientific reagent grade.
3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT),
Alsever’s solution, rhodamine-b and live/dead cell proliferation kit
was purchased from ThermoFisher Scientific.

The Edinburg FS5 Fluorometer with an integrating sphere
was used to determine the fluorescence quantum yields. The
SYNERGY H1 microplate reader was used to obtain the emission
spectra, and the absorption spectra were obtained using a
JENWAY 7315 Spectrophotometer. The morphological study
of the coated nanoparticles was performed by Transmission
Electron Microscopy (TEM) with the FEI Company equipment
(Titan 300 KV). The particle size distribution was determined
in the Nanotrac Wave III Q equipment from the Microtrac®
commercial house.

Synthesis of chalcones

The chalcones were synthesized by the Claisen-Schmidt con-
densation reaction (Fig. 1). The structure characterization was
carried out by FT-IR where a band at 1663 cm™ " is observed in
M1 and 1666 cm™ " for M2 for the C=0. By NMR, two signals as
double were observed at 7.45 and 7.71 ppm with a coupling
constant of *Jy i = 15.4 Hz, which correspond to the hydrogens
in the o,B-system of M1 while for M2 these hydrogens were
observed as double at 7.53 and 7.92 ppm, with a 3]H‘H =15.4 Hz,
the complete assignment of the protons and carbons can be
shown in the ESL.{

In the absorption spectrum in the solid state, two bands were
observed for M1, at 346 nm and 361 nm, the first one is
attributed to nN — =w* transition, and the second band is
attributed to the internal charge transfer (ICT) complex due to
the D-A structure. For M2, two bands were also observed, at
343 nm attributed to the nN — n* transition and 392 nm
attributed to the ICT. Finally, the quantum yield (®g) was
determined, M2, reached a @y of 90%, and for M1 the &5 is 23%.

S .ot
m

KOH 10%/EtOH
65°C

Zf

Ry =Ry =F, Ry = HM2

Yield and optical properties of M1 and M2

Comp Yield (%) Amax  emission Eg°" EQE
(nm) (nm) (ev) (%)
m1 85 346, 557 288 23
361
M2 91 343, 560 287 90
392 light UV (405 nm)

Fig. 1 Synthetic route of chalcones M1 and M2, and solid-state absorp-
tion and emission.
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Results and discussion
Photophysical properties

To study the photophysical properties of M1 and M2, the
solvatochromism analysis was carried out, which consisted in
obtaining the emission and absorption spectra in solvents with
different polarities. The study of solvatochromism was mainly
focused on the ICT band. The interaction of the solvent with
the molecule and its effect on photoluminescence was studied
in terms of the Lippert-Mataga equation (eqn (1)).

(Aue - :ug)z

a +c

2

VA — VB = %(Af) 1)

In this v, and vy are the wavenumber in cm ' of the
maximum absorption and emission, % is Planck’s constant, c is
the speed of light, Af'is the polarity of the solvent obtained from
eqn (2); a corresponds to the Onsager radius of each molecule
calculated by DFT, being 16.25 A for the M1 and 16.27 A for M2;
and finally, Au is the dipole moment existing between the

ground state and the excited state.

N =800 - (Fh ) ©
: 2e+1 2n2+1

Eqn (2) shows the polarity of a solvent, where A(e) is the
difference of the dielectric constant in each solvent and 7 is the
refractive index of each solvent.

Table 1 shows the photophysical properties of M1, when the
molecule is in aprotic polar solvents, for example in acetonitrile
the emission band shifts towards the red region (573 nm), and
in apolar solvents as hexane, the emission shifts towards UV-vis
(419 nm) with a difference of 154 nm. However, quenching of
fluorescence in acetonitrile, acetone as well as in nonpolar
solvents (ethyl ether, toluene, and hexane) was observed, mean-
while, in methylene chloride and THF the fluorescence intensity
of M1 is higher (Fig. 2). THF is considered the best solvent to carry
out the manufacture of nanoparticles by the reprecipitation and
microemulsion method, as well as the AIEE due to the good
photophysical properties that M1 presents when it is dissolved
in this.

View Article Online
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Table 2 shows the photophysical properties of M2. It is
observed that in aprotic polar solvents the emission band shifts
towards the red region (574 nm, in acetonitrile), and in less
polar solvents as toluene the emission shifts towards UV-vis
(443 nm) with a difference of 131 nm. In solvents with higher
polarity such as acetonitrile, methanol, ethanol, and isopropa-
nol, quenching of fluorescence was observed. This effect is also
observed in nonpolar solvents such as toluene, dioxane, and
hexane, while the fluorescence intensity is higher when M2 is
dissolved in methylene chloride and THF (Fig. 3).

According to the value of Av presented in Tables 1 and 2 it is
possible to identify three different regions for M1 and M2
depending on the dipole moment that they have: one for
aprotic polar solvents like acetonitrile, acetone, methylene
chloride, THF, and ethyl acetate; the protic polar for methanol,
ethanol, 2-propanol, and finally, the non-polar one for chloro-
form, chlorobenzene, ethyl ether, toluene, dioxane, and hexane.

The bathochromic shift, is accompanied by an increase in the
dipole moment, and for this reason there is a shift towards
the infrared region. The last occurs in polar solvents because the
excited states are more polar than the ground states. An increase
in the polarity of the solvent causes a dipole-dipole interaction
to decrease the energy of the excited state more than that of the
ground state, causing radiation of lower energy to be absorbed.

On the other hand, since acidity could significantly influence
the photophysical properties of a fluorophore in solution,
the effect of acidochromism on the solution absorption spectra
of M1 and M2 were studied using a Lewis acid and base (AICl;
and Et;N), as well as a Brgnsted acid and base (HCl y NaOH)
Fig. 4.

In the M1 titration using AlCl; (Fig. S1, ESIt) an isosbestic
point is observed at 316 nm indicating an equilibrium between
two species, whereas the acid concentration increases, the 1 —
n* transition band is more intense, while the intensity of the
band attributed to ICT decreases. On the other hand, when M1
was titrated using a Lewis base (Fig. S1, ESIT), a band intensity
decreases both in the band attributed to the 1 — n* transition,
as well as in the band attributed to the ICT of the molecule,
with a decrease in fluorescence intensity. The titration of M1

Table 1 Photophysical properties (absorption and emission) of M1 in different polarities solvents?

Solvent € n Af S (nm) vy (em™) e (nm) Ve (em™) Av(em™)
Acetonitrile 37 1.346 0.305 368 27173 573 17452 9721
Methanol 33 1.3288 0.308 378 26455 526 19011 7443
Ethanol 24 1.3611 0.289 368 27173 530 18867 8305
Acetone 21 1.3588 0.285 368 27173 568 17605 9568
2-Propanol 18 1.3756 0.277 376 26 595 530 18867 7727
Methylene chloride 9.1 1.424 0.223 376 26595 559 17 889 8706
THF 7.5 1.405 0.21 368 27173 506 19762 7411
Ethyl acetate 6 1.3723 0.201 370 27027 537 18621 8405
Chloroform 4.8 1.4459 0.148 382 26178 529 18903 7274
Chlorobenzene 4.7 1.5248 0.12 382 26178 502 19920 6257
Ethyl ether 4.3 1.3526 0.165 374 26737 504 19999 6738
Toluene 2.4 1.4961 0.013 382 26178 476 17 361 8816
1,4-Dioxane 2.25 1.4224 0.021 372 26 881 481 17211 9670
Hexane 2 1.38 0.0012 374 26737 419 14993 11744

“ ¢ is the dielectric constant, 7 is the refractive index of each one of the solvents, Z, is the maximum absorption, v, is the maximum absorption in

cm™?, . is the maximum emission, v, is the maximum emission in cm™

2952 | Mater. Adv, 2023, 4, 2950-2962

!, Av is the difference between maximum emission and absorption.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Normalized UV-vis absorption spectrum of the M1 solvatochromism study. (B) Normalized emission spectrum of the M1 in the

solvatochromism study.

Table 2 Photophysical properties (absorption and emission) of M2 in different polarities solvents?

Solvent € n Af Ja (nm) Vs (em™) Je (nm) Ve (em™) Av (em™)
Acetonitrile 37 1.346 0.305 368 27173 574 17421 9752
Methanol 33 1.3288 0.308 374 26737 461 21691 5046
Ethanol 24 1.3611 0.289 382 26178 476 21008 5169
Acetone 21 1.3588 0.285 370 27027 568 17605 9421
2-propanol 18 1.3756 0.277 378 26455 568 17605 8849
Methylene chloride 9.1 1.424 0.223 378 26455 561 15128 11326
THF 7.5 1.405 0.21 342 29239 498 20080 9159
Ethyl acetate 6 1.3723 0.201 370 27027 557 18621 8405
Chloroform 4.8 1.4459 0.148 384 26 041 530 18867 7173
Chlorobenzene 4.7 1.5248 0.12 384 26 041 529 18903 7138
Ethyl ether 4.3 1.3526 0.165 374 26737 506 19762 6975
Toluene 2.4 1.4961 0.013 384 26 041 443 22573 3468
1,4-dioxane 2.25 1.4224 0.021 382 26178 476 21008 5169
Hexane 2 1.38 0.0012 376 26 595 498 20080 6515

“ ¢ is the dielectric constant, n is the refractive index of each one of the solvents, /, is the maximum absorption, v, is the maximum absorption
in em™, J. is the maximum emission, v, is the maximum emission in cm™*, Av is the difference between maximum emission and absorption.

with a Brensted acid (HCl) does not lead to any significant
change in the absorption bands, while when using NaOH the
band corresponding to ICT tends to disappear.

In the titration of M2 with AICl; a decrease in the intensity of
the bands for the electronic transitions n — n* and ICT was
observed (Fig. S2, ESIT). The absorption intensity decreases as
the concentration of the acid increases, causing quenching of
the fluorescence. In the titration spectrum using triethyl amine
(EtsN), a decrease in intensity of the ICT band is observed at
366 nm as the Et;N concentration increases, and at 290 nm an
isosbestic point is observed, indicating an equilibrium between
two species. When M2 is titrated with HCl, it is observed that
there is a decrease in the intensity of the ICT band with
increasing acid concentration, as well as a 6 nm hypsochromic
shift of the 1 — n* transition band. The titration of M2 with
NaOH (Fig. S2, ESIT) shows an isosbestic point at 290 nm as the

© 2023 The Author(s). Published by the Royal Society of Chemistry

NaOH concentration increases, with the disappearance of the
ICT band.

Computational modelling

A computational analysis of the excited and basal state of the
M1 and M2 molecules was carried out to understand their
photophysical properties; the calculations were carried out
using density functional theory (DFT) in the Gaussian 09 plat-
form with the B3LYP functional®®>! and the base 6-31G(d).>*™*
This theory level was chosen because they have been used to
study the linear and non-linear optical properties of chalcones,
where the experimental data and those obtained by theoretical
calculations are agree.>®™” First, the geometry of the molecule
was optimized and then the energies of the ground and excited
states (S, — S;) were obtained. Table 3 shows the HOMO
and LUMO values for M1 and M2, comparing the energy of

Mater. Adv., 2023, 4, 2950-2962 | 2953
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Fig. 4 Acid-base effect on the fluorescent properties of M1 and M2.

the optical band gap (E,°") obtained from the absorption
spectrum of M1 and M2; 3.35 and 3.38 eV respectively, with
the calculated band gap 3.23 eV for M1 and 3.27 eV for M2,
we conclude that they agree. These values give us the zone of
extraction of the molecules corresponding to the ultraviolet
region.

In Fig. 5, the electronic distribution of M1 and M2 is shown
both in the ground state S, and in the excited state S;. It is
observed that in the ground state, in the HOMO orbital, the
electron density is found mainly on the carbazole, which is
rich in electrons and therefore in a donor fraction (D), while,
in the excited state S; in the orbital LUMO, the electron
density mainly in the o,B-unsaturated ketone which functions
as acceptor (A), this corroborates that the electronic
distribution of M1 and M2 is donor-acceptor and that it favors
an ICT.

2954 | Mater. Adv., 2023, 4, 2950-2962
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Table 3 HOMO and LUMO energy levels and band gap calculated using
DFT

Molecule HOMO (eV) LUMO (eV) E;S (eV) EP? (eV)
M1 —5.50 —2.27 3.23 3.35
M2 —5.54 —2.27 3.27 3.38

“ Determinated by the equation Eg®' = HOMO-LUMO, obtained by
theoretical calculations using DFT B3LYP/6-31G(d). ” Determined by
the absorption spectrum using the equation Eg"p = 1243/Aonset-

Aggregation induced emission enhancement

To evaluate the AIEE phenomenon in the photoluminescent
properties of M1 and M2, fluorescence spectra were obtained in
a THF/water mixture at different ratios v/v%. Fig. 6 shows the
photoluminescence obtained for M1 in different THF/Water
ratios in a range from 100/0 to 10/90. In the THF fraction was
from 90 to 40%, there is a quenching of the fluorescence, on
the other hand when the water fraction was from 70 to 90% the
formation of aggregates is observed, and the fluorescence of the
molecule becomes visible, registering an intensity I/I, = 2.07 in
the ratio 20: 80.

Fig. 7 shows the emission spectra of M2 in different THF/
water ratios. The analysis revealed that the THF/water ratio
where M2 presented the highest photoluminescence intensity
is 30:70, reaching a ratio J/I, = 1.526. The increment in photo-
luminescence is due to the formation of microaggregates char-
acteristic of AIEE behavior. When the molecule is dissolved it
can easily rotate around a bond and when it is excited the
absorbed energy is dissipated by this rotation used as a non-
radiative relaxation channel. On the other hand, when water is
added to the solution, microaggregates are formed where the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lattice energy and packing restrict the rotation of the molecule,
and the relaxation channels are not efficient, so the energy
absorbed by the molecule is emitted in the form of light.

Nanoparticles fabrication

To increase the biocompatibility of M1 and M2, the materials
were coated with silica forming nanoparticles (NPs) by the
microemulsion method. For which the methodology described
in the ESIT was followed, as emulsifying agents Aerosol-OT and
Triton X100 were used in different concentrations (0.11, 0.22,
and 0.44 g).

The optical properties of the NPs were evaluated by UV-vis and
fluorescence spectroscopy. Fig. 8 shows the absorption and emis-
sion spectra of the nanoparticle emulsions obtained from M1.

When nanoparticles are coated using APTES and VTES, the
fluorescence intensity is higher when 0.22 g of Aerosol-OT is
used as well as Triton. The highest quantum yield obtained for
these NPs was when Triton was used as a surfactant, registering

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) AIEE M2 samples under 366 nm to different THF/water ratios.
(B) AIEE test emission spectrum. (C) plot of water fraction vs. I/lq.

Dyps = 8.3% compared to that obtained in solid with @4, =23%
a considerable decrease is observed, showing that it would not
be a good staining agent.

Fig. 9 shows the absorption and emission spectra of the
nanoemulsions of M2, the best optical properties are obtained
when 0.22 g of surfactant was used; where the nanoparticles
manufactured in Aerosol-OT present greater intensity in the
fluorescence spectrum, observing a band at 520 nm. The highest
quantum yield obtained for these nanoparticles was when Aerosol-
OT was used as a surfactant agent, registering ®nps = 18.5%
compared to that obtained in solid of @y, = 90%, a considerable
decrease is observed. When compared to the fluorescence quan-
tum yields of the most common porphyrin-based photosen-
sitizers,>*"®® which are between 10 and 20%, it can be concluded
that the M2 nanoparticles with 0.22 g of Aerosol-OT comply with
the photophysical properties for cell markers. During the NPs
fabrication process, the polycondensation and hydrolysis reactions
are responsible for the fact that the chalcone molecules are
covered in the generated polysiloxane network, and these organic
molecules are physically embedded since they do not have free
-OH or -NH, groups that can participate in the growth process of
siloxane chains. This ensures that the chemical structure of the
chalcone is free and bioactive once the physical interactions with
the polysiloxane (silica) matrix are broken, benefiting from its
properties both as biomarkers and dynamic phototherapy.

NPs morphology and size distribution

The morphology of the NPs fabricated by the microemulsion
method of M1 and M2 + Aerosol OT at a concentration of 0.22 g
were studied using transmission electron microscopy (TEM)
using equipment FEI Company equipment (Titan 300 KV); the
suspensions were placed on a Lacey Carbon Film 300 Mesh
Copper grid, finally, they were left to dry for 2 hours.

Fig. 10 shows the micrographs obtained where it can be seen
that spherical NPs are obtained and that are not agglomerated.
The microemulsion method allows obtained spherical nano-
particles where M1 and M2 are into the nucleus and coated
with silica, which makes the NP highly dispersible in water and
biocompatible with the human body, without the loss of optical
properties of the chalcones under study.
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Fig. 8
NPs with Triton X-100.

Dynamic light scattering (DLS) measurements of the NPs
were performed to determine the particle size distribution.
Measurements were made at room temperature with a laser
incidence angle of 90°. Table 4 shows the average size obtained
for NPs of chalcones, which were prepared using different
concentrations of surfactant. When 0.11 g of surfactant was
used, the NPs size obtained for M1 are 102-132 nm, for M2,
particles that were out of the nanometric scale were obtained,
so the amount of surfactant used is not enough. This is
attributed to the fact that the surfactant agent is not enough
to maintain the microemulsion and the NP’s agglomerate,
increasing the size which is 132 nm for the NPs of M1 and
588 nm for the NPs of M2. On the other hand, when 0.44 g of
surfactant was used, an average size between 60 and 90 nm was
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(A) Absorption and emission spectra of nanoemulsion of M1 NPs with Aerosol-OT. (B) Absorption and emission spectra of nanoemulsion of M1

obtained, however, a large amount of surfactant caused the
quenching of the chalcone fluorescence. The nanoparticles
with the best optical properties (M1 + 0.22 g Triton and M2 +
0.22 g Aerosol-OT) presented mean diameters of 5.86 and
42.8 nm, respectively.

The NPs show a variable average diameter, this size is
suitable enough to undergo cellular internalization, and they
can be transported at the cell membrane level as well as at the
nucleus level. The size of the nanoparticle determines cytotoxic
effects in different cell models, nanoparticles smaller than
10 nm can cause a variation in cell metabolism and/or cell
death due to rapid internalization and subsequent rapid degra-
dation, affecting fundamental biological processes. For biomar-
ker purposes, it is necessary that the particle size can interact

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The average size in nm obtained by DLS for the NPs of M1 and
M2 using different amounts of surfactant (Triton and Aerosol-OT)

sTremmoowy

M2 +0.11 g AOT + APTES + VTES
M2 +0.22 g AOT

M2 +0.22 g AOT + APTES + VTES
M2 +0.44 g AOT

M2 +0.44 g AOT + APTES + VTES
M2 +0.11 g Triton + APTES + VTES
M2 +0.22 g Triton

M2 +0.22 g Triton + APTES + VTES
M2 +0.44 g Triton

M2 +0.44 g Triton + APTES + VTES

(A) Absorption and emission spectra of nanoemulsion of M2 NPs with Aerosol-OT. (B) Absorption and emission spectra of nanoemulsion of M2

Sample Size of M1 (nm) Size of M2 (nm)
0.11 g Triton + APTES + VTES 132.5 588
0.11 g Aerosol-OT + APTES + VTES 102.2 409
0.22 g Triton + APTES + VTES 5.86 6.96
0.22 g Aerosol-OT + APTES + VTES 403 42.8
0.44 g Triton + APTES + VTES 93.7 1.34
0.44 g Aerosol-OT + APTES + VTES 60.5 87.8

Fig. 10

(A) NPs micrographs of M1 with 0.22 g of Aerosol-OT. (B) NP's

micrographs of M2 with 0.22 g of Aerosol-OT.

© 2023 The Author(s). Published by the Royal Society of Chemistry

with the membrane proteins to be able to detect them after
the biochemical assembly that occurs; while for dynamic
phototherapy purposes, it is also, desired that the NPs be fixed
in the membranes so that the emitted light quickly reaches the
cell nucleus and stops the growth of mutated cells such as
cancer cells.
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Cytotoxicity assays of NPs

Hemocompatibility was determined through the hemolysis test
of the NPs of M1 (0.22 g Triton + APTES + VTES) and M2 (0.22 g
Aerosol-OT + APTES + VTES). An analysis of variance (ANVA)
was carried out and through a comparison of means test by
Tukey, it was determined that all the treatments are statistically
different from each other (Table 5). According to the ASTM F
756-08 standard, if a material has a hemolytic capacity greater
than 5%, it is considered a hemolytic or non-hemocompatible
material, causing lysis of red blood cells and therefore
cytotoxic.®® Analyzing the results obtained, we can say that
the only non-hemolytic NPs is the M2 (0.22 g AOT + APTES +
VTES). This is associated with the larger size of the NPs, which
prevents rapid internalization and does not promote severe
degradation effects that tend to lyse the erythrocyte membrane.
The effect of the destruction of the erythrocyte membrane is
easily observed by decreasing the size of the NPs, which is
associated with rapid internalization and destructive associa-
tion with membrane proteins, producing cell lysis and death.

To evaluate the effect of the NPs of M1 and M2 on the
metabolism of monocytes, fibroblasts, colon cancer cells, and
breast cancer cells, an MTT assay was performed. Fig. 11 shows
the results obtained from the metabolic activity of monocytes,
fibroblasts, colon cancer cells, and mama cancer cells in the NPs
presence of the M1+ 0.22 g Triton, M1 + 0.22 g Triton + APTES +
VTES, M2 + 0.22 g Aerosol-OT, M2 + 0.22 g Aerosol-OT + APTES +
VTES; the samples were evaluated at 24 and 72 hours of incuba-
tion. In the samples incubated for 24 hours with monocytes,
metabolic activity percentages of 18.05%, 36.8%, 70.2%, and
57.6% were obtained, respectively, indicating that the cells pre-
sented a decrease in their metabolic activity. While at 72 hours the
metabolic activity was 84.6%, 180.8%, 120.5%, and 272.8%; This
could be due that after the first 24 hours, the monocytes under-
went a process of adaptation to the NPs, since cell viability
decreased in all cases; however, after 72 hours, viability increased
in all cases even more than the control sample, indicating that the
composition of the nanoparticles with chalcones increases the
metabolism of monocytes at 72 h, representing a biocompatible
character with these cells of the immune system.

The metabolic activity of the fibroblasts is less than 49.1% in
all cases, so it can be determined that the NPs of M1 and M2 are
cytotoxic. In this case, with this type of cells that build the
extracellular matrix, the nanoparticle size and composition
decrease the activity of their mitochondrial dehydrogenases,
decreasing the reduction of MTT to insoluble formazan; this
could be associated with the fact that M1 and M2 NPs associate

Table 5 Results of the NPs toxicity of M1 and M2 using the hemolysis test

Sample %Hemolysis “
M1 + 0.22 g Triton 26.33 £ 1.6 A
M1 + 0.22 g Triton + APTES + VTES 20.68 £ 0.8 B
M2 + 0.22 g Aerosol-OT 7.69 £ 1.3 C
M2 + 0.22 g Aerosol-OT + APTES+ VTES 1.87 £ 1.4 D

¢ Capital letters different from each other indicate a significant differ-
ence (with a significance level of p = 0.05).
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with membrane proteins, preventing the diffusion of gases and
nutrients, effects that decrease the metabolic activity of these
cells. In colon and breast cancer cells, the NPs of M2 turned out
to be cytotoxic, having metabolic activities lower than 37.2%,
while the NPs of M1 presented percentages of up to 96.2%,
demonstrating no cytotoxicity to this type of cells. These results
demonstrate that the size of the NPs is important in the
metabolic activity of cancer cells, indicating that the larger the
nanoparticles, the metabolic activity decreases in cancer cells.
This is associated with the effects of interaction with membrane
proteins during the internalization process, limiting the respira-
tory metabolism of cells due to the effects of diffusion of gases,
nutrients, metabolites, or waste products. In the case of M1
nanoparticles with a smaller molecular size, there is no loss of
diffusion of biochemical components, so the metabolic activity of
the cells is not altered.

A cell proliferation assay was performed to determine
whether colon and breast cancer cells died when are in contact
with the NPs of M1 and M2. For this, cell staining of living cells
with the live/dead fluorescent agent was performed. Fig. 12 A
and C show the live colon cancer cell and breast cancer cell
populations stained with calcein in the presence of the suspen-
sions M1+ 0.22 g Triton (1), M1 + 0.22 g Triton + APTES + VTES
(2), M2 + 0.22 g Aerosol-OT (3) and M2 + 0.22 g Aerosol-OT +
APTES + VTES (4). In both cases (A and C) trials 1, 2, and 3 show
fewer cell populations than the control since the nanomaterials
are shown to be cytotoxic, while the NPs of trial 4 maintain cell
populations like the control. For both M1 and M2, it can be
observed that there is less cell death when the nanoparticles are
coated with silica. These results are by the cellular metabolism
assay; since if there is a decrease in metabolism, cell proliferation
must also decrease. In this test, highly fluorescent calcein is
produced by the action of esterases of cells with active metabolism
(alive), and the higher the content of cell populations, the greater
the proliferation and production of calcein. The short-range
interactions that chalcones produce with the polysiloxane matrix
(silica) are associated with a decrease in the inhibitory biological
response to proliferation.

Fig. 12B and D show the colon cancer and breast cancer cell
populations in contact with the NPs based on: M1+ 0.22 ¢
Triton, M1 + 0.22 g Triton + APTES + VTES, M2 + 0.22 g Aerosol-
OT and M2 + 0.22 g Aerosol-OT + APTES + VTES irradiated at
366 nm for 1 hour. The irradiation of the control sample (B and D)
does not show cell death, on the other hand when colon cancer
cells were irradiated for one hour at 366 nm in the presence of
NPs of both M1 + 0.22 g Triton + APTES + VTES and M2 +
0.22 g Aerosol-OT + APTES + VTES, cell death was observed,
obtaining better results of inhibition of cancer cell proliferation
when using M2-based NPs, which demonstrates that for anti-
cancer phototherapy strategies with colon cells, cell death is
linked by interaction phenomena with membrane proteins during
internalization, preventing fundamental biological functions such
as respiration, preventing their proliferation. When breast cancer
cells were irradiated for one hour at 366 nm, live cell populations
decreased considerably compared to control, with better results
being obtained when NPs based on M1 + 0.22 g Triton + APTES +

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Graphs of the effect of M1 and M2 NPs on metabolic activity after 24 and 72 hours of incubation in (A) monocytes, (B) fibroblasts, (C) colon

cancer cells, and (D) Breast cancer cells.

M1+0.22g M1+ 0.22 g Triton M2+0.22g M2 +0.22g AOT
Triton +APTES + VTES AOT + APTES + VTES

Fig. 12 (A) Population of living colon cancer cells in contact with de
nanoparticles, (B) population of living colon cancer cells in contact with
the irradiated nanoparticles at 366 nm, (C) population of living breast
cancer cells in contact with the nanoparticles, (D) population of living
breast cancer cells in contact with the irradiated nanoparticles at 366 nm.

Control

© 2023 The Author(s). Published by the Royal Society of Chemistry

VTES were used. In this case, the inhibition of cell proliferation
occurs with smaller nanoparticles, which is associated with
degradation products that are generated at the cytosol level and
that can reach the cell nucleus to inactivate the cell proliferation
mechanisms; Interestingly, the results of this work demonstrate
two interaction effects of the nanoparticle structure associated
with chalcones for the inhibition of cell proliferation, representing
potential biomedical application in anticancer dynamic photo-
therapy. The chalcone structure determines the size of the silica
nanoparticle and its biological response to anticancer photother-
apy strategies. In the case of chalcone M1 NPs of smaller
molecular size are obtained, probably due to the repulsive effect
of the two nearby fluorines, proving to decrease the growth and
proliferation of breast cancer cells. In the case of chalcone M2, it
can be seen that the chemical environment of the aromatic rings
favors greater growth of the polysiloxane (silica) matrix, generating
a larger particle size and evidencing an inhibition effect of
proliferation by effects at the membrane protein level with colon
cancer cells.

It can be concluded that there is greater cell death when the
cells come into contact with the material and it is additionally
irradiated, which is associated with the fact that chalcones emit

Mater. Adv., 2023, 4, 2950-2962 | 2959
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Fig. 13 Cell staining of colon cancer cells viewed under 360 nm using: (A)
M1 + 0.22 g Triton + APTES + VTES. (B) M2 + 0.22 g Aerosol-OT + APTES +
VTES.

UV light that reaches the cell nucleus and slows down the
growth of cancer cells, which is fundamental in anticancer
photodynamic therapies. By modifying the chemical structure
of the chalcone, higher energy can be generated, which has a
greater impact on the inhibition of cancer cell proliferation.

Cellular staining tests using M1 and M2 NPs

M1 + 0.22 g Triton + APTES + VIES and M2 + 0.22 g Aerosol-OT +
APTES + VTES nanoparticles were internalized into colon cancer
cells to test whether they can function as a staining agent for colon
contrast images. To identify the part of the cell where the nano-
particles were, rhodamine was used as a cell staining agent, this
stains the cell membrane red due to the affinity of the cell wall for
the fluorophore.®

The membranes of the cells stained by rhodamine in red can
be identified both in the images obtained from M1 and M2
(Fig. 13), the internal part of the cell is stained in yellow color,
indicating that the nanoparticles that they emit yellow fluores-
cence when excited at 360 nm and may be the cause of cellular
staining inside the cell. These results demonstrate that NPs
stained with rhodamine can be used as biomarkers of cancer
cells at the cellular and nuclear membrane level, since when
interacting with membrane proteins, physicochemical associa-
tions are carried out between NPs that contain chalcones and
membrane proteins, producing a variation in the native photo-
luminescence of the chalcone, and allowing the identification
of the nanoparticle and its cellular fate. Cell biomarking effect
is attributed to the fact that the size of the fluorescent NPs is
adequate for internalization to the nucleus. In this sense, this
system under study represents a potential biomarking agent for
the identification of cancer cells.

Conclusions

In conclusion, the synthesis of two new chalcones M1 and M2
with D-A electronic structure was carried out, these molecules
are fluorescent both in solid state and in solution. Through
AIEE experiments using THF:H,O solvent mixture, it was
observed that by increasing the volume of water the chalcones
presented higher fluorescence intensity for M1 and M2. With
this information it was possible to manufacture biocompatible
NPs of M1 and M2 using the microemulsion method under a
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structure M+ surfactant + APTES + VTES, obtaining spherical
nanoparticles with a size of 5.86 nm for M1 and 42.8 nm for
M2. The quantum yields of NPs for M1 are ®yps = 8.3 and 18.5%
for M2.

The molecule with the best optical properties is M2, using
0.22 g of Aerosol-OT for the fabrication of coated nanoparticles,
with a quantum yield &nps = 18.5%; these NPs have better
inhibition on the metabolic activity of cancer cells, preventing
their proliferation, and these effects are increased when irra-
diated by UV light of 366 nm, besides they do not present
hemolytic activity and has percentages of metabolic activity
above 70% for healthy cells; they are highly capable of staining
colon cancer cells in the presence of rhodamine-b, generating
stained nanoparticles that can be internalized within colon
cancer cells that can be identified acting at the cell membrane
and nucleus level. With this in mind, these innovative NPs with
chalcones could be successfully employed as cancer cell bio-
markers and in dynamic anticancer phototherapies.
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