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ABSTRACT: In this work, samarium-doped BaTiO; (BT:Sm) nanoparticles (NPs)

were prepared and coated with poly(ethylene glycol) (PEG) to investigate their T

optical characteristics and compatibility with biological systems. The structure, * - @ — ~§
particle morphology, optical properties, and biological compatibility of the NPs were

assessed. The results demonstrated the formation of BT:Sm and [(BT:Sm)-PEG]. Z“° Z“° S
The relative intensities and positions of peaks in the X-ray diffraction (XRD) are
consistent with an average crystallite size of ~75 nm. The Raman spectra showed
that Sm doping produced the typical tetragonal peaks at around 306 and 715 cm™,
and Fourier transform infrared (FTIR) spectroscopy showed that the PEGylation
process was effective. Also, our investigation demonstrates the potential of these NPs .
as very temperature-sensitive nanosensors with a resolution exceeding 0.5 °C, which e B 1
is achievable through optical excitation. We also analyze their emission properties. ol
Finally, we present a study related with the mitochondrial activity of naked and PEG-

coated NPs. The results indicate that neither naked nor PEG-coated NPs exhibit changes in mitochondrial metabolism, as indicated
by quantitative cell viability and morphological visualization. The PEG-coated NPs prevented the formation of aggregates in cell
culture compared to naked NPs, demonstrating the significance of PEG as a stabilizing agent.
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1. INTRODUCTION

Recent years have witnessed extraordinary advancements in
nanomaterials, with a growing emphasis on developing
multifunctional nanoparticles (NPs) with tailored properties
for various applications.'" Due to their unique optical
properties, high photostability, broad transparency ranges in
the visible and near-infrared regions, and potential in nonlinear
optical devices, doped BaTiO; nanoparticles (BT-NPs) have
attracted considerable interest among these nanomaterials.”
BaTiOj;, a well-known ferroelectric material with high second-
order nonlinear susceptibility, enables eflicient second
harmonic generation (SHG), generatmg coherent light at
exactly half the excitation wavelength.”™> In addition, BT-NPs
can undergo multiphoton excited photoluminescence (MP-
PL), which occurs when multiple photons are absorbed
s1multaneously, resultmg in the emission of photons with
higher energy.”” These phenomena are essential for several
optical applications.

On the other hand, owing to the unique 4fn inner shell
configurations of Lanthanide (Ln) ions, Ln-doped nanoma-
terials can perform ultrasensitive in vitro and in vivo bioassays
with excellent photostability, narrow emission bands, and high
chemical stability based on their enhanced magnetic and
optical properties.® The optical properties of Ln elements
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critically depend on the lattice of the host with specific
symmetry in which the ions reside. Thus, it is essential to seek
suitable host matrices to achieve the desired luminescence.”
Besides, the cation incorporation strategy has also been
demonstrated to effectively manipulate the microstructure of
Ln ions containing near-infrared (NIR)-II luminescent NPs to
improve their optical performance.'’

Lanthanide-doped nanomaterials play a key role in
biomedical applications and are categorized into three types
of transitions:'' (a) Stokes visible emission under ultraviolet
(UV) excitation, typically <400 nm excitation, for Eu** (630
nm), Tb** (540 nm), Sm** (650 nm) and Dy** (570 nm). (b)
Stokes emission in NIR (4 > 1 um), where most Ln atoms
demonstrate Stokes emission with obviously higher quantum
efficiency than the up-conversion processes. The most
prominent rare-earth ions for in vivo NIR imaging are Nd**
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(emission at 860, 1060, and 1330 nm), Er** (emission at 1530
nm), and Ho®" (emission at 1450 nm). (c) Anti-stokes (up-
conversion) emission under NIR photoexcitation (typically
980 nm excitation for Yb®* sensitizers or 808 nm photo-
excitation for Nd** sensitizers) is used to achieve visible and
multicolor emission from activators such as Tm>*, Er’**, Ho*,
and Tb*".'>"*'>"* Biomedical applications in NIR-activatable
NPs may offer deeper light penetration owing to less extensive
scattering and absorption by endogenous chromophores in the
NIR spectral region.'”"

NPs have emerged as promising tools for biomedical
research and applications. However, the interaction of NPs
with biological systems is a crucial factor that must be
thoroughly understood for safe and effective use in biomedical
applications.'® Improving NPs stability, dispersibility, and
biocompatibility depends on modifying their surface with
biocompatible materials.'” Poly(ethylene glycol) (PEG)
functionalization has been extensively used to enhance further
the dispersibility and stability of BT-NPs in various
solvents."* "> PEG is a hydrophilic polymer well-known for
its biocompatibility and resistance to protein adsorption,
opsonization, and immune system recognition.zL22 The
functionalization of NPs with PEG has been shown to increase
their colloidal stability, decrease their aggregation propensity,
and increase their circulation time in biological environ-
ments.”® In addition, PEG functionalization permits the
incorporation of additional functionalities, such as targeting
ligands or surface modifications, to endow NPs with specific
properties.”* These characteristics make PEG-coated NPs
appealing for numerous biomedical applications, including
drug delivery, imaging, and tissue engineering.zs’26 The
biocompatibility of PEG-coated NPs has been thoroughly
investigated in cell culture studies, which is crucial in
determining their potential for in vivo applications. Cell
culture models offer invaluable insights into the cellular
responses and interactions of NPs, allowing for the evaluation
of their cytotoxicity, cellular uptake, and intracellular fate.”” >
These studies clarify the safety and efficacy of PEG-coated NPs
in interactions with biological systems.

The present study explores the concurrent manifestations of
SHG and MP-PL within (PEG)-coated BT-NPs. We present a
comprehensive examination of the synthesis, morphology, and
biological compatibility of naked BT:Sm and PEG-coated
BT:Sm NPs, aiming to engineer materials that offer optimal
optical characteristics and biological compatibility for their
application as contrast agents.

2. EXPERIMENTAL SECTION

2.1. Materials. Tetrabutyl titanate (TBT, 97%), barium
chloride (BaCl,, 99.999%), samarium(III) chloride (SmCl,,
99.9%), sodium hydroxide (NaOH, >98%), and poly(ethylene
glycol) ((HO(CH,CH,0),H), MW = 4000) were purchased
from Sigma—Aldrich as starting materials.

2.2. Synthesis of BT:Sm NPs. BaTi;_,O;:Sm, NPs
(BT:Sm) with x = 0, 1, 3, and 5 mol % Sm as their nominal
dopant ion concentration, were synthesized by sol—sol—gel-
hydrothermal process was used with tetrabutyl titanate (TBT),
barium chloride (BaCl,), and samarium(III) chloride (SmCly)
as starting materials. First, an aqueous solution was prepared
by dissolving BaCl, in 4 mL of deionized water, and another
solution was prepared by dissolving SmCl; in 2 mL of
deionized water. Then, 1 mL of TBT was diluted with 8.2 mL
of ethanol for 10 min to form a white solution, which was

added dropwise over 3 h with stirring at 60 °C to a previously
prepared solution of BaCl, and SmCl;.

NaOH was added while stirring with N, bubbling through
the solution, and a white homogeneous colloidal barium
samarium titanium slurry was formed. A 100 mL Teflon-lined
stainless-steel reactor was used to hold the mixed solution. It
was sealed and heated for 24 h at 180 °C. After the reaction,
the autoclave was allowed to cool to ambient temperature. The
as-prepared white powder that adhered to the Teflon
container’s inner wall and bottom was collected, centrifuged,
and washed with ethanol and distilled water to remove any
leftover ions before drying at 60 °C for 6 h.*’

2.3. Synthesis of PEG-Coated BT:Sm, [(BT:Sm)-PEG]
NPs. PEG was dissolved in deionized water, and an aqueous
suspension was obtained. The resulting solution was filtered
through coarse- and fine-fritted funnels in succession. Then, it
was successively microfiltered using a Millipore system with 3.0
and 0.45 ym membranes. [(BT:Sm)-PEG] NPs were prepared
(BT:Sm was 4 wt % of the PEG). Subsequently, these
solutions were transferred to a 100 mL flask and placed in an
ultrasonic reactor. On six separate occasions, vibrations were
produced with an ultrasonic cleaner to sonicate the solutions
for 50 s at a frequency of ~40 kHz and a power of 50 W. The
suspension was centrifuged for 10 min to separate the solid
from the solution. The precipitate was washed with a deionized
water resin (DI) and dried at 70 °C for 24 h.

2.4. Characterization of Nanoparticles. X-ray diffraction
(XRD) data were acquired using a Siemens Advanced D-8
diffractometer with Cu Ka radiation at 40 kV and 30 mA. The
morphology of each sample was examined using a field
emission scanning electron microscope (SEM), Hitachi model
SUS5000, equipped with an energy-dispersive X-ray spectros-
copy (EDX) detector. Raman spectra were recorded on a
Witec model CRC200 using a 5.5 mW laser with a wavelength
of 633 nm of a He:Ne laser line. Fourier transform infrared
(FTIR) spectroscopy measurements were performed by using
a PerkinElmer Frontier MIR/FIR apparatus. The hydro-
dynamic radius and zeta potential measurements of the
particles were determined by dynamic light scattering by
means of a Malvern Zetasizer NanoZS 90 (Malvern Instru-
ments, U.K.).

Emission spectra were measured using an Andor Shamrock
303i spectrometer with a silicon iDus CCD camera detector
and were corrected for apparatus response. An excitation
source was used as a tunable EKSPLA/NT342/3/UVE 10 ns
pulsed laser (optical parametric oscillator—OPO) with a
repetition rate of 10 Hz and a continuous DPSS laser at 473
nm. Luminescence decay curves were recorded using a 200
MHz LeCroy WS424 oscilloscope and a photomultiplier tube
(PMT)-Hamamatsu R928.

2.5. Hydrodynamic Radius and ¢ Potential Measure-
ments. Measurements were performed in the pH range
between 3.0 and 10.0 in order to identify the point of
maximum dispersion. Sample conditions were 1 mg of
nanoparticles per mL of buffer solution. Prior to the
measurements, the nanoparticles were resuspended by
applying ultrasound in three cycles of 30 s and 50% of the
maximum capacity of the UP200 St tip sonicator (Hielscher,
Germany).

2.6. Cell Culture and Exposure of Nanoparticles.
Human embryonic kidney (HEK293-T) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco),
supplemented with 10% (v/v) fetal bovine serum (Gibco),
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Figure 1. XRD patterns of BT and BT:Sm (a, b); FTIR spectra BT:Sm and [(BT:Sm)-PEG] 5 mol % (c); Raman spectra BT and BT:Sm S mol %

(d).

100 U/mL penicillin (Gibco), and 100 pg/mL streptomycin
(Gibco) at 37 °C with 5% CO,. The cells were seeded in 96-
well plates at a density of 2 X 104 cells/mL for the experiments
involving NPs and incubated overnight. The following day, the
culture medium was replaced with a new medium containing
1% FBS and various concentrations of NPs (0, 3.125, 6.25,
12.5, 25, 50, 100, and 200 pg/mL). The cells were incubated
with NPs for 24 h. The NPs were resuspended in a culture
medium, diluted to desired concentrations, and then sonicated
in a sonicator bath at room temperature for S min to prevent
NPs aggregation before cell exposure. Cells without NPs
exposure served as the control conditions in each experiment.

2.7. Cell Viability Study. The water-soluble Tetrazolium 1
(WST-1) assay was used to determine possible naked or
[(BT:Sm)-PEG] NPs-induced cell death. Briefly, cells were
seeded in 96-well plates in culture media and allowed to attach
overnight. The following day, cells were treated with various
concentrations of NPs at 37 °C in a humidified atmosphere of
5% CO,/95% air for 24 h. After the indicated incubation time,
20 puL of WST-1 was added to each well. After 3 h of
incubation, the plate with the cells was read at 450 nm in a
microplate reader (Fermelo). The cell viability (mitochondrial
activity) is expressed as the percentage of absorbance
compared to the control.

2.8. Cell Morphology Visualization. Images were
captured utilizing an Olympus BX60 Light-field microscope
outfitted with a 20 x Olympus UplanFI objective and a Leica
DFC450 C camera.

2.9. Statistical Data Analysis. GraphPad Prism 8 was
utilized for statistical analysis (GraphPad Software, Inc., San
Diego, CA). All the data were expressed as mean + SD, and
one-way ANOVA (analysis of variance) followed by Dunnett’s
test was used for the statistical analysis using GraphPad
software (GraphPad Software, Inc., San Diego, CA).

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization of BT:Sm NPs.
XRD patterns for BT-NPs doped with Sm** ions (BT:Sm) and
the (BT:Sm)-PEG S mol % sample are shown in Figure la,
where BT, BT:Sm, and [(BT:Sm)-PEG] S mol % were
analyzed. Seven characteristic peaks around 22, 31, 39, 45, 51,
56, and 66 in the 26 region, which correspond to the (100),
(110), (111), (200), (210), (211,) and (220) planes, were
observed for all the samples. The peaks can be indexed as the
cubic lattice (space group Pm3m) of BT, and the calculated
lattice constants are consistent with the CPDS card No. 31—
0174 without other secondary phases related to BaCOj; or
samarium oxide. This result indicates that the Sm ions were
homogeneously incorporated into the BT lattice. Figure 1b
shows the magnified (002) and (200) peaks near 20 = 45°.
Also, a solitary diffraction peak at (200) indicates that the
particles maintain stability in their cubic structure at ambient
temp}elrature, consistent with our previously reported find-
ings.

The crystallite size was estimated from the BT (110)
reflection as measured by XRD and using the Debye—Scherer
equation, which is given as d = kA/[f/cos(0)], where d is the
size of crystallite, k ~ 1 is the shape factor, 4 = 0.1540 nm is
the wavelength of the Cu Ka radiation, f is the full width at
half-maximum (fwhm), and @ is the diffraction angle. The
average crystallite sizes of the BT, BT:Sm1, BT:Sm3, BT:SmS,
and [(BT:Sm)-PEG] S mol % samples were ~53, ~64, ~69,
~72, and ~75 nm, respectively. The FTIR spectra of BT:Sm
and [(BT:Sm)-PEG] S mol % are shown in Figure lc. The
peak at about 3423 cm™' corresponds to the stretching of the
bonded O—H group. The broad bands between the wave-
lengths 600—400 cm ™" (533 cm™") correspond to the bending
of the Ti—O bonds of BT, which agree with the signals
expected for these NPs.”> The signal at ~1085 cm™,
corresponding to the C—O—C signal of PEG, is within the
expected range for aliphatic ethers (1150—1085 cm™), and the
absorption peak at 950 cm™ is due to the out-of-plane bending
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vibration of —CH, present in the polymer that is being used as
a coating agent.32

The spectra of BT show broad peaks at 261, 306, 520, and
715 cm™!, which correspond to Al [E(TO)], B1 [E(TO +
TO)], Al [E(TO)], and [E(LO)] modes, respectively (Figure
1d). The strong Raman peaks near 306 and 715 cm™!
correspond to the tetragonal BT phase (4 mm symmetry),
and the peak at 520 cm™" is attributed to BT cubic symmetry,
as determined by XRD analysis in the BT and BT:Sm S mol
%.>> At 181 cm™, an antiresonance effect was found as an
interference feature between the sharp A1(TO1) and the
broad A1(TO1) modes (TO,) present only in the BT-NPs.
Busca et al. reported a distortion of the TiOg octahedron in the
cubic BT phase, inducing a pseudo tetragonality of the cubic
phase, where both phases (cubic and tetragonal) of the BT
coexist in different percentages.’* Finally, the tetragonal
structure of the BT and BT:Sm NPs is confirmed by the

28064

Raman spectra of the samples. However, Sm doping causes the
typical tetragonal peaks around 306 and 715 cm™ to be less
intense than in undoped BT-NPs.

The morphology was determined by using SEM micrograph
images of the samples. The BT:Sm S mol % image shows
uniform small spherical aggregates in clusters of different sizes
and uniform dispersion of particles with an average particle size
of 60 nm (Figure 2a). The image of [(BT:Sm)-PEG] S mol %
shows agglomeration of spherical aggregates fuse, with an
average particle size of 130 nm (Figure 2b). The increase in
particle size with PEG can be explained by the polymer in the
sample fusing the particles and increasing the particle size.

The elemental map (EM) of the BT:Sm NPs shows the
distribution of Sm (III) across the surface of the sample
(Figure 2c). EDS analysis of the same sample showed only the
presence of Ba, Ti, O, and Sm, without indicating any other
contamination, as seen in the weight and atomic percentages of

https://doi.org/10.1021/acsomega.4c00974
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at 30.0 °C.

elements inserted in Figure 2d. Figure 2e shows the high-
resolution curve of Ti 2p. It has two spin—orbit split parts, Ti
2p;/, and Ti 2p ), at 458.7 and 464.3 eV, generally considered
to represent Ti*". Meanwhile, the peaks with lower binding
energies (456.1 and 461.2 eV) correspond to the characteristic
peaks associated with Ti**. The spin—orbit split parts of
samarium 3ds;, show a broad peak with three components,
revealing the existence of more than one Sm ion (Figure 2f).
The 1087 eV signal indicates the “2+” oxidation state of
samarium, while the components at 1083.6 and 1085.1 eV
confirm the existence of the “3+” oxidation state of samarium,
in agreement with a previous report.35

To evaluate how the surface charge and size distribution
behavior of PEG-coated BT:Sm NPs affect their transport
efficiency and stability, the samples were dispersed across a
wide pH range (3—10), as depicted in Figure 3.

Figure 3ab shows that the results indicate that pH
significantly affects the size distribution; mainly, it is observed
that at the extremes of the pH range, attractive forces over
repulsive ones promote the particle aggregation process. This
result is attributable to the high ionic charge in the
measurement conditions. On the other hand, in the pH values
intermediate, it was observed that the aggregation reduced,
showing size distribution with volume fraction under 200 nm
for pH of 6, 7, and 8. In particular, at pH 7, the volume fraction

28065

reaches more than 50% by volume below 200 nm; this
condition is favorable given that this is the size that ensures the
biocompatibility of the NPs.*>*” This observation aligns with
the ¢ potential measurements depicted in Figure 3c.

The zeta potential results corroborate the particle size
distribution findings, indicating aggregation at extreme pH
values due to the compression of the electrical double layer,
which promotes van der Waals forces over electrostatic
repulsion, leading to particle conglomerates. Conversely, at
intermediate pH levels, a stable suspension of NPs is observed,
with sizes conducive to biocompatibility testing. To ensure
nanoparticle size is suitable for biocompatibility, { potential
and size measurements were conducted using a continuous
phase solution of standard Dulbecco’s Modified Eagle’s
Medium (DMEM), with a pH range of 7.0—7.2, similar to
the optimal stability condition observed in the pH sensitivity
study. Results revealed a { potential of —37.4 mV and a volume
fraction of 50% below 200 nm, indicating nanoparticle stability
within the system.

3.2. Optical Properties of BT:Sm NPs. Figure 4a shows
the dependence of the emission of the BT:Sm S mol % as a
function of temperature under simultaneous excitation with a
continuous laser at 473 nm (~0.6 KW-cm™2) and a pulsed
laser at 1064 nm (~ 1 W-cm™?). Interestingly, the results were
similar for all Sm®"-doped samples, but the 5 mol % doped

https://doi.org/10.1021/acsomega.4c00974
ACS Omega 2024, 9, 28061-28071


https://pubs.acs.org/doi/10.1021/acsomega.4c00974?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00974?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00974?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00974?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

d

500 550 600 650 700 750
Wavelength (nm)
0325 T T T T T T T T T O 60
0.300 - %
0,55
0.275 -
o 10,50 ¢
o
R 0.250 -
t 0,45
B 0.225
0,40
0.200
0.175 0,35

T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110
Temperature (°C)

o
-
3
O

% Normalize Intensity

b

1354 LIR =2.3-0.9+(T/358)
; R% =0.99

1.30 1
1.25 1

e

= 1.201
1.15 4

1.10 A
@ 596/643

1 —Fit
1.05 :
20

4l0 610 8IO
Temperature (°C)

100

24 4[| Temperature
22
20
184
16
14
12
104
8
6
4]
2]

SD=0.44 °C

Count

P,

26,0

245 250 255
Temperature (°C)

24,0

Figure S. (a) DC emission spectra of the sample as a function of temperature, measured at 4., = 473 nm and ~0.6 KW-cm™2 (b) Determined band
intensity ratios 596 nm/643 nm as a function of temperature. (c) Relative sensitivity and (d) temperature distribution were obtained using 100

measurements in the same conditions at 30.0 °C.

sample was selected because it shows a high emission intensity.
Samarium emission bands shown in Figure 4a correspond with
the transitions “Gs;, — Hs), (% 564 nm), *Gs), — °H,), (»
604 nm), and *Gg/, — °Hy/, (* 643 nm); these emissions
decrease smoothly with temperature, but the data are
normalized using the peak at 604 nm. On the other hand,
the peak at 532 nm corresponds to the second harmonic
generation (SHG), whose intensity changes as the temperature
increases. This allows us to develop a relationship using the
following definition:

LIR = L

(1)

where the LIR is the luminescence intensity ratio between 532
and 604 nm emission bands shown in Figure 4b. With rising
temperatures, there is a discernible decrease in the
luminescence intensity ratio (LIR). This alteration in the
LIR becomes particularly pronounced within lower temper-
ature ranges (30—100 °C). This effect can be used for optical
temperature sensors in biological applications.

To compare the performance of different sensors (so that
the measurement configuration and the thermometric
parameter used have no influence), it is useful to calculate
their relative sensitivity (S,) and the uncertainty (AT), given
by the following formula:

1604
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S(T) = 100% X _1 dLIR
f LIR dT (2)
and
1 SLIR
S LR ®)

where OLIR is the uncertainty of determination of the band
intensity ratio 532 nm/604 nm. It is estimated from the LIR
error using 100 measurements. Figure 4c shows how the LIR
and Sr change within the temperature range of 30—100 °C.
The relative sensitivity varies between 3.6 and 1% °C7',
indicating good sensitivity.’”® To estimate the temperature
uncertainty, 100 measurements were taken at 30 °C under the
same conditions. As can be seen in Figure 4d, estimations of
the 100 temperatures were made using the calibration equation
shown in Figure 4b. This figure shows the distribution of the
100 temperatures, with a standard deviation of 0.48 °C.
Then, we perform a similar study but for the [(BT:Sm)-
PEG] S mol % sample. Figure Sa shows the emission variation
as a temperature function under simultaneous excitation with
continuous laser at 473 nm (~0.6 KW-cm™2) and pulsed laser
at 1064 nm (~1 W-cm™2). It is observed that the emission is a
combination of the fluorescence of the organic coating plus the
emission of the samarium and the SHG. However, the intensity
of the SHG is negligible compared with the previous one. For
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Figure 6. (3, b) SGH emission obtained using different excitation wavelengths for the BT:Sm S mol % NPs.

this reason, in this case, we reformulate the definition of the
LIR used for the calculations:

I
LIR = 3%

T3 (4)

where LIR is now defined as the luminescence ratio 596 nm
(*Gs/, = °H,),)/643 nm (*Gs), — °Hy),), and the values are
shown in Figure Sb. It is observed that when the temperature
increases, the LIR decreases, so at 20 °C the LIR is 1.33, and at
100 °C it is 1.09. The relative sensitivity was calculated and is
shown in Figure Sc. This parameter varies in the range of 20—
100 °C. As in Figure 4d, 100 measurements were made, and
the distribution of the temperatures is shown in Figure 5d. A
similar standard deviation for the temperature values was
obtained, indicating that these samples could be used to
characterize the temperature.

As shown in Figures 4 and S, the LIR method allows us to
estimate the samples’ temperature under laser excitation.
Moreover, due to the characteristic of the SHG generation, it is
interesting to note that in the BT:Sm S mol % sample, it is
possible to change the excitation wavelength if necessary.
Figure 6a,b illustrates the capability to generate SHG within
the 360—680 nm range.

3.3. Cell Viability of Uncoated or PEG-Coated BT:Sm
NPs. Developing new nanomaterials for use in biomedicine is
one of the most promising applications of NPs. For this reason,
studies have focused on biodegradable and biocompatible
stabilizing agents for NPs.”” PEG has been used as a stabilizing
agent for NPs due to its availability, biocompatibility, and
biodegradability.”” To determine the biological effect of the
synthesized NPs, we evaluated mitochondrial activity, as an
indicator of cell viability, in cells exposed to uncoated or PEG-
coated BT:Sm NPs using a WST-1 cell viability assay (Figure
6). The WST-1 assay is based on the cleavage of tetrazolium
salt into formazan to measure the metabolic activity of
mitochondria in living cells.”' To achieve this, HEK293-T
human cells were cultured with increasing concentrations of
the Sm-doped NPs (0, 3, 6, 12, 50, 100, and 200 yg/mL), and
the cleavage of tetrazolium salt was evaluated 24 h after NPs
treatment.

The results illustrate that cells exposed to uncoated (black
bars) or PEG-coated BT:Sm NPs (red bars) did not exhibit an

alteration in mitochondrial activity (cell viability) (Figure 7).
Regarding barium titanate (BT), these findings are consistent
with studies examining uncoated BT-NP’s biocompatibility. In
human neuroblastoma (SHSY-5Y)* and pheochromocytoma
(PC-12) cells,”® no significant decrease in cell viability has
been reported when using BT-NPs. In addition, another study
reported the effect of uncoated BT-NPs on cancerous and
noncancerous cell lines, where the NPs did not exhibit a
cytotoxic effect on noncancerous human lung fibroblasts
(IMR-90).** However, BT-NPs decreased cancerous A549
cell viability in a dose- and time-dependent manner,** as has
also been reported for breast cancer cell MCF-7.*° Similar
studies of biological compatibility in cell cultures have been
performed using other nanocomposites. Basouri et al. show the
anticancer effect of Ag-doped MgO-NiO-ZnO nanocomposite
on normal 1929 and cancer B16F0 cell lines.*® The authors did
not show any lethal effect on normal L929 cells, but they
reported cytotoxic effects in cancer cells, according to the
result of the MTT cell viability assay. The same results of the
anticancer effect were obtained on mouse melanoma B16F0
cell lines after 48 h.*” Finally, this group studied the
cytotoxicity of cinnamon NPs. At higher concentrations,
toxic effects were reported in human liver cancer HepG2
cells.*® In concordance with these results, we have not
evidenced changes in cell viability in noncancerous human
embryonic kidney cells (HEK293-T).

NPs are being investigated in the context of biological
compatibility for use as contrast agents.*” Moreover,
theranostic applications can be developed by combining
therapeutic and diagnostic enhancements in the same NPs.
For example, the Au NPs can improve computed tomography
(CT) contrast with enhanced X-ray attenuation compared to
surrounding tissues and therapeutic capability.’””' The
radiosensitizing effects of TiO, NPs can be enhanced by
incorporating other high Z elements into these NPs while
preserving their basic properties. For this reason, we
incorporated Sm into these NPs to enhance their radiosensitiz-
ing effects and synthesized BT-NPs doped with different
amounts of Sm. In Figure 7, no significant differences are
observed in the viability of cells exposed to doped BT:Sm NPs.
(Figure 7a—c). This fact is supported by another study in
which Sm was used as a doping agent in TiO, NPs. This study
observed no alterations in cellular uptake and cell viability were
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Figure 7. Effect of naked and PEG-coated BT:Sm NPs on the cell viability of HEK293-T cells. Data represent mean + SEM of viable cells (as a
percentage of control; 0 ug/mL) treated 24 h with naked (black bars) or PEG-coated BT:Sm NPs (red bars) doped with (a) Sm 1, (b) Sm 3, and
(c) Sm 5 mol %. (d) Representative images of HEK293-T cells exposed to different concentrations of naked and PEG-coated BT:Sm S mol %.

observed with Sm doping.”> Therefore, Sm is compatible and
can be used as a doping agent for BT-NPs.

In addition, we performed a qualitative examination through
phase-contrast microscopy to validate the colorimetric cell
viability assay, WST-1. The cellular morphology was examined
following a 24 h exposure to BT:Sm NPs, as depicted in Figure
7d. The HEK293-T cells not exposed to NPs during the visual
assessment demonstrated normal and healthy shape. HEK293-
T cells were treated with varying concentrations of uncoated
and PEG-coated BT:Sm NPs, and the NPs were subjected to
sonication before incubation with the cells. The microscopy
visualization showed that the cellular morphology observed
was comparable to that of the control group. As anticipated,
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BT:Sm NPs demonstrated heterogeneous levels of aggregation
(Figure 7d, shown by black arrows), as previously reported by
others.>>™>> The black dots are higher in cells subjected to
uncoated BT:Sm NPs than in cells treated with (PEG)-coated
BT:Sm NPs. Consequently, the incorporation of PEG would
enhance the solubility of these NPs in physiological fluids.
Maintaining NPs with high levels of stability and uniformity
is crucial. However, aggregation poses a significant challenge
that often undermines the stability and efficacy of nano-
carriers.”® Furthermore, the impact of this intricate biological
fluid on the colloidal properties of NPs must be addressed
more fully. The impact of alterations in the dispersion state of
NPs on future cellular contact and response has been
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demonstrated, highlighting the significance of investigating this
matter.””*® Future studies will enable us to understand the
effect of the chemical composition of NPs on their functional
characteristics. Thus, the results support the idea that
poly(ethylene glycol) (PEG)-coated BT:Sm NPs are compat-
ible with biological entities.

4. CONCLUSIONS

In conclusion, the simultaneous integration of SHG and MP-
PL in poly(ethylene glycol) (PEG)-coated BT:Sm NPs can
potentially advance nonlinear optics and biophotonics
significantly. Also, we showed that coating BT:Sm NPs with
PEG shows compatibility with biological systems. Moreover, it
has been shown that under laser excitation and using the
luminescence intensity ratio of two bands, these nanoparticles
can be used to determine the temperature with a resolution
better than 0.5 °C. This study illuminates the fundamental
mechanisms governing the optical behavior of these multi-
functional nanoparticles and demonstrates their suitability for
various applications. Future research can concentrate on
optimizing the properties of these nanoparticles and
investigating their potential for the creation of advanced
optical devices and biophotonic technologies.
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