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Abstract: Highly luminescent europium complexes modified mesoporous silica particles (MSP) were
synthesized as an imaging probes for both in-vitro diagnostic and in-vivo cellular tracking agents. Eu-
ropium β-diketone chelates (4,4,4-trifluoro-l-(2-thienyl)-l,3-butanedione) trioctylphosphine europium
(III) (Eu(TTA)3(P(Oct)3)3) were incorporated inside the nanocavities that existed in hierarchical MSP
(Eu@MSP). The MSP and Eu@MSP on mouse bone marrow-derived macrophages (BMDMs) did
not show any toxic effect. The MSP and Eu@MSP in the BMDMs were found at cytoplasm with-
out any degradation and immunogenicity. However, both pro- and anti-inflammatory cytokines
of macrophages were significantly increased when lipopolysaccharide and a high concentration
(100 µg/mL) of MSP and Eu@MSP were treated simultaneously.

Keywords: mesoporous silica; europium complex; beta-diketone; live cell image; inflammation

1. Introduction

Nanoparticles have been widely used for nanomedicine applications [1]. Since it is
possible to control the size and shape of the nanoparticles for their intrinsic and extrinsic
characteristics such as an optical, electrical, and magnetic properties, the techniques for
surface modifications and conjugation of biological ligands on nanoparticles have been
increasing for bioimaging probes and theranostics both in in-vitro and in-vivo applica-
tion [2,3]. Recently, mesoporous silica nanoparticles (MSN) have been noticed due to
their physicochemical properties including consistent pore size, large surface area, and
susceptibility of the surface functionality. These properties enable MSN to have a good
biocompatibility and degradability [4]. In general, the mesoporous material has a tunable
pore size in the range of 2–50 nm and it can regularly be oriented by structure. Also, the
shapes and size of the MSN can be easily manipulated with the synthesis conditions such
as a pH, type of surfactant including aromatic, aliphatic and heterocyclic, concentration
of salts, and ration of solvents [5]. Therefore, MSN have been focused great attention in
the field of pharmaceutical industry [6], boron neutron capture therapy (BNCT) [7], and
fluorescence imaging probes [8].

Recently, versatile silica-based materials have been developed and it has been noticed
with a great attention because researchers expect that these materials can overcome the
issues which is about controlled release of hydrophobic drugs raised in biomedical field.
According to the previous reports, many studies have investigated the use of the nanopore
on–off system and this function is one of the unique and promising characteristics of
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MSN [9]. Silica is a well-known biocompatible material and has been used to enhance
biocompatibility by altering the surface properties of implanted materials when exposed to
the human body. Due to their high chemical loading capabilities, many attempts have been
performed to release the therapeutic moieties in a controlled manner for prolonged drug
delivery system (DDS) and mineralization potential [10]. Even though the silica-based
particles have various advantages, they are hard to use as therapeutic molecules due to their
high hydrophobicity. Instead of being modified with distinct formulation such as a form of
capsule or conjugation with water soluble hydrophilic moieties, the mesoporous channels
which are located inside the MSN can offer promising characteristics in perspective of
improvement on physiochemical stability, controlled release, and prolonged drug bio-
availability [11]. The advantages of MSN is that they have homogeneous particle size
distribution and tunable pore size with TEOS monomer and surfactant, rather convenient
to modify their surface with silane molecules.

Lanthanide (Ln3+)-based luminescent phosphorous particles are a strong candidate
in the photovoltaic industry because of their intrinsic physiochemical properties such as
high quantum yield with large Stoke shifts, anti-photobleaching, sharp emission spec-
trum, tunable emission band, high energy conversion efficient from UV region, and pro-
longed lifetime [12,13]. Due to their exceptional photosensitive and chemical properties,
lanthanide-doped or lanthanide complexes modified particles could overcome the numer-
ous difficulties related to organic based imaging dyes (references). Thus, these particles
have been currently developed as exceedingly promising imaging probes for nanomedic-
inal applications. For instance, Ln3+-doped inorganic luminescent nanoparticles was
developed as a donor for fluorescence resonance energy transfer (FRET) [14], bimodal
(PET/MRI) imaging probe [15], and in-vitro analysis of tumor markers [16], MR contrast
agents [17], cell-labeling and tracking [18], animal imaging [19], drug delivery system [20],
photodynamic therapy (PDT) [21], and photothermal therapy [22]. Therefore, integration
of lanthanide complexes into cavities of MSN has enhanced the photo- and thermal stabil-
ities and against photobleaching [23]. Especially, Eu doped hydroxyapatite shows good
antimicrobial activities [24–26].

According to the previous reports, lanthanide complexes can be integrated into meso-
porous materials either by modest doping process or by covalent bond on it [27]. The
nanocaged platforms with MSP are focused as a novel drug-carrier due to their intrinsic
functions in which therapeutic molecules can be loaded as a cargo. After arrival of the drug-
loaded MSP at a target legion by macrophage, the therapeutic molecules are released in a
controlled manner by their characteristic gating phenomena (one-off switch) via osmatic
and capillary pressure. Finally, MSP carrier vehicles are decomposed in a physiological
condition. For this reason, the decoration of MSP by functional ligands has had significant
consideration. In general, direct incorporation of europium complex into silica aerogel was
attempted without any covalent bond [28,29].

Lately, nanoparticles have been implemented with a wide range of approaches aimed
at therapeutically-enhancing or modifying the function of immune cells. Nanoparticles are
used as drug carriers to improve delivery efficiency and specificity to immune cells [30].
In particular, macrophages are the most central cells that uptake nanoparticles. Because
they control the polarization of macrophages, it is a critical point to examine the effect of
newly-synthesized nanoparticles on macrophages [31].

In this work, MSP was used for incorporating the β-diketone europium complexes
inside of their nanocavities. The MSP was prepared by emulsion template process and
the procedure was conducted for tailoring its surface with functional ligands, resulting in
strong chelation of Eu(TTA)3(P(Oct)3)3 by covalent bond. First, both surface and nanocav-
ities of MSP were modified with a silane coupling agent, i.e., 3-(trimethoxysilyl)propyl
methacrylate (TMSPMA) as an intermediary to activate of acryloyl group that is crucial for
further functionalization of carboxylic acid with methacrylic acid by condensation reaction
with potassium persulfate as an initiator. The cytotoxicity and uptake of MSP and Eu@MSP
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were examined against several mammalian cells, including macrophages, and investigated
their effect on cytokine secretion, an essential function of macrophages.

2. Materials and Methods
2.1. Materials

Tetraethyl orthosilicate (TEOS), 3-(trimethoxysilyl)propyl methacrylate (TMSPMA),
europium chloride hexahydrate, methacrylic acid (MAA), trioctylphosphine (P(Oct)3) were
purchased from Sigma-Aldrich. Cetyl trimethylammonium bromide (CTAB), Potassium
persulfate (PPS), sodium styrene sulfonate (SSS) ethanol (EtOH), ammonium hydroxide
(NH4OH, purity) were purchased from Samchun chemicals (Kyunggido, South Korea).
4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione (TTA) was supplied by Tokyo Chemical Indus-
try Co., Ltd. (Tokyo, Japan). All the chemicals were used without any further purification.
Double distilled and deionized water was used throughout the study and it was prepared
by ELGA Flex 3 Water Purification System Midland VWS Co., Ltd. (Cannock, UK).

2.2. Characterization

The morphological properties of the synthesized MSP were evaluated by JEM-ARM200F
field emission transmission electron microscopy (FE-TEM, 200 kV, JEOL, Seoul, Korea)
and JSM-7610F field emission scanning electron microscope (FE-SEM, 10 kV, JEOL, Seoul,
Korea). Bruker ALPHA FT-IR (Billerica, MA, USA) spectrometer equipped with platinum
ATR with diamond module was used for finding the chemical structures of nanoparticles.
The scan parameters were 256 scans with a resolution of 1 cm−1 at the wavenumber range
of 400~4000 cm−1. Excitation and emission spectra of the samples were examined with
using a RF-5301PC (Shimadzu, Kyoto, Japan) photoluminescent equipped with a 150 W
xenon lamp. DLS particle size and zeta potential measurements were performed on the
monomodal and multimodal samples using a Malvern Zetasizer HSA 3000 (Malvern, UK).
Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used
for investigating thermodynamics of the nanoparticles (Shimadzu TGA-50 and DSC-50,
Kyoto, Japan) in the range from 20 ◦C to 700 ◦C with a heating rate of 10 ◦C/min.

2.3. Preparation of Mesoporous SiO2 (mSiO2) Particles (MSP)

MSP was synthesized by condensation of hydrolysis of TEOS and CTAB [6]. Briefly,
CTAB (1.56 g), EtOH (303 mL), ddH2O (132 mL), and NH4OH (25 g) were added in 1-L
flask and sonicated for 10 min until fully dissolved. The solution was magnetic stirred for
30 min at room temperature (600 rpm). Then, TEOS (5 mL) was added and reacted at 70 ◦C
for 2 h. The residues were obtained through centrifugation at 4000 rpm for 10 min. After
centrifugation, the residue was fully dried and transferred to glass vial. Then the sample
was calcinated to remove the organic compounds in furnace at 550 ◦C for 5 h and collect
the MSP. The MSP was dispersed in ethanol (EtOH) with a concentration of 50 mg/mL. To
activate the acryloyl group of MSP, 500 µL of TMSPMA was added under the condition of
sonication for 10 min. Diluted acetic acid (1 mL, 10 wt% in water) was added and reacted
for 10 min. The sample was collected by centrifuge at 4000 rpm for 10 min and decantated
for obtaining the residues. The washing process was repeated for 3 times. After drying
out the solvent, H2O (10 mL) was added for dispersing under the sonicated condition for
10 min. To activate the carboxylic acid, 20 µL of MMA, 100 mM of SSS (500 µL), and 130 mM
of PPS (500 µL) were added and the temperature was increased up to 70 ◦C with magnetic
stirring for 1 h. The excess reactants and impurities were removed by centrifugation for
three times and the carboxylic acid activated MSP (MSP-COOH) was dispersed in EtOH
for further chelation with europium complexes.

2.4. Synthesis of β-Diketone Eu(TTA)3(P(Oct)3)3 Complexes

β-diketone europium complex Eu(TTA)3(P(Oct)3)3 is prepared with slight modifi-
cation of previous study [32]. The synthetic route is illustrated in Figure 1. Briefly, eu-
ropium (20 mM), TTA, and P(Oct)3 stock solutions were dissolved in 50 mL of EtOH.
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Eu(TTA)3(P(Oct)3)3 complexes were synthesized with 12 mL of 20 mM TTA and 0.1 mL of
1 M NH4OH followed by addition of 12 mL of 20 mM P(Oct)3 and added the dropwise
with 4 mL of 20 mM Eu3+ in 50 mL glass vial with a cap. The glass vial was located in
water bath under magnetic stirring at 60 ◦C for 1 h.

Figure 1. Schematic flow diagram of the synthesis route for Eu(TTA)3(P(Oct)3)3 modified MSP
by multi-step process. First, both surface and nanocavities of mesoporous silica particles (MSP)
were modified with a silane coupling agent, i.e., 3-(trimethoxysilyl)propyl methacrylate (TMSPMA)
as an intermediary to activate of acryloyl group. To activate the carboxylic acid, MMA, sodium
styrene sulfonate (SSS), and potassium persulfate (PPS) as a catalysis are added and temperature was
increased to 70 ◦C. β-diketone europium complex, Eu(TTA)3(P(Oct)3)3, was prepared by mixing the
stoichiometric compositions of Eu3+, TTA and P(Oct)3 in EtOH. Eu(TTA)3(P(Oct)3)3@MSP (Eu@MSP)
were synthesized by dropwise addition of Eu(TTA)3(P(Oct)3)3 carboxylic acid activated MSP.

2.5. Synthesis of Eu(TTA)3(P(Oct)3)3 Doped MSP (Eu@MSP)

Eu(TTA)3(P(Oct)3)3@MSP (Eu@MSP) were synthesized with the dropwise addition
of Eu(TTA)3(P(Oct)3)3 (1 mL) into 50 mL of MSP with activating carboxyl group on the
surface. When the addition of Eu(TTA)3(P(Oct)3)3 complexes to carboxyl group activated
MSP, the temperature was kept at 60 ◦C for 30 min. The sample was dialyzed against three
changed of 1 L distilled water using membrane tubing (MWCO = 12,500) and concentrated
under reduced pressure. The final chemical structure of Eu@MSP is shown in Figure 1.

2.6. Cell Lines and Cell Culture

A549 and HeLa cell line were obtained from Korean Cell Line Bank (KCLB; Seoul,
Korea). All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Nu-
aille, France) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Biowest),
100 units/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in a humidified incubator
containing 5% CO2.
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2.7. Isolation of Bone Marrow Cells and Generation of Murine Bone Marrow-Derived
Macrophage Generation

Animal Care and the Guiding Principles for Animal Experiment Using Animals
were approved by the University of Konyang Animal Care and Use Committee (19-23-A-
01). Bone marrow cells were obtained from the femur and tibia of 6–8 week-old female
C57BL/6 mice (DBL, Chungbuk, Korea). Murine bone marrow-derived macrophages
(BMDMs) were obtained as described in previous study [33]. Briefly, female C57BL/6J
mice were euthanized by CO2 asphyxiation. Bone marrow cells were cultured for 6 days
in DMEM (Biowest) containing 100 U/mL penicillin, 100 µg/mL streptomycin, 10% FBS
(Biowest), and 20 ng/mL recombinant mouse macrophage colony stimulating factor (M-
CSF, R&D Systems) at 37 ◦C in the presence of 5% CO2. Non-adherent cells were removed
and differentiated macrophages were incubated in antibiotic-free DMEM until use.

2.8. CCK-8

The cytotoxicity was determined using a Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan). The cells were plated at 96-well plates (0.5~1 × 104 cells/well) and incubated
overnight. After treating with MSP and Eu@MSP for 24 h, the cells were washed with PBS
and changed to a fresh medium with 10% CCK-8. Afterward, the samples were incubated
at 37 ◦C for 2 h. The absorbance was measured at the wavelength of 450 nm using a
microplate spectrophotometer (BioTek, Winooski, VT, USA).

2.9. Flow Cytometry Analysis

Annexin V Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA, USA) was
used for identifying the apoptotic and necrotic cells. The BMDM cells were seeded in a
6-well plate (6 × 105 cells/well) for overnight, and then the cells were harvested after
24 h incubation with MSP and Eu@MSP. The nanoparticle treated cells were washed
with ice-cooled PBS, and resuspended in 0.5 mL of Annexin V binding buffer. Then, the
cells (1 × 105 cells/well) were stained with 5 µg/mL of propidium iodide and 5 µL of
Annexin V-FITC in 50 µL Annexin V binding buffer at 4 ◦C. After 10 min, 300 µL of binding
buffer was added to the samples for investigating using a CytoFLEX (Beckman Coulter,
Indianapolis, IN, USA) and FlowJo (Tree Star, Ashland, OR, USA).

2.10. Fluorescence and Holotomographic Microscopy

To find out the MSP and Eu@MSP were well internalized to cells, 10 µg/mL of MSP
and Eu@MSP were incubated with BMDM. After 4 h incubation, cells were washed three
time with PBS and fixed with 3.7% formaldehyde with PBS for 15 min at room temperature.
Then, the sample was permeabilized in 0.05% of Triton X-100 and stained actin with
Rhodamine Texas Red (Invitrogen, Carlsbad, CA, USA). After washing, the specimens
were mounted in FluoroshiledTM with DAPI (Sigma, St. Louis, MO, USA). Eu@MSP, actin,
and nucleic acid were observed using a Ts2-FL fluorescence microscope (Nikon, Kyoto,
Japan). Holotomographic images were obtained using a 3D Cell Explorer-fluo (Nanolive,
SA, Ecublens, Switzerland) microscope equipped with a 60 ×magnification (λ = 520 nm,
sample exposure 0.2 mW/mm2) and a depth of field of 30µm.

2.11. ELISA

Cell culture supernatant were collected and stored at −80 ◦C until use. The levels of
TNF-α, IL-6, and IL-10 were determined by ELISA using a commercial reagent kit following
the manufacturer’s instruction (eBioscience, San Diego, CA, USA).

3. Results
3.1. Preparation and Characterization of Eu@MSP

MSP is synthesized by hydrolysis of TEOS with rod-shape micelle forming liquid crys-
tal as a template (cationic surfactant and CTAB in the presence of H2O/EtOH) (Figure 1).
After removing the CTAB by calcination, acryloyl group was activated with TMSPMA
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in the presence of acetic acid. To activate the carboxylic acid, MMA, SSS, and PPS as a
catalysis are added and temperature was increased to 70 ◦C. β-diketone europium complex,
Eu(TTA)3(P(Oct)3)3 was prepared by mixing the stoichiometric compositions of Eu3+, TTA
and P(Oct)3 in EtOH. Eu(TTA)3(P(Oct)3)3@MSP (Eu@MSP) were synthesized by dropwise
addition of Eu (TTA)3(P(Oct)3)3 carboxylic acid activated MSP.

The morphological variation of the samples was investigated with SEM and TEM.
TEM images of MSP and europium complexes conjugated mSiO2 (Eu@MSP) are presented
in Figure 2. MSP shows the uniform spherical shape and poor mesopores with defect-free
crystal structure. The diameter of MSP is slightly increased from 400 to 600 nm compared
to the Eu@MSP. The gap between the MSP is clearly shown in Figure 2a due to the steric
hinderance between the particles, while the neck between the Eu@MSP is appeared as
shown in Figure 2e. The necking substance is obviously the organic coating molecules
and the pores in MSP are efficiently packed with fluorescent β-diketone Eu3+ chelates.
The surface of Eu@MSP is rather flat than that of MSP is quite rugged surface. Figure S1
shows the normalized DLS particle size distribution curves for MSN is around 580 nm and
that of TMSPMA@mSiO2, MMA@mSiO2, and Eu@MSP presents about 643 nm, 689 nm,
and 705 nm of average diameter respectively. The MSP and Eu@MSP have negative zeta
potentials of approximately −20.4 mV and −16.4 mV.

Figure 2. Transmission electron micrograph (TEM) images of (a) mesoporous silica particles
(mSiO2); (b) enlarged image of rectangle region in a); (c) scanning electron micrograph (SEM)
image of mSiO2 particles; TEM images of (d) europium complexes, Eu(TTA)3(P(Oct)3)3, decorated
mSiO2 (Eu(TTA)3(P(Oct)3)3@mSiO2); (e) enlarged image of rectangle region in d); (f) SEM image of
Eu(TTA)3(P(Oct)3)3@mSiO2.

TGA analysis was performed to investigate the thermal decomposition of MSP, TM-
SPMA@MSP, MMA@MSP, and Eu@MSP. The MSP shows extremely stable thermal behavior
with a very little weight loss of about 0.25% up to 700 ◦C due to the elimination of CTAB
(Figure 3a). TMSPMA@MSP presents around 4% of weight loss of when temperature went
up to 172 ◦C due to the decomposition of TMSPMA evaporation of the moisture, and resid-
ual reactants. As temperature increased up to 700 ◦C, the further weight loss is occurred
about 1%, which could be attributed from the decomposition of TMSPMA molecules into
carbon dioxide and silica layer. In general, MSP possess extremely high surface area of
more than 1000 m2/g. Therefore, it can be inferred that the amount of TMSPMA molecules
on MSP surface is less than 1% and it is almost attached as a monolayer on the surface of
MSP. In the case of MMA@MSP, the weight loss (8.5%) was caused by the decomposition of
MMA and TMSPMA when temperature went up to 250 ◦C. As temperature was increased
to 700 ◦C, the further weight loss is around 2%. The inorganic/organic hybrid composites
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of Eu@MSP have two weight loss stages; the loss is about 14% until 200 ◦C can be attributed
to evaporation of the water molecules, residual reactant moieties, and solvents; decompo-
sition amount of organic compounds was approximately 3% between 200 and 500 ◦C is
raised from the continuous degradation of soft segments, which is constituent molecules of
Eu@MSP, i.e., Eu3+ ions are composed of metal complexes with tertiary phosphine, P(Oct)3,
carbonyl group from TTA and carboxyl group from MMA covalently bonded on MSP.

Figure 3. (a) Thermal gravimetric analysis (TGA) curves and (b) differential scanning calorimetry (DSC) thermograms
of step-by-step modified samples for mSiO2, TMSPMA modified mSiO2 (TMSPMA@mSiO2), MMA modified mSiO2

(MMA@mSiO2) and Eu(TTA)3(P(Oct)3)3@mSiO2.

Figure 3b shows the DSC thermograms of MSP, TMSPMA@MSP, MMA@MSP, and
Eu@MSP. Based on the existence of crystal structures resulting from the step-wise modifica-
tion process for Eu@MSP, and DSC analysis was done to investigate the glass transition
temperature (Tg) and crystallin melting point of the Eu@MSP. Four major thermal transition
peaks were emerged for Eu@MSP; two endothermic thermal transition peaks at 65.7 and
211 ◦C were allocated to Tg and the crystalline melting temperature (Tm) of Eu@MSP,
respectively. The exothermic peak at 307 ◦C can be assigned to thermal decomposition of
P(Oct)3.

Figure 4 shows the result of the ATR-FTIR measurements for MSP, TMSPMA@MSP,
MMA@MSP, Eu@MSP, and Eu(TTA)3(P(Oct)3)3. In the case of MSP, the peak at 1065 cm−1

corresponding to Si-O-Si asymmetric and the peak at 810 cm−1 corresponding to Si-O-Si
symmetric vibrations. The peaks at 1410 and 1352 cm−1 are assigned to ν(C=C, C=S thienyl
heterocycle). CF3 in TTA moiety vibration peaks are appeared at 1292 cm−1 (ν(CF3)) and
723 cm−1 (δ(CF3)). The vibration peaks of keto-enol tautomerization of β-diketone ligand
can be assigned to 1535 cm−1 (ν(C=O)) and 1516 cm−1 (ν(C=C)). The peaks at 1064 cm−1

(δ(O-CH3)), 861 cm−1 (δ(CH3)), and 797 cm−1 (δ(CH, thienyl)). The new peak appeared at
1638 cm−1 in TMSPMA@MSP spectrum in Figure 4b is allocated to the axial deformation
of the C=C termination of TMSPMA molecules.

3.2. Photoluminescent Properties of Eu (TTA)3(P(Oct)3)3@mSiO2

Figure 5a presents the photoluminescent (PL) spectra of Eu@MSP depended on the con-
centration. The PL spectra of Eu@MSP exhibits the distinctive characteristic emission peaks
of f-f transition of Eu3+ complexes with a strong red emission. As shown in Figure 5a,b,
Eu@MSP shows the maximum excitation wavelengths at 308 nm (λem = 625 nm) and the
maximum emission wavelengths at 625 nm (λex = 308 nm). The sharp excitation peaks
appeared at 308 nm is coming from the absorption of spherical silica nanoparticles not
from the energy transfer from europium complexes. In the case of emission (excitation
(λem = 625 nm) spectrum for the 5D0 → 7Fj transition of Eu(TTA)3(P(Oct)3)3, four emission
peaks ascribed to 5D0 → 7Fj (Eu3+, J = 0–4) transitions are monitored at 583, 597, 622, and
662 nm under excitation at 308 nm.



Nanomaterials 2021, 11, 343 8 of 13

Figure 4. FTIR spectra of step-by-step modified samples for (a) mSiO2 calcined at 550 ◦C for 5 h;
(b) TMSPMA modified mSiO2 (TMSPMA@mSiO2); (c) MMA modified mSiO2 (MMA@mSiO2);
(d) Eu(TTA)3(P(Oct)3)3@mSiO2; and (e) Eu(TTA)3(P(Oct)3)3.

Figure 5. Concentration dependent (a) emission (λex = 308 nm) and (b) excitation (λem = 625 nm) spectra for the 5D0 → 7Fj

(Eu3+, J = 0–4) transition of Eu(TTA)3(P(Oct)3)3@mSiO2. (c) excitation (λem = 625 nm) spectra for the 5D0 → 7Fj transition
of Eu(TTA)3(P(Oct)3)3 and Eu(TTA)3(P(Oct)3)3@mSiO2. (d) emission (λex = 308 nm) spectra for the 5D0 → 7Fj (Eu3+,
J = 0–4) transition of Eu(TTA)3(P(Oct)3)3 and Eu(TTA)3(P(Oct)3)3@mSiO2. Inserted images in (a) are mSiO2 (left) and
Eu(TTA)3(P(Oct)3)3@mSiO2 (right) exposed under (i) room light, (ii) room + UV light and (iii) UV light.
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3.3. Effect of MSP and Eu@MSP on the Cytotoxicity of Various Kinds of Eukaryotic Cells

To evaluate the cytotoxic effects of MSP and Eu@MSP, human lung cancer cell A549,
cervical cancer cellar HeLa, mouse bone marrow cell, and mouse bone marrow-derived
macrophages (BMDMs) were selected. Incubation with MSP and Eu@MSP for 24 h in
the range of the concentration between 1 µg/mL and 100 µg/mL did not show any toxic
effects on the A549 and HeLa cells (Figure 6a,b). In addition, there were no cytotoxicity is
shown by the MSP and Eu@MSP on mouse bone marrow cell (Figure 6c,d). These results
are confirmed with flow cytometry and the result also showed that there were no cytotoxic
effect of MSP and Eu@MSP (Figure 6e).

Figure 6. Cytotoxicity of MSP and Eu@MSP to A549, HeLa, mouse bone marrow cells and mouse
bone marrow-derived macrophage. (a) A549 (b) HeLa (c) mouse bone marrow cells and (d) BMDMs
were plated in 96-well culture plates (1 × 104 cells/well). After 24 h, the cells were incubated with
1, 10, and 100 µg/mL of MSP and Eu@MSP, respectively, for 24 h. Cytotoxicity was evaluated
using CCK-8 as described in the Materials and Methods section (n.s, no significant). (e) Detection of
BMDMs cell death assessed by flow cytometry using FITC-Annexin V and PI double immunostaining.
BMDMs were untreated, treated with MSP and Eu@MSP for 24 h.

3.4. Cellular Uptake of MSP and Eu@MSP

The study of whether nanoparticles could make entry into cells is of great importance
for the design of harmless and efficient nano-medicines. Therefore, a fluorescent micro-
scope, flow cytometry, and holotomography are used to check whether MSP and Eu@MSP
could enter the cells. There are no nanoparticles in the HeLa cells and A549 cells, but
the uptake of Eu@MSP can be recognized in the BMDMs (Figure 7a). These results are
further confirmed using flow cytometry by analyzing Forward versus Side scatter (FSC
vs. SSC), which is commonly used to identify cells of interest based on size and internal
complexity/granularity.

As shown in Figure S2, in the BMDMs control group, most of the cells are in the
lower-left panel. In contrast, when treating nanoparticles, many cells are found in the
upper panel, depending on the concentration. These results indicate that the nanoparticles
uptake to BMDMs, which increases the specific internal complexity or granularity of the
cells and is detected in a high panel in flow cytometry.

A live cell holotomography was used to classify the intracellular entry of MSP and
Eu@MSP into the BMDMs. As macrophages are phagocytic cells which are known to engulf
various forms of nanoparticles, the live cell holotomography data shows that the MSP and
Eu@MSP could enter the macrophage by phagocytosis. In particular, the macrophages
had active movements of pseudopodia, and the nanoparticles near the pseudopodia were
recognized and entered into the cells by phagocytosis. The MSP and Eu@MSP in the
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BMDMs were found at the cytoplasm without degradation for several hours, and there
was no difference between MSP and Eu@MSP (Figure 7b and Figure S1).

Figure 7. MSP and Eu@MSP uptake by mouse bone marrow-derived macrophages (BMDMs). (a) Intracellular staining of
europium red-coupled mSiO2 in BMDMs (Scale bar = 5 µm). BMDMs were incubated with 10 µg/mL of MSP and Eu@MSP
for 4 h. The cortical F-actin and nucleus were stained using Rhodamine Texas Red and DAPI, respectively. (b) MSP and
Eu@MSP uptake observation of BMDMs by live cell holotomography. BMDMs were incubated with 10 µg/mL of MSP and
Eu@MSP for 4 h under live cell holotomography. White triangles indicate MSP particles. Red triangles indicated Eu@MSP.

3.5. Effect of MSP and Eu@MSP on the Secretion of Cytokine by BMDMs

Previous studies demonstrated that nanoparticles could interact with various immune
cells such as macrophage and dendritic cells and either enhance or inhibit function. To
investigate whether MSP and Eu@MSP affect the cytokine secretion by BMDMs, MSP
and Eu@MSP were treated with or without LPS to BMDMs for 24 h, and measured the
amount of TNF-α, IL-6, and IL-10. LPS stimulation via Toll-like receptor 4 can lead to
macrophage maturation and secretion of pro- and anti-inflammatory cytokines. As shown
in Figure 8a–c, MSP and Eu@MSP treatments without LPS did not affect the secretion of
cytokines by BMDMs. In addition, the effect of MSP and Eu@MSP particles on cytokine
secretion of macrophages by LPS treatment was investigated. Co-treatment with LPS did
not affect the any cytokine secretion at concentration up to 10 µg/mL. There is no serious
effect on IL-6 secretion (Figure 8a–c). The text continues here.

Figure 8. Effects of MSP and Eu@MSP on the production of cytokines of bone marrow-derived macrophage with or without
lipopolysaccharide stimulation. The production of TNF-α (a), IL-6 (b), and IL-10 (c) in the supernatant was measured
by ELISA. BMDMs were treated with or without LPS (100 ng/mL) and MSP and Eu@MSP for 24 h at the indicated
concentration. All data represented the mean ± standard deviation, n = 4 (** < 0.05 and *** < 0.001).
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4. Discussion

The MSP has a lot of benefits in perspective of having homogeneous and manage-
able pore size and properties that easy to modify its internal and external surface with
varieties of silane derivatives. Europium β-diketone chelates (4,4,4-trifluoro-l-(2-thienyl)-
l,3-butanedione) trioctylphosphine europium (III) Eu(TTA)3(P(Oct)3)3 were successively
incorporated inside of the cavities in MSP. After removing the CTAB by calcination, the acry-
loyl group was activated with TMSPMA in the presence of acetic acid. The surface of MSP
was activated with functional ligands and it led to strong chelation of Eu(TTA)3(P(Oct)3)3
by covalent bond. The final form of Eu@MSP had a fascinating core–shell structure, wherein
the core possessed inorganic substance with mesopores and the shell was composed of
β-diketone Eu3+ complexes. According to the result of SEM observation, the morphologi-
cal properties of MSP which before and after coating with an organometallic compound
were similar to those shown in the TEM observations. The particle size distribution of
modified MSP showed the larger dimensions which means the coating moieties absorbing
on the surface of MSN, and the dimension of the MSP was eventually increased. For
biomedical applications, the surface charge of MSN should be in the proper ranges. The
particles will be agglomerated if zeta potential is too low, while the particle will have
a strong affinity with the cellular membrane if the zeta potential is too high. When the
concentration of Eu(TTA)3(P(Oct)3)3 against MSP is increased, 5D0→ 7F2 transition peak at
625 nm is linearly increased with an almost Gaussian shape. Figure 5c shows the excitation
(λem = 625 nm) spectra for the 5D0 → 7Fj transition of Eu(TTA)3(P(Oct)3)3 and Eu@MSP.
The excitation (λem = 625 nm) spectrum of Eu(TTA)3(P(Oct)3)3 reveals the broad excitation
band between 250 and 450 nm with sharp maximum peaks at 308 nm and 350 nm, which
can be allocated to the energy absorption of ligands by transferring energy via “ligand-to-
metal” pattern [12]. However, the excitation (λem = 625 nm) spectrum of Eu@MSP shows
the disappearance of the peak at 350 nm due to the interference of MSP. 5D0 → 7F2 transi-
tion peak is the main contribution of typical photoluminescence of Eu3+ complexes with a
bright red emission color under UV light. Comparing to Eu(TTA)3(P(Oct)3)3, 5D0 → 7F2
transition peak of Eu@MSP is read shift from 622 nm to 625 nm and Eu3+ could be existed
as a more polarized resulting in relatively remarkable hypersensitive phenomena. The
peak position shift was caused by asymmetrical coordination and confined status of Eu3+

complexes influenced by surrounding MSP.
The live cell holotomography shows that the intracellular uptake of MSP and Eu@MSP

into the BMDMs. TNF-α and IL-10 secretion of BMDMs are dramatically increased
when lipopolysaccharide (LPS) is treated with MSP and Eu@MSP at high concentration
(100 µg/mL) at the same time. Macrophages have dynamic movements of pseudopodia,
and the nanoparticles near the pseudopodia are identified and uptake by phagocytes. The
MSP and Eu@MSP in BMDMs are found at cytoplasm without degradation for several
hours, and there is no difference in both MSP and Eu@MSP. These results demonstrate
that MSP and Eu@MSP could enhance LPS-induced secretion of TNF-α and IL-10 by
BMDMs. As a result, the MSP and Eu@MSP do not have any immunogenicity itself, but
high concentrations of MSP and Eu@MSP can increase the secretion of pro-inflammatory
and anti-inflammatory cytokines from macrophages when treated with LPS.

The Eu@MSP can be applicable if the surface of the particles is modified with bio-
ligands, i.e., antibodies, aptamers, proteins, and carbohydrates, in the field of bioimaging
probes both in-vivo and in-vitro tracking agents. Especially, we expect that Eu@MSP shield
the antigens coming from enzymatic degradation together with fast denaturation, resulting
in an extended discharge of antigen for long-term humoral response, or to target oriented
controlled release for specific cell immunity. In addition, Eu@MSP could enhance the
antigen uptake by antigen-presenting cells (APC), promoting a stronger immune response
resulting in improving therapeutic effects.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/2/343/s1, Figure S1: Normalized particle size distribution curves of step-by-step modified
samples for (a) mSiO2; (b) TMSPMA modified mSiO2 (TMSPMA@mSiO2); MMA modified mSiO2
(MMA@mSiO2) and Eu(TTA)3(P(Oct)3)3@mSiO2, Figure S2: Measuring the size and internal com-
plexity/granularity change of cells by MSP and Eu@MSP uptake using their scatter properties by
flow cytometry, Video S1: The live cell holotomography of the intracellular uptake of MSP into
the BMDMs, Video S2: The live cell holotomography of the intracellular uptake of Eu@MSP into
the BMDMs.

Author Contributions: J.-S.K. performed Methodology, Investigation, Writing, Project adminis-
tration; S.K.L. performed Writing—review and editing, validation; H.D. performed Methodology,
Investigation, Formal analysis, Writing—draft, review and editing; M.Y.K. performed Formal analy-
sis, Investigation; D.K.K. performed Conceptualization, Methodology, Supervision, Writing—review
and editing, Project administration, Funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the Na-tional Re-
search Foundation of Korea (NRF) funded by the Ministry of Science and ICT (NRF-2017R1A2B4005167)
and the Ministry of Education (NRF-2018R1C1B6007421).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki. Animal Care and the Guiding Principles for Animal Experiment Using
Animals were approved by the University of Konyang Animal Care and Use Committee (19-23-A-01,
11. 28. 2019).

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare that they have no known conflict of interest associated
with this publication and there has been no competing financial interest for this work that could have
influenced its outcome.

References
1. Cao, Z.; Li, B.; Sun, L.; Li, L.; Xu, Z.P.; Gu, Z. 2D Layered Double Hydroxide Nanoparticles: Recent Progress toward Preclini-

cal/Clinical Nanomedicine. Small Methods 2020, 4, 1900343. [CrossRef]
2. Chen, X.; Zhao, X.; Wang, G. Review on marine carbohydrate-based gold nanoparticles represented by alginate and chitosan for

biomedical application. Carbohydr. Polym. 2020, 244, 116311. [CrossRef]
3. Arsalani, S.; Oliveira, J.; Guidelli, E.J.; Araujo, J.F.D.F.; Wiekhorst, F.; Baffa, O. Synthesis of radioluminescent iron oxide

nanoparticles functionalized by anthracene for biomedical applications. Coll. Surf. A Physicochem. Eng. Asp. 2020, 602, 125105.
[CrossRef]

4. Chen, L.; Xu, J.; Wang, Y.; Huang, R. Ultra-small MoS2 nanodots-incorporated mesoporous silica nanospheres for pH-sensitive
drug delivery and CT imaging. J. Mater. Sci. Technol. 2020. [CrossRef]

5. Wu, S.-H.; Mou, C.-Y.; Lin, H.-P. Synthesis of mesoporous silica nanoparticles. Chem. Soc. Rev. 2013, 42, 3862–3875. [CrossRef]
6. Wang, Y.; Ke, J.; Gou, K.; Guo, Y.; Xu, X.; Li, S.; Li, H. Amino functionalized mesoporous silica with twisted rod-like shapes:

Synthetic design, in vitro and in vivo evaluation for ibuprofen delivery. Microporous Mesoporous Mater. 2020, 294, 109896.
[CrossRef]

7. Vares, G.; Jallet, V.; Matsumoto, Y.; Rentier, C.; Takayama, K.; Sasaki, T.; Hayashi, Y.; Kumada, H.; Sugawara, H. Functionalized
mesoporous silica nanoparticles for innovative boron-neutron capture therapy of resistant cancers. Nanomed. Nanotechnol.
Biol. Med. 2020, 27, 102195. [CrossRef]

8. Li, H.; Li, K.; Dai, Y.; Xu, X.; Cao, X.; Zeng, Q.; He, H.; Pang, L.; Liang, J.; Chen, X.; et al. In vivo near infrared fluorescence
imaging and dynamic quantification of pancreatic metastatic tumors using folic acid conjugated biodegradable mesoporous silica
nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 1867–1877. [CrossRef]

9. Giménez, C.; de la Torre, C.; Gorbe, M.; Aznar, E.; Sancenón, F.; Murguía, J.R.; Martínez-Máñez, R.; Marcos, M.D.; Amorós, P.
Gated Mesoporous Silica Nanoparticles for the Controlled Delivery of Drugs in Cancer Cells. Langmuir 2015, 31, 3753–3762.
[CrossRef]

10. Szewczyk, A.; Prokopowicz, M. Mesoporous silica pellets—A promising oral drug delivery system? J. Drug Deliv. Sci. Technol.
2020, 56, 101491. [CrossRef]

11. Flynn, J.; Mallen, S.; Durack, E.; O’Connor, P.M.; Hudson, S.P. Mesoporous matrices for the delivery of the broad spectrum
bacteriocin, nisin A. J. Colloid Interface Sci. 2019, 537, 396–406. [CrossRef]

12. Guo, L.; Zhang, X.; Yang, D.; Liang, H.; Wang, Y. Luminescence enhancement of Europium(III) complexes by an ionic liquid.
J. Lumin. 2019, 215, 116610. [CrossRef]

https://www.mdpi.com/2079-4991/11/2/343/s1
https://www.mdpi.com/2079-4991/11/2/343/s1
http://doi.org/10.1002/smtd.201900343
http://doi.org/10.1016/j.carbpol.2020.116311
http://doi.org/10.1016/j.colsurfa.2020.125105
http://doi.org/10.1016/j.jmst.2020.03.019
http://doi.org/10.1039/c3cs35405a
http://doi.org/10.1016/j.micromeso.2019.109896
http://doi.org/10.1016/j.nano.2020.102195
http://doi.org/10.1016/j.nano.2018.04.018
http://doi.org/10.1021/acs.langmuir.5b00139
http://doi.org/10.1016/j.jddst.2019.101491
http://doi.org/10.1016/j.jcis.2018.11.037
http://doi.org/10.1016/j.jlumin.2019.116610


Nanomaterials 2021, 11, 343 13 of 13

13. Ortiz-Gómez, I.; Ramírez-Rodríguez, G.B.; Capitán-Vallvey, L.F.; Salinas-Castillo, A.; Delgado-López, J.M. Highly stable lumines-
cent europium-doped calcium phosphate nanoparticles for creatinine quantification. Colloids Surf. B Biointerfaces 2020, 111337.
[CrossRef]

14. Yefimova, S.L.; Tkacheva, T.N.; Maksimchuk, P.O.; Bespalova, I.I.; Hubenko, K.O.; Klochkov, V.K.; Sorokin, A.V.; Malyukin, Y.V.
GdVO4:Eu3+ nanoparticles—Methylene Blue complexes for PDT: Electronic excitation energy transfer study. J. Lumin. 2017, 192,
975–981. [CrossRef]

15. Groult, H.; Ruiz-Cabello, J.; Pellico, J.; Lechuga-Vieco, A.V.; Bhavesh, R.; Zamai, M.; Almarza, E.; Martín-Padura, I.; Cantelar,
E.; Martínez-Alcázar, M.P.; et al. Parallel Multifunctionalization of Nanoparticles: A One-Step Modular Approach for in Vivo
Imaging. Bioconjug. Chem. 2015, 26, 153–160. [CrossRef]

16. Chen, Z.; Zheng, W.; Huang, P.; Tu, D.; Zhou, S.; Huang, M.; Chen, X. Lanthanide-doped luminescent nano-bioprobes for the
detection of tumor markers. Nanoscale 2015, 7, 4274–4290. [CrossRef]

17. Bottrill, M.; Kwok, L.; Long, N.J. Lanthanides in magnetic resonance imaging. Chem. Soc. Rev. 2006, 35, 557–571. [CrossRef]
18. Zheng, Q.; Dai, H.; Merritt, M.E.; Malloy, C.; Pan, C.Y.; Li, W.-H. A New Class of Macrocyclic Lanthanide Complexes for Cell

Labeling and Magnetic Resonance Imaging Applications. J. Am. Chem. Soc. 2005, 127, 16178–16188. [CrossRef]
19. Heerschap, A.; Sommers, M.G.; in ‘t Zandt, H.J.A.; Renema, W.K.J.; Veltien, A.A.; Klomp, D.W.J. Nuclear Magnetic Resonance in

Laboratory Animals. In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 2004; Volume 385, pp. 41–63.
20. Bao, G. Lanthanide complexes for drug delivery and therapeutics. J. Lumin. 2020. [CrossRef]
21. Wang, S.; Wei, Z.; Li, L.; Ning, X.; Liu, Y. Luminescence imaging-guided triple-collaboratively enhanced photodynamic therapy

by bioresponsive lanthanide-based nanomedicine. Nanomed. Nanotechnol. Biol. Med. 2020, 29, 102265. [CrossRef]
22. Zhang, Y.; Xu, S.; Li, X.; Zhang, J.; Sun, J.; Xia, H.; Hua, R.; Chen, B. Fabrication, photothermal conversion and temperature

sensing of novel nanoplatform-hybrid nanocomposite of NaYF4:Er3+,Yb3+@NaYF4 and Au nanorods for photothermal therapy.
Mater. Res. Bull. 2019, 114, 148–155. [CrossRef]

23. Guo, X.; Wang, X.; Zhang, H.; Fu, L.; Guo, H.; Yu, J.; Carlos, L.D.; Yang, K. Preparation and luminescence properties of covalent
linking of luminescent ternary europium complexes on periodic mesoporous organosilica. Microporous Mesoporous Mater. 2008,
116, 28–35. [CrossRef]

24. Iconaru, S.-L.; Motelica-Heino, M.; Predoi, D. Study on Europium-Doped Hydroxyapatite Nanoparticles by Fourier Transform
Infrared Spectroscopy and Their Antimicrobial Properties. J. Spectrosc. 2013, 2013, 284285. [CrossRef]

25. Ciobanu, C.S.; Iconaru, S.L.; Massuyeau, F.; Constantin, L.V.; Costescu, A.; Predoi, D. Synthesis, Structure, and Luminescent
Properties of Europium-Doped Hydroxyapatite Nanocrystalline Powders. J. Nanomater. 2012, 2012, 942801. [CrossRef]

26. Popa, C.; Ciobanu, C.; Iconaru, S.; Stan, M.; Dinischiotu, A.; Negrila, C.; Motelica-Heino, M.; Guegan, R.; Predoi, D. Systematic
investigation and in vitro biocompatibility studies on mesoporous europium doped hydroxyapatite. Open Chem. 2014, 12,
1032–1046. [CrossRef]

27. Driesen, K.; Van Deun, R.; Görller-Walrand, C.; Binnemans, K. Near-Infrared Luminescence of Lanthanide Calcein and Lanthanide
Dipicolinate Complexes Doped into a Silica−PEG Hybrid Material. Chem. Mater. 2004, 16, 1531–1535. [CrossRef]

28. Gutzov, S.; Danchova, N.; Kirilova, R.; Petrov, V.; Yordanova, S. Preparation and luminescence of silica aerogel composites
containing an europium (III) phenanthroline nitrate complex. J. Lumin. 2017, 183, 108–112. [CrossRef]

29. Petkova, N.; Gutzov, S.; Lesev, N.; Kaloyanova, S.; Stoyanov, S.; Deligeorgiev, T. Preparation and optical properties of silica gels
doped with a new Eu(III) complex. Opt. Mater. 2011, 33, 1715–1720. [CrossRef]

30. Du, J.; Zhang, Y.S.; Hobson, D.; Hydbring, P. Nanoparticles for immune system targeting. Drug Discov. Today 2017, 22, 1295–1301.
[CrossRef]

31. Reichel, D.; Tripathi, M.; Perez, J.M. Biological Effects of Nanoparticles on Macrophage Polarization in the Tumor Microenviron-
ment. Nanotheranostics 2019, 3, 66–88. [CrossRef]

32. Lee, J.W.; Kim, D.K. Highly luminescent and long-term anti-photobleaching Eu(TTA)3(TOP)3 conjugated poly(St-co-DVB-co-
NaSS-co-MAA) nanoparticles. Colloids Surf. A Physicochem. Eng. Asp. 2016, 511, 162–171. [CrossRef]

33. Kim, J.-S.; Cha, S.-H.; Kim, W.S.; Han, S.J.; Cha, S.B.; Kim, H.M.; Kwon, K.W.; Kim, S.J.; Choi, H.-H.; Lee, J.; et al. A Novel
Therapeutic Approach Using Mesenchymal Stem Cells to Protect Against Mycobacterium abscessus. Stem Cells 2016, 34,
1957–1970. [CrossRef] [PubMed]

http://doi.org/10.1016/j.colsurfb.2020.111337
http://doi.org/10.1016/j.jlumin.2017.08.044
http://doi.org/10.1021/bc500536y
http://doi.org/10.1039/C4NR05697C
http://doi.org/10.1039/b516376p
http://doi.org/10.1021/ja054593v
http://doi.org/10.1016/j.jlumin.2020.117622
http://doi.org/10.1016/j.nano.2020.102265
http://doi.org/10.1016/j.materresbull.2019.03.003
http://doi.org/10.1016/j.micromeso.2008.03.007
http://doi.org/10.1155/2013/284285
http://doi.org/10.1155/2012/942801
http://doi.org/10.2478/s11532-014-0554-y
http://doi.org/10.1021/cm031166c
http://doi.org/10.1016/j.jlumin.2016.11.029
http://doi.org/10.1016/j.optmat.2011.05.033
http://doi.org/10.1016/j.drudis.2017.03.013
http://doi.org/10.7150/ntno.30052
http://doi.org/10.1016/j.colsurfa.2016.09.084
http://doi.org/10.1002/stem.2353
http://www.ncbi.nlm.nih.gov/pubmed/26946350

	Introduction 
	Materials and Methods 
	Materials 
	Characterization 
	Preparation of Mesoporous SiO2 (mSiO2) Particles (MSP) 
	Synthesis of -Diketone Eu(TTA)3(P(Oct)3)3 Complexes 
	Synthesis of Eu(TTA)3(P(Oct)3)3 Doped MSP (Eu@MSP) 
	Cell Lines and Cell Culture 
	Isolation of Bone Marrow Cells and Generation of Murine Bone Marrow-Derived Macrophage Generation 
	CCK-8 
	Flow Cytometry Analysis 
	Fluorescence and Holotomographic Microscopy 
	ELISA 

	Results 
	Preparation and Characterization of Eu@MSP 
	Photoluminescent Properties of Eu (TTA)3(P(Oct)3)3@mSiO2 
	Effect of MSP and Eu@MSP on the Cytotoxicity of Various Kinds of Eukaryotic Cells 
	Cellular Uptake of MSP and Eu@MSP 
	Effect of MSP and Eu@MSP on the Secretion of Cytokine by BMDMs 

	Discussion 
	References

