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Surface modification strategy based on the conjugation
of NaYF4:5% Eu luminescent nanoprobe with organic
aromatic compounds for application in bioimaging assays
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Abstract Colon cancer is one of the world’s most
deadly diseases. Because of its internal location, it is
necessary to obtain faster and more efficient diagnostic
tools for this organ site. In this context, we studied the
development of new luminescent nanoprobes (LNPs) as
an alternative diagnostic apparatus for detecting this
disease. The nanoparticles examined herein are
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lanthanide-doped sodium yttrium fluoride (NaYF4:Ln)
and have shown to be promising as investigative de-
vices. However, significant problems with the use of
LNPs are the lack of biocompatibility and the targeting
of the system to tumor regions. One of the strategies to
bypass these problems is to increase of the particle
lipophilicity modifying their surfaces with organic com-
pounds that present high similarity to the biological
system. In this work, we synthesized six new materials
for use in bioimaging techniques obtained from the
combination of nanoparticles of NaYF4:5%Eu with or-
ganic aromatic compounds covalently bonded. The ma-
terials were characterized structurally and morphologi-
cally using XRD and TEM, techniques, which showed
the identification of the crystallographic phase (3-
NaYF4:5%Eu and its nanometric size (particles smaller
than 50 nm). The conjugation process was confirmed by
FT-IR spectra analysis and from the TGA profile. Exci-
tation and emission spectra allowed the evaluation of the
optical properties of the synthesized compounds. The
interaction and cellular uptake was confirmed when HT-
29 colon cancer cells were exposed to LNPs, indicating
that the developed system has promising applications in
bioimaging procedures.

Keywords Luminescent nanoprobe - Surface
conjugation - Couple reaction - Cell imaging -
NaYF4:5%Eu - Diagnostic tool
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Introduction

Colon cancer is the fourth most common cancer in the
world and ranks second in cancer mortality in the USA
(Siegel et al. 2017). Currently, colon cancer detection
protocols rely on the use of colonoscopy, a method used
to identify nascent tumor formation. Like many cancers,
diagnosis at an early stage significantly increases the
chances of cure. However, as this disease has few overt
signs or symptoms, in most cases colon cancer is de-
tected at advanced stages, resulting in a poor prognosis
(Arnold et al. 2017). Therefore, the development of new
clinical diagnostic tools is necessary to increase colon
cancer survival rates. The search for different diagnostic
approaches has motivated our efforts for the develop-
ment of new materials that may serve as alternative
probes for investigative devices. Among these, lumines-
cent nanoprobes (LNPs) typically present with chemical
stability, high quantum emission efficiency, and low
toxicity in a biological environment, resulting in prop-
erties that are distinct from classically used materials
such as organic dyes (Kim and Cho 2015).

There are several kinds of LNPs with potential appli-
cation for bioimaging, from traditional luminescent in-
organic materials such as quantum dots (Karakoti et al.
2015; Hildebrandt et al. 2017) to luminescent carbona-
ceous nanocompounds (C-dots) (Luo et al. 2013; do
D’Angelis et al. 2015). Among these, the lanthanide-
doped sodium yttrium fluoride (NaYF,:Ln>*) nanopar-
ticles are a class of very promising LNPs, due to their
unique spectroscopic properties such as photostability,
low phonon frequency, narrow and well-defined emis-
sion lines, wide Stokes/Anti-Stokes displacement (<
200 nm), and long lifetimes (> 1074 s). Among the
lanthanides, the Eu>" ion is notable for having intense
and predominant emission lines in the red region, be-
cause it is easily introduced into inorganic matrices and
forms systems that work very well as a probe for bio-
chemical or biological applications (Binnemans 2015).
These properties have been exploited through their use
in both in vivo and in vitro biological imaging assays
(Blasse and Grabmaier 1994; Biinzli and Piguet 2005;
Binnemans 2015). Some examples of NaYF,-like ma-
terials that exploited Lanthanide ion-based lumines-
cence properties are reported in the literature, as de-
scribed in the work of (Sojka et al. 2016), which utilized
a strategy for the synthesis of Lectin conjugated with
NaGdF4:Eu®* to create luminescence nanoparticles for
tumor imaging in vivo. The authors determined the
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specificity of the nanoparticles for targeting melanoma,
which was determined by luminescence microscopy.

One of the critical factors that qualify LNPs as prom-
ising agents for bioimaging techniques is the effective-
ness of their interaction with the biological medium.
However, to entirely achieve this goal, it is necessary
to increase the degree of lipophilicity on the surface of
the material (Veber et al. 2002; Waring 2010). A possi-
ble method to achieve this increase is to bind them
covalently with organic compounds. Oluwole et al.
(2016) reported the use of nanoparticles of SiO, and
Zn0/Si0, conjugated to zinc monocarboxyphenoxy
phthalocyanine for photophysical studies. Using
in vitro assays, the authors showed good cellular inter-
action after the surface modification, indicative of a
promising system for use in photodynamic therapy.
Another example concerning the conjugation of organic
molecules for biomedical applications was the synthesis
of chitosan nanoparticles covalently attached to the or-
ganic fluorescent molecule BODIPY (Bor et al. 2017).
This system was revealed to have good viability and
fluorescence, suggesting its utilization for biological
imaging assays.

In the present work, we report the production of six new
LNPs based on the combination of europium-doped sodi-
um yttrium fluoride (NaYF4:5%Eu) nanoparticles linked
to p-Coumaric acid, tyrosine, BODIPY, and zinc phthalo-
cyanine (ZnPc) using a surface modification strategy. We
also provide an evaluation of their interaction with the HT-
29 colon cancer cell line and investigate their potential use
as bioimaging diagnostic tools using in vitro assays.

Materials and methods
Materials

The compounds 10-(2-carboxyethyl)-5,5-difluoro-5H-
dipyrrolo[1,2-¢:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide
(BODIPY COOH), 5,5-diisothiocyanato-1,3,7,9-
tetramethyl-10-phenyl-5H dipyrrolo[1,2:2',1'
f][1,3,2]diazaborinin-4-ium-5-uide (BODIPY NCS),
Zinc phthalocyanine (ZnPc) was prepared according to
the procedure reported in the supplementary informa-
tion. Europium and yttrium oxide (99%), octadec-1-ene
(90%), Tetraethoxysilane (98%; TEOS),
(Trimethylsilyl)isothiocyanate (99%; TMSNCS), 3-
Triethoxysilylpropylamine (> 98%; APTES), oleic acid
(99%), sodium hydroxide (>98%; NaOH), ammonium
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fluoride (> 98%; NH,4F) and 2-(1H-Benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium tetrafluoroborate (>97%;
TBTU), p-Coumaric acid (=98%), N-(9-
Fluorenylmethoxycarbonyl)-O-tert-butyl-L-tyrosine (>
98%; Fmoc-Tyr(tBu)-OH), and tin chloride were obtain-
ed from Sigma-Aldrich (St. Louis, MO). The chemicals
hydrochloric acid, dimethylformamide (DMF), metha-
nol, toluene, acetone, and cyclohexane were purchased
from VWR International (Radnor, PA). Yttrium and
Europium oxides were used as received to prepare the
corresponding lanthanide chlorides by treatment with
concentrated HCI1 (35%).

Synthesis procedures

Synthesis of the europium-doped sodium yttrium fluo-
ride nanoparticles (NaYF4:5%FEu) This methodology
was adapted from Johnson et al. (2011). In a round
bottom flask was added 0.95 mmol of YCI3-6H20,
0.05 mmol of EuClI3-6H20, 4 mL of oleic acid, and
15 mL of octadecene, and the entire system was heated
for 30 min at 140 °C under a nitrogen atmosphere,
whereupon a yellow solution was formed. Subsequent-
ly, the system was cooled and a mixture formed of
2.5 mmol NaOH, and 4 mmol NH4F in 10 mL methanol
was prepared and added to the flask. The flask was
stirred for 15 h under nitrogen atmosphere. Afterward,
the flask was heated at 70 °C for 5 min, and the solution
became dark. Finally, the flask was heated rapidly to the
temperature of 280 °C for 90 min. The contents of the
flask were collected at room temperature, and the parti-
cles produced were precipitated using methanol. The
product was centrifuged, separated, and washed five
times with toluene using successive centrifugation for
15 min at 8000 rpm.

Synthesis of the europium-doped sodium yttrium fluo-
ride nanoparticles amino functionalized (NaYF ;:5%Fu-
NH,) Functionalization of the amine functional groups
was based on the use of the sol-gel Stober methodology
(Stober et al. 1968) adapted from the work described by
Liu et al. (2014). For this synthesis, 20 mg of
NaYF4:5%Eu was dispersed in 30 mL of cyclohexane
in an ultrasonic bath for 1 h in an Erlenmeyer flask.
After that, 7.50 mL of ultrapure water, 8.94 mL of
NH4OH, and 54 uL of Tetracthoxysilane (TEOS) were
added, and the system was maintained under vigorous
stirring for 4 h. Finally, 26 puL of 3-
Triethoxysilylpropylamine (APTES) was added, and

the system remained under stirring for an additional
1 h. The product obtained is removed as a white solid
by centrifugation at 8000 rpm for 15 min, washed
successively by centrifugations (five washes using a
1:1 ethanol/water solution), and dried under vacuum.

Conjugation procedures

Modification of the NaYF ;:5%Eu-NH, surface with p-
Coumaric acid The first step included the introduction of
a p-Coumaric acid portion into the NaYF4:5%Eu-NH,
nanoparticles using an amidification methodology. In this
reaction, the nanoparticles containing a free amino moiety
(10 mg), 3-(4-acetoxyphenyl)acrylic acid (1.5 mmol) were
activated with N,N,N’,N'-tetramethyl-O-(benzotriazol-1-
yDuronium tetrafluoroborate (TBTU; 1.5 mmol) in a
mixed of DMF (5 mL) and Triethylamine (5 mL), both
dry. The mixture was allowed to react for 24 h under an
inert atmosphere. After this period, the reaction contents
were centrifuged, separated, and washed five times with
DMF (5 mL each) using successive centrifugation cycles
for 15 min at 8000 rpm, producing NaYF4:5%Eu-
Coumaric acid particles. The second step consisted of the
acetyl group removal present in the particles. In this pro-
cedure, NaYF,:5%Eu-NH, nanoparticles (5 mg) were
added to a mixture of LiOH (10.5 mg), distilled water
(2.5 mL), methanol (2.5 mL), and THF (2.5 mL), and
the mixture was maintained for 24 h at room temperature
under stirring conditions. After that, | M HCI was added
dropwise until a pH 5.0 was achieved. The particles were
centrifuged again, separated, and washed five times with
water (5 mL each) using successive centrifugation cycles
for 15 min at 8000 rpm, producing NaYF,:5%Eu-
Coumaric particles.

Modification of the NaYF ;:5%FEu-NH, surface with
tyrosine The first step included the introduction of a
tyrosine residue on NaYF,;:5%FEu-NH, nanoparticles
using an amidification methodology. The reaction in-
volved the conjugation of the amino nanoparticles with
Fmoc-O-tert-butyl-L-tyrosine (1.5 mmol) under activa-
tion with N,N,N’,N’-tetramethyl-O-(benzotriazol-1-
yDuronium tetrafluoroborate (TBTU; 1.5 mmol) in a
mixture of DMF (5 mL) and triethylamine (5 mL), both
dry. The mixture was maintained under stirring for 24 h
and under an inert atmosphere. The resulting particles
were centrifuged, separated, and washed five times with
water (5 mL each) using successive centrifugation cy-
cles for 15 min at 8000 rpm, producing NaYF,:5%FEu-
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Tyrl. The second step consisted of the removal of the
Fmoc group present in the particles. Then,
NaYF;:5%Eu-Tyrl (5 mg) were dissolved in 5 mL of
piperidine:DMF (8:2, v/v) and maintained for 24 h at
room temperature under stirring conditions. The parti-
cles were centrifuged again, separated, and washed five
times with DMF (5 mL each) using successive centrifu-
gation cycles for 15 min at 8000 rpm, producing
NaYF,;:5%Eu-Tyr2. The third step removed the tert-
butyl group on the particles. The NaYF,:5%Eu-Tyr2
nanoparticles (5 mg) were dissolved in a mixture of
LiOH (10.5 mg), distilled water (2.5 mL), methanol
(2.5 mL), and THF (2.5 mL) and maintained for 24 h
at room temperature under stirring conditions. After
that, I M HCI was added dropwise until a pH 5.0 was
achieved. The particles were centrifuged, separated, and
washed five times with water (5 mL each) using succes-
sive centrifugation cycles for 15 min at 8000 rpm, pro-
ducing NaYF4:5%FEu-Tyr3.

Modification of the NaYF ;:5%Eu-NH, surface with
BODIPY COOH To obtain NaYF;:5%Eu-BODIPY
COOH nanoparticles, a coupling reaction between
10-(2-carboxyethyl)-5,5-difluoro-5SH-dipyrrolo[ 1,2-
c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (BODIPY
COOH; 1.5 mmol) and NaYF4:5%Eu-NH, nanoparti-
cles (10 mg) was performed using as activation agent the
N,N,N’,N'-tetramethyl-O-(benzotriazol-1-yl)uronium
tetrafluoroborate (TBTU; 1.5 mmol) in a mixture of
DMF (5 mL) and triethylamine (5 mL), both dry. The
mixture was allowed to react for 24 h under an inert
atmosphere. The resulting particles were centrifuged,
separated, and washed five times with DMF (5 mL each)
using successive centrifugation cycles for 15 min at
8000 rpm, producing NaYF,:5%FEu-BODIPY COOH.

Modification of the NaYF;:5%FEu-NH, surface with
BODIPY NCS 1In order to obtain NaYF,:5%Eu-BODIPY
NCS nanoparticles via coupling reaction, 5,5-
diisothiocyanato-1,3,7,9-tetramethyl-10-phenyl-5H
dipyrrolo[1,2:2',1'f][1,3,2]diazaborinin-4-ium-5-uide
(BODIPY NCS; 1.5 mmol) and NaYF4:5%FEu-NH, nano-
particles (10 mg) were dissolved in dry acetone (5 mL).
The mixture was allowed to react for 24 h at room tem-
perature under an inert atmosphere. The resulting particles
were centrifuged, separated, and washed five times with
acetone (5 mL each) using successive centrifugation cycles
for 15 min at 8000 rpm, producing NaYF,:5%FEu-
BODIPY NCS.

@ Springer

Modification of the NaYF ;:5%FEu-NH, surface with
BODIPY NCS/Tyr3 The synthesis of the
NaYF4:5%Eu-BODIPY NCS/Tyr3 particles is de-
scribed in two steps. In the first step, we reproduced
the procedure for synthesizing the NaYF4:5%Eu-
BODIPY NCS particles as described above. In the sec-
ond step, we used NaYF4:5%Eu-BODIPY NCS
(10 mg) and reproduced the procedure described above.
Subsequently, we obtained NaYF4:5%Eu-BODIPY
NCS/Tyr3 particles.

Modification of the NaYF,:5%FEu-NH, surface with
ZnPc To obtain NaYF4:5%Eu-ZnPc nanoparticles
through a coupling reaction, zinc phthalocyanine (ZnPc;
1.5 mmol) and NaYF,:5%FEu-NH, nanoparticles (10 mg)
were conjugated using as activation agent N,N,N’,N'-
tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluorobo-
rate (TBTU; 1.5 mmol) in a mixture of DMF (5 mL) and
triethylamine (5 mL); the mixture was allowed to react for
24 h under an inert atmosphere. The resulting particles
were centrifuged, separated, and washed five times with
DMF (5 mL each) using successive centrifugation cycles
for 15 min at 8000 rpm, producing NaYF4:5%FEu-ZnPc.

Determination of the amount of organic compound
added for modifying the particle surfaces

To rationalize the amount of the aromatic organic com-
pounds used in the conjugation with LNPs, three differ-
ent reaction conditions were evaluated. Optimization of
the amount of conjugate was obtained as a function of
the organic molar equivalent using p-coumaric acid and
tyrosine, to the values equal to 0.18 mmol, 0.30 mmol,
and 1.50 mmol combined with 10 mg of NaYF4:5%Eu-
NH,. TGA analysis of the conjugate compounds
(NaYF4:5%Eu-Coumaric and NaYF,:5%Eu-Tyrosine)
revealed the amount of residual mass, which was direct-
ly proportional to the amount of conjugated organic
compound (Table S1-S3). The analysis showed that
the best condition was obtained with the use of 1.5 mmol
of organic fraction, which provided higher conjugation
percentages of organic molecules into the particles.
From these data, this proportion was adopted for all
the conjugation reactions presented in this work.

Cell culture and confocal microscopy

The human colon adenocarcinoma cell line HT-29 was
obtained from the American Type Culture Collection
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(Manassas, VA) and grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 50 U/mL penicillin, and 50 mg/mL strep-
tomycin, under 5% CO, and 37 °C culture conditions.
The cells were plated in 35 mm glass bottom cell culture
dishes (Thermo Fisher Scientific; Waltham, MA) for
confocal microscopy. After 24 h, the cells were treated
with 100 pg/mL of each LNPs for an additional 24 h.
After this period, the media was removed, and the cells
were incubated for 10 min with 1 mL of a phosphate
buffered saline (PBS) solution containing 5 pL of
Hoechst 33342 dye. Subsequently, the cells were
washed three times with 1 mL of PBS and visualized
by confocal microscopy using a Leica SP8 confocal
platform with a white light laser source.

XTT cytotoxicity assay

HT-29 cells were plated overnight in 96 well dishes at a
concentration of 10,000 cells/well in 200 uL. DMEM
media described above under 5% CO, and 37 °C culture
conditions. After this period, the media was removed
and replaced with 200 uL. media containing 1, 10, or
100 pg/mL of NaYF,;:5%Eu-NH,. As controls, cells
were untreated (PBS) or treated with 10 pg/mL doxo-
rubicin. After 72 h treatment, cell viability was deter-
mined using an XTT assay (Scudiero et al. 1988). To
each well was added 50 uL of XTT detection solution
(Cell Signaling Technology; Danvers, MA), and after
2 h of incubation at 37 °C, the optical density of each
well was measured at 450 nm using a Spectra Max 190
plate reader (Molecular Devices; Sunnyvale, CA). Wells
containing no cells but containing the DMEM media
and XTT reagent alone were used as blank readings. The
data were analyzed and expressed as mean percent cell
growth of control (untreated) cells to determine any
effect on cell viability. Samples were assayed in repli-
cates of eight.

Nanoparticle characterization

Powder X-ray diffraction (PXRD) data were recorded at
room temperature on a PANalytical Empyrean XRD
with Cu Ko (A = 1.5406 A) radiation. Fourier transform
infrared spectra (FT-IR) were measured on a Bruker
spectrometer (model Tensor 27) at the range of 4000—
650 cm ™' equipped with a Pike single-bounce diamond/
ZnSe ATR cell. The photoluminescence properties were
investigated using a spectrofluorometer Fluorolog-3

(model FL3-22TAU3; Jobin-Yvon, Edison, NJ) with a
continuous 450 W xenon lamp and UV xenon flash tube
for excitation, double-grating monochromator in the
excitation and UV-VIS (ultraviolet-visible) emission
position. All optical data were obtained using particle
suspensions in PBS (pH 7.4) at a concentration of
100 pg/ml. In addition, the emission spectra were
corrected for the wavelength dependent response of
the detection system. A silicon photodiode reference
detector was used to monitor and compensate for the
variation in the xenon lamp output, using typical cor-
rection spectra provided by the manufacturer.

Results and discussion
Structural and microscopic evaluation

The structural characteristics of the compounds were
evaluated using the X-ray diffraction powder (PXRD).
We observed that NaYF4:5%Eu showed good correla-
tion with the simulated diffraction pattern (Tu et al.
2013). The results in Fig. 1 indicate that the synthesized
compounds were obtained with high phase purity (red
line) and were organized in the crystalline phase of f3-
NaYF, in the space group P-6 with hexagonal symme-
try. This lanthanide compound was functionalized with -
NH, terminal groups using the modified sol-gel Stober
route (Stober et al. 1968; Liu et al. 2014). The structure
of the compound of NaYF,:5%FEu obtained after the

NaYF,:5% Eu - NH,
—— NaYF,:5% Eu
— NaYF, Simulated

(201) (3-21) (212)
(301)

(2-10) (4-31)

(3-12)

/ (302)

(300)

(002)
(3-20) \

(202)

Normalized Intensity (arb. unit)

.

10 20 30 40 50 60 70 80

26 (°)
Fig. 1 Experimental PXRD patterns for NaYF,:5%FEu (red line)

NaYF4:5%FEu-NH, (blue line) LNPs and NaYF, simulated pattern
reported from reference (Tu et al. 2013) (black line)
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functionalization processes (NaYF4:5%FEu-NH,) is also
shown in Fig. 1 (blue line). These results demonstrate
the stable structure of the compounds after surface mod-
ification with amine groups and reveal the absence of
impurities in the analyzed samples. The morphology of
NaYF4:5%FEu was evaluated using transmission elec-
tron microscopy (TEM), as shown in Fig. 2. TEM
analysis for NaYF4:5%Eu (Fig. 2a) shows the formation
of nanoparticles smaller than 20 nm before the amino
group functionalization. The same analysis for
NaYF4:5%Eu-NH, shows an increase in the particle
size; the mean particle size was less than 50 nm and
arranged as agglomerates (Fig. 2b). The nanometric
dimension of the particles is in agreement with results
previously reported in the literature (Zhou et al. 2011,
Bhunia et al. 2013; Ansari and Yadav 2016; Syamchand
and George 2016; Xu et al. 2016; Generalova et al.
2017; Wang et al. 2018), which supports its subsequent
use in bioimaging assays.

Chemical and compositional analysis

The compound NaYF,:5%Eu-NH, was used as a matrix
for the functionalization with small aromatic molecules,
with the aim of providing a better interaction between the
nanoparticles and the surface of a target cell. It is known
in the literature that an increase in the lipophilicity of
species to be used as ligands in a biological medium
should enhance the specificity in the interaction with cell
surface targets (Waring 2010). Therefore, we selected six
organic compounds well described in the literature with
binding properties in biological systems to obtain the

following new conjugated nanoparticles: NaYF4:5%Eu-
Coumaric, NaYF4:5%Eu-Tyr3, NaYF4:5%Eu-BODIPY
COOH, NaYF4:5%Eu-BODIPY NCS, NaYF,:5%Eu-
ZnPc, and NaYF,;:5%Eu-BODIPY NCS/Tyr3. Figure 3
shows a representative diagram of the materials used in
this work. It is important to note that the addition of
organic compounds has already been reported in the
literature as an interesting way to increase the specificity
cellular and viability in the interaction between nanopar-
ticles and tumor cells (Li et al. 2014). Therefore, in this
work, we provide new alternatives for obtaining this class
of materials.

Coupling reactions were used to produce most of the
conjugated nanoparticles. They were performed in two
steps using TBTU as the coupling agent for the
amidification reaction (Valeur and Bradley 2009). This
synthetic route was used for conjugation of the
NaYF4:5%Eu-Coumaric particles as shown in the
scheme described in Fig. S3. This reaction was per-
formed in two steps, in which the first step was the
reaction between the 3-(4-acetoxyphenyl)acrylic acid
(coumaric acid) and NaYF,:5%FEu-NH, particles, yield-
ing the intermediate compound NaYF,:5%Eu-
Ac. Coumaric. The second step was the removal of the
acetyl protecting group and generation of the hydroxyl
group in the final compound, maintaining the organic
structure of NaYF,:5%FEu-Coumaric as close as possi-
ble to the p-Coumaric acid molecular structure.

The functionalization process of NaYF,:5%Eu-NH,
was analyzed by infrared spectroscopy (FT-IR), and a
comparison was performed between NaYF;:5%Eu
(black line) and NaYF4:5%Eu-NH, (red line) particles

Fig. 2 TEM images of of NaYF,:5%FEu a) and NaYF,:5%Eu-NH, b) LNPs
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OH

NaYF,:5%Eu-BODIPY NC/Tyr3 Y— NH2

NaYF4:5%Eu-BODIPY NCS

as shown in Fig. 4. The spectrum revealed the presence
of a broad and strong band centered at 1070 cm™' on
NaYF,;:5%FEu-NH, due to asymmetric Si-O-Si, which
indicated the presence of silane groups in the particles.
The functionalization of the amino groups was observed
by the presence of bands located at 1635 cm ' and
794 cm ™" due to the N-H stretches directed in the plane
and outside it, respectively. It is important to notice that
results described in the literature present an FT-IR pro-
file similar to that found in the present study (Liu et al.
2014; Kostiv et al. 2015).

To analyze the preparation of NaYF4:5%Eu-
Coumaric particles, the materials obtained in the first

/
O NaYF;:5%Eu-Coumaric

o_y—4)-oH

NH

o) /—< >—OH
/NH NH,

D

NaYF4:5%Eu-Tyrosine

NaYF,:5%Eu-BODIPY COOH

.
HN
Q/E o NaYF,:5%Eu-ZnPc

}7“/ N Nré,
Fig.3 Representation of the LNPs obtained by the conjugation reaction between the NaYF;:5%Eu-NH, particles and the organic aromatic
compounds investigated in this work

and second steps were characterized by FT-IR. A pre-
liminary analysis (Fig. S4) shows the spectral profiles
comparing NaYF4:5%Eu-NH, (red line),
NaYF4:5%Eu-Ac. Coumaric (blue line), and
NaYF,:5%Eu-Coumaric (pink line). No apparent differ-
ences were observed, except for the region between
1800 and 1250 cm ™. Figure S4 further shows a section
of the spectrum, where the presence of an N-H stretch in
1635 cm ! was noted for NaYF4:5%Eu-NH, (red line).
The spectrum of the compound NaYF,:5%Eu-NH,-Ac.
Coumaric shows a band at 1738 cm_l, which was relat-
ed to an ester carbonyl stretch, relative to the acetyl
group of NaYF4:5%Eu-NH,-Ac. Coumaric (blue line).
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N-H

Normalized Trasmittance (arb. unit)

—— NaYF, 5% Eu siosi )
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Fig. 4 FT-IR spectra for NaYF4:5%Eu (black line) and
NaYF,:5%FEu-NH, (red line)

In addition, a band centered at 1630 cm™ " indicated the
presence of C=0 groups of the amide formed in the
formation reaction of NaYF,4:5%Eu-Ac. Coumaric. The
compound NaYF,:5%Eu-Coumaric (red line) shows
a less intense carbonyl band related to the ester
group. Finally, the maintenance of the band for the
C=0 stretch of the amide group was maintained,
indicating that the conjugated material was success-
fully obtained.

Conjugation reactions for the synthesis of
NaYF4:5%Eu-Tyr3 particles were performed as shown
in Fig. S5. The reaction was carried out in three steps,
where the first step was the coupling reaction between
tyrosine and NaYF4:5%Eu-NH,, generating
NaYF;:5%Eu-Tyrl as a product. The second step
consisted of removing the first protective group in alka-
line medium and NaYF,:5%Eu-Tyr2 production. Final-
ly, the desired compound NaYF,:5%FEu-Tyr3 was ob-
tained by removal of the last protecting group in an acid
medium. The functionalization of the compound
NaYF,:5%Eu-NH, with compounds derived from tyro-
sine and evaluated using FT-IR, as shown in Fig. S6. A
preliminary analysis showed that the spectral profiles of
NaYF,;:5%Eu-NH, (red line), NaYF4:5%Eu-Tyrl (blue
line), NaYF,4:5%FEu-Ty2 (pink line) and NaYF4:5%Eu-
Ty3 (pink line) did not undergo major changes, except
for the region between 1800 and 1250 cm™'. In the
highlighted region, we observed the presence of the
band for C=0 amide stretch in the region of
1658 cm ! for NaYF,:5%Eu-Tyrl (blue line), indicating
that the particles contained the organic moiety of interest

@ Springer

in their constitution. The compounds NaYF,:5%Eu-
Tyr2 (pink line) and NaYF,:5%Eu-Tyr3 (green line)
also showed no apparent modifications in the intensity
of the amide carbonyl stretch, indicating that there was a
structural modification after the protective group remov-
al processes. These data show that after all reactions,
washings, and purification steps, all residual binders
were removed from the solid phase particles.

We used the same methodology, now performed as a
single step, to carry out the conjugation of BODIPY
molecules with terminal carboxylic acids (BODIPY
COOH). The schematic diagram for this conjugation
reaction is shown in Figure S7. The evaluation of or-
ganic moiety conjugation was performed using infrared
spectroscopy (Fig. S8). FT-IR results showed slight
changes in the spectra of NaYF,:5%FEu-NH, (red line)
and NaYF4:5%Eu-BODIPY COOH (blue line) in the
region of the formation of the amide bond, as demon-
strated by the modification of the spectral profile at
1642 cm ' due to the C=0 stretch of the amide group.
We also used infrared spectroscopy to evaluate the con-
jugation of NaYF,;:5%Eu-NH, nanoparticles with
BODIPY N=C=S terminal groups (BODIPY NCS).
The schematic diagram for this conjugation reaction is
shown in Fig. S9. We also provided a comparison
among NaYF,:5%Eu-NH, (red line), NaYF,:5%FEu-
BODIPY NCS (blue line) and BODIPY NCS free (pink
line), as shown in Fig. S10. We would expect that, if the
conjugation reaction did not occur or occurred partially
(in only one of the -N=C=S groups), the band in
BODIPY NCS centered at 2088 cm ' would be main-
tained in NaYF,;:5%Eu-BODIPY NCS (blue line).
However, such a stretch did not appear in this region,
indicating that there was a conjugation of BODIPY
NCS with NaYF4:5%FEu-NH,.

To validate the conjugation of ZnPc with the nano-
particles of NaYF4:5%Eu-NH,, we used the same meth-
odology for the coupling reactions performed in this
work. The schematic diagram of the methodology
employed is shown in Fig. S11. The conjugation reac-
tion analysis was also performed using infrared spec-
troscopy (Fig. S12). The infrared graph reveals slight
changes in the spectra of NaYF,:5%FEu-NH, (red line)
and NaYF,:5%Eu-ZnPc (blue line) in the region of the
amide bond formation, which was demonstrated by a
spectral profile modification at 1642 cm ™.

The last material obtained in this work was
NaYF;:5%Eu-BODIPY NCS/Tyr3, which was synthe-
sized using the combination between the BODIPY NCS
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and tyrosine conjugating procedures. A schematic dia-
gram of the methodology employed is shown in Fig.
S13. An analysis of the obtained compound was per-
formed using FT-IR (Fig. S14). When comparing
NaYF4:5%Eu-NH, (red line) and NaYF4:5%Eu-
BODIPY NCS/Tyr3 (blue line), we observed the ab-
sence of the -N=C=S moiety, indicating that there is no
free BODIPY NCS in the particles. In addition to these
findings, we observed the presence of the C=O stretch of
amide, indicating that a tyrosine residue integrates the
final material.

Quantification of the organic residue in the LNPs was
obtained using thermogravimetric analysis (TGA). Our
evaluation protocol was based on the difference between
the percentage of the residual mass of NaYF,5%Eu-
NH, and conjugated particles (Fig. 5). The particles
based on p-Coumaric acid derivatives presented 59%
of residual mass for NaYF,:5%FEu-Ac. Coumaric and
63% for NaYF4:5%Eu-Coumaric. The difference anal-
ysis for NaYF,:5%Eu-Coumaric showed a Agggique =
33% (Fig. 5a). For tyrosine-conjugated particles, we
observed values equal to 68%, 73%, and 78% for
NaYF4:5%Eu-Tyrl, NaYF4:5%Eu-Tyr2, and
NaYF,;:5%Eu-Tyr3, respectively. From the TGA analy-
sis of the particle NaYF,:5%Eu-Tyr3, obtained after the

three stages of preparation, we found a Agggique = 20%
of organic compound in its constitution, corroborating
with the hypothesis of success in the conjugation pro-
cess (Fig. 5b). Analogously, compounds NaYF,:5%FEu-
BODIPY COOH (Fig. 5c¢), NaYF4:5%Eu-BODIPY
NCS (Fig. 5d), and NaYF,:5%Eu-ZnPc (Fig. 5¢) were
analyzed using TGA curves, presenting Agcsidues =
23%, 16%, and 9%, respectively. Finally, the particles
based in the combination of BODIPY NCS and tyrosine
(NaYF4:5%FEu-BODIPY NCS/Tyr3) were also ana-
lyzed by TGA, and the compound presented the mass
residue equal to Agresique=9% for (Fig. 5f). A more
detailed analysis of the Agcgique Values revealed the ratio
of the amount of phenolic compound conjugated to the
size of its chemical structure. We observed that less
bulky structures, such as Coumaric acid, have a greater
residual mass (Agesique = 33%) in relation to the other
compounds, such as BODIPY NCS (Agesidque = 9%). We
believe that the steric effect has a significant influence
on the conjugation reactions, and consequently, on the
increase in residual mass. We also observed that the
compounds with ZnPC (AResidue=16%) and
BODIPY COOH (AResidue = 23%) present high resid-
ual mass, which was related to the greater distance of the
molecular mass fraction and the group participating in
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Fig.5 Thermogravimetric analysis curves for the formation of LNPs a NaYF4:5%Eu-Coumaric, b) NaYF4:5%Eu-Tyr3, ¢) NaYF4:5%Eu-
BODIPY COOH, d) NaYF4:5%FEu-ZnPc, e) NaYF4:5%Eu-BODIPY NCS, and f) NaYF4:5%Eu-BODIPY NCS/Tyr3
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the coupling reaction, favoring the conjugation. Like-
wise, tyrosine was also influenced by the steric effect
since its initial structure Fmoc-Tyr (tBu) -OH has a
considerable volume.

Spectroscopic properties

The optical properties of the compounds were analyzed
using excitation and emission spectra where the first results
to be presented are the comparison between
NaYF4:5%FEu-NH, (Fig. 6a, black line), NaYF4:5%Fu-
Coumaric (Fig. 6a, red line), and NaYF4:5%FEu-Tyr3
(Fig. 6a, blue line) compounds. Excitation spectra were
obtained by monitoring using Ag,, =615 nm (Fig. 6a,
dotted lines). We observed the compounds presented the
characteristic transitions of the Eu** ion in the inorganic
particles "Fy — Dy, °Gy, °Le, °D,, and °D; (Binnemans
2015). We noticed that the conjugation process with or-
ganic molecules did not produce alterations in relation to
the compound NaYF,:5%FEu-NH,. Emission spectra for
NaYF4:5%Eu-NH,, NaYF,:5%Eu-Coumaric, and

Q
~—

(=2
~—

=== NAYF,4: 5%Eu — NH,

NaYF,:5%Eu-Tyr3 were also obtained by excitation of
the "Fy — °Lg transition (Agx =395 nm; full lines). The
data in Fig. 5b shows the transitions D, > 7F|,2,
5DO —>7FJ (where, J=0, 1, 2, 3, and 4) that are typical
for the trivalent Europium ion, where the Dy — 'F, tran-
sition is the one with the highest intensity in the spectrum
and is also responsible for the characteristic red emission
color of the material. The presence of the Do — "F,
transition was also observed that indicates that the metallic
center has no inversion center, suggesting that the symme-
try site around the ion must have symmetry groups C,, C,,,
Chy» G or different arrangements that distortions that lead
to these groups (Blasse and Grabmaier 1994; Binnemans
2015; Pathak et al. 2018).

For the luminescence of the compounds NaYF,:5%FEu-
BODIPY COOH (Fig. 5b), NaYF,:5%Eu-BODIPY NCS
(Fig. 6¢), NaYF4:5%Eu-ZnPc (Fig. 6d), and
NaYF4:5%FEu-BODIPY NCS/Tyr3 (Fig. 6e) were ana-
lyzed. The excitation spectrum analysis, monitoring the
wavelength Ag, =615 nm, for the compound
NaYF4:5%Eu-BODIPY COOH presented two broad
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N
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Fig. 6 Excitation and emission spectra for a) NaYF,:5%FEu-NH,
(black line), NaYF4:5%Eu-Coumaric (red line), and
NaYF4:5%FEu-Tyr3 (blue line), b) NaYF4:5%FEu-BODIPY COOH
(using Aem =615 nm and Aex =395 nm), ¢) NaYF4:5%Eu-
BODIPY NCS (using Ay, =615 nm and A, =395 nm), d)
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Wavelength (nm)

NaYF4:5%Eu-ZnPc (using A, = 658 nm and Ao, =395 nm), and
e) NaYF,:5%Eu-BODIPY NCS/Tyr3 (using Ay, =615 nm and
Aex =395 nm) obtained at the concentration of 100 pg/mL in
PBS (pH=7)
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bands in the region between 350 and 580 nm, with a
maximum centered at 370 nm and 493 nm referring the
71— 70 transitions of BODIPY COOH conjugated to the
particle. It was also possible to observe the transition
"Fo— Lg centered at 395 nm, indicating the verification
of one of the Bu®" transitions, occurring to a lesser extent
in the synthesized material (Fig. 5b, black line). The
emission spectra of NaYF,:5%Eu-BODIPY COOH, ob-
tained using Agx =395 nm, showed a wide band in the
region between 500 and 700 nm indicating the relaxation
of the 7« *m type excited state for the NaYF,:5%Eu-
BODIPY COOH with a maximum centered at 508 nm. In
addition, the > Dy — 7F2 transition was seen in its emission
spectrum with lower intensity compared to the emission of
the organic part (Fig. 5b, blue line).

The optical behavior of NaYF4:5%Eu-BODIPY NCS
was also studied as shown in Fig. 6¢. First, the excitation
spectrum for the compound was obtained by monitoring
the wavelength Ag,, =615 nm (gray line). We can ob-
serve a broad band in the region between 325 and 575 nm
with centered maxims 467 nm and 493 nm referring to

the transitions 71— 7t* of the derivative derived from
BODIPY NCS and a signal centered at 395 nm referring
to the transition 'Fo— °L¢ of the Europium ion. In
addition, we obtained the excitation spectrum by moni-
toring the wavelength equal to Ag,, =540 nm (black
line), which presented the same spectrum obtained in
the previous one, with the exception of the transition
"Fy— °Lg. The emission spectrum of NaYF,4:5%Eu-
BODIPY NCS was obtained using the wavelength Ag, =
395 nm, as shown in Fig. 6¢ (blue line). The emission
spectrum is presented in the region between 425 and
720 nm. We observed the presence of the bandwidth with
a maximum centered 507 nm resulting from the relaxa-
tion 7t «— *71 of the conjugated compound. In addition, it
is possible to observe emission lines of Eu®* *Dy— ’F;
ion (where, J=0, 1, 2, and 4).

Optical behavior was also evaluated for the
NaYF,:5%Eu-ZnPc compounds as shown in Fig. 6d.
The excitation spectrum of the compound was obtained
by monitoring the wavelength equal to Ag,, =658 nm
showing a signal centered at 414 nm representing the

Fig. 7 Color coordinates in the CIE chromaticity diagram for a) NaYF,:5%Eu-Coumaric, b) NaYF,:5%Eu-Tyr3, ¢) NaYF4:5%Eu-
BODIPY COOH, d) NaYF,:5%Eu-ZnPc, e) NaYF,:5%Eu-BODIPY NCS, and f) NaYF4:5%Eu-BODIPY NCS/Tyr3
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71— 71 * transition of the organic part of the conjugate
compound (Fig. 6d; black line). The emission spectrum
using Agx =395 nm showed two signals with maxi-
mums at 455 nm and 658 nm relating to relaxation of
the ZnPc derivatives in the final conjugate compound.
In addition, the compound exhibited a signal of low
intensity related to the Dy — 'F, transition relative to
the transition of the Eu®* ion in the particles.

The optical behavior for the hybrid compound
NaYF4:5%Eu-BODIPY NCS/Tyr3 was analyzed, as
shown in Fig. Se. For this material, the signal for the
Europium 7FO —7° Le ion at 395 nm was much higher in
the emission spectrum when we monitored the wave-
length A, = 658 nm (Fig. 6¢; black line). The emission
spectrum obtained using Agx =395 nm showed a broad
band in the region of 525-675 nm relative to the conju-
gated BODIPY NCS. We also observed the transitions f-
fof ion Eu’* °D; — F, , and °Dy — F; (where, J=0,
1, 2, 3, and 4), as shown in Fig. 5e (blue line).

The CIE (Commission Internationale de L’éclairage
[International Commission on Illumination])

NaYF,: 5%Eu-
NH, Tyr3
NaYF,: 5%Eu-
~ Coumaric

e

N

{

0

-
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e O
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33342

Particle

Merge

Fig. 8 Confocal microscopy images (x 63 magnified lens) for
NaYF,;:5%Eu-NH,, NaYF4:5%Eu-Coumaric, NaYF,:5%Eu-
Tyr3, NaYF4:5%Eu-BODIPY NCS, NaYF;:5%Eu-BODIPY
NCS/Tyr3, and NaYF4:5%Eu-ZnPc labeled HT-29 cell lines
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NaYF,: 5%Eu-

NaYF,: 5%Eu-
BODIPY NCS

5;1;?;:

chromaticity) diagram is a 2-coordinate system used to
represent the color perceived by the human eye from
spectroscopic data (Smith and Guild 1931). In the case
of the emission spectra presented in Fig. 5, the data
could be translated into color coordinates on a CIE
chromaticity diagram. As shown in Fig. 7, the LNPs
chromaticity diagrams exhibited a different color emis-
sion upon irradiating the material with ultraviolet light.
The analysis of the CIE chromaticity diagram revealed
for NaYF,:5%FEu-Coumaric a red color and coordinate
equal to (0.559; 0.430), for NaYF,;:5%FEu-Tyr3 a red
color and coordinate equal to (0.591; 0.596), for
NaYF4:5%Eu-BODIPY COOH a green color and coor-
dinate equal to (0.214; 0.653), for NaYF4:5%Eu-
BODIPY NCS a green color and coordinate equal to
(0.218; 0.436), for NaYF4:5%Eu-BODIPY NCS/Tyr3 a
white color and coordinate equal to (0.377; 0.375), and
for NaYF4:5%Eu-ZnPc a pink color and coordinate
equal to (0.334; 0.267). These results indicate that the
addition of organic chromophore compounds in addi-
tion to expanding the light emission range in the

NaYF,: 5%Eu -

BODIPY NCS/Tyr3

NaYF,: 5%Eu-
~ ZnPc

Control

iy |
\

b
o .

compared to control (unlabeled) cells. The Hoechst 33342 stained
nuclei are shown in blue and the LNP labeled cells are shown in
red (excitation and detection at 395 and 500—700 nm, respectively)
obtained using a concentration of 100 pg/mL in PBS (pH 7.4)
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spectrum modified the resulting color of the LNPs,
enabling the color tuning for the desired utilization.

Fluorescence microscopy imaging of the HT-29 cell line

The LNPs: NaYF;:5%FEu-NH,, NaYF4NaYF,:5%Eu-
Coumaric, NaYF4:5%FEu-Tyr3, NaYF,:5%Eu-BODIPY
NCS, NaYF4:5%FEu-ZnPc, and NaYF,:5%FEu-BODIPY
NCS/Tyr3 were analyzed using confocal microscopy ex-
periments (Fig. 8). In a preliminary investigation, we ob-
served that the compounds showed uptake into HT-29
cells, with no indication of morphological changes after a
24-h exposure. In addition, the cytotoxicity of
NaYF;:5%FEu-NH, was tested on HT-29 cells using an
XTT assay to assess the biocompatibility of the precursor
particles. The assays performed reveal that cellular viability
was not significantly affected by nanoparticles at concen-
trations of 1, 10, and 100 pg/mL (Fig. S15). These data
show satisfactory results that the material can serve as a
promising nanoprobe with low cytotoxicity. Likewise,
BODIPY, ZnPc, p-Coumaric acid, and Tyrosine com-
pounds are widely reported in the literature as having
nontoxic cellular interactions, in the form of biomarkers
(Loudet and Burgess 2007; Escobedo et al. 2010; Naskar
et al. 2016; Bizet et al. 2018) or as molecular constituents
present in foods (Soobrattee et al. 2005; Pandey and Rizvi
2009; Dziedzic et al. 2018), supporting their use in the
context of the NaYF4:5%FEu nanoparticles.

After the conjugation procedure, the NaYF,:5%FEu-
Tyr3, NaYF4:5%Eu-BODIPY NCS, NaYF4:5%FEu-ZnPc,
and NaYF4:5%Eu-BODIPY NCS/Tyr3 nanoparticles
showed excellent cellular affinity, represented by the accu-
mulation of luminescent particles on the surface of HT-29
cells. A more detailed analysis shows that even with the
difference in the emitted light intensities, all LNPs had
cellular absorption deposited into the cytoplasm region.
In the literature, we found some other particulate markers
that show similarity in the interaction in the cytoplasm
region, supporting the obtained results (Wolfbeis 2015;
Yan et al. 2015). These data show that the synthesized
materials are promising for imaging composition and bio-
assays by exploiting their luminescence properties. How-
ever, the luminescent images showed that the
NaYF4:5%FEu-NH, compound lacked good affinity for
HT-29 cells, suggesting that additional surface modifica-
tions may be necessary to increase this property. In addi-
tion, we did not notice any significant changes in cellular
luminescence after exposure to NaYF4:5%-Coumaric

nanoparticles, suggesting that this material was not effi-
cient for our application.

Conclusions

The synthesis of the six new LNPs: NaYF,:5%Eu-
Coumaric, NaYF4:5%Eu-Tyr3, NaYF4:5%Eu-BODIPY
COOH, NaYF4:5%Eu-BODIPY NCS, NaYF4:5%Eu-
BODIPY NCS/Tyr3, and NaYF,:5%FEu-ZnPc was per-
formed by coupling reactions, mostly using an
amidification methodology with TBTU as the coupling
agent and combining NaYF,:5%FEu-NH, particles and
acid donor compounds. The results of the PXRD anal-
ysis indicated the formation of particles NaYF4:5%FEu
and NaYF,:5%Eu-NH, both organized in the crystalline
phase of 3-NaYF, in the space group P-6 with hexag-
onal symmetry obtained with high phase purity. TEM
analyses revealed the formation of nanoparticles smaller
than 50 nm. Detailed investigation of the fingerprinted
region in the FT-IR spectra indicated the formation of
the conjugated particles. From the thermal analysis, it
was possible to quantify the organic moiety covalently
bound to the particles, showing that there was conjuga-
tion in all synthesized materials. The optical properties
of NaYF4:5%Eu-Coumaric and NaYF4:5%Eu-Tyr3
showed only the f-f transitions of the 4f° configuration
of the Eu®* ion for excitation and emission spectra. On
the other hand, the compounds NaYF,4:5%Eu-BODIPY
COOH, NaYF4:5%Eu-BODIPY NCS, NaYF,:5%Eu-
BODIPY NCS/Tyr3, and NaYF,:5%FEu-ZnPc presented
wide bands in the excitation and emission spectra,
which were related to the conjugated organic chromo-
phores on the surface of the particles. In addition, these
compounds also presented the Eu®* transitions with
lower intensity. The evaluation of LNPs as targeting
colon cancer cells was performed; we observed that
the compounds showed cellular internalization with no
morphological damage to HT-29 cells after 24 h. These
results revealed the promising character of LNPs for
application in medical devices for cancer detection.
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